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A B S T R A C T

Central nervous system (CNS) diseases are a major cause of disability and death worldwide. Due to the blood- 
brain barrier (BBB), drug delivery for CNS diseases is extremely challenging. Nano-delivery systems can over-
come the limitations of BBB to deliver drugs to the CNS, improve the ability of drugs to target the brain and 
provide potential therapeutic methods for CNS diseases. At the same time, the choice of different drug delivery 
methods (bypassing BBB or crossing BBB) can further optimize the therapeutic effect of the nano-drug delivery 
system. This article reviews the different methods of nano-delivery systems to overcome the way BBB enters the 
brain. Different kinds of nanoparticles to overcome BBB were discussed in depth.

1. Introduction

Central nervous system (CNS) diseases, including Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), Epilepsy, 
stroke, and brain cancers, are major cause of disability and death 
worldwide [1,2]. Approximately, 17 % of the world’s population suffers 
from CNS diseases, which has brought great challenges to human sur-
vival and an economic burden to the societies [3]. CNS diseases affect 
the neuronal structure and function of the brain, which fall into two 
primary categories: acute brain injury and chronic neurodegenerative 
diseases [4]. Acute brain injury includes Epilepsy and stroke. Chronic 
neurodegenerative diseases include AD, PD, and MS. Although tech-
nology is constantly improving for many diseases, most CNS diseases 
lack effective diagnosis and treatment strategies [5]. For example, 
aducanumab, donepezil, rivastigmine, galantamine, and memantine for 
AD, and L-DOPA for PD, do not cure the disease, only delay its pro-
gression [1]. This is because the presence of the blood-brain barrier 

(BBB) limits the entry of many therapeutic agents into the CNS [6].
The BBB is a selective permeability barrier, composed of endothelial 

cells, astrocytes, basal lamina, capillary, interneuron, tight junctions 
(TJs), microglia, and pericytes [7]. BBB selectively restricts or prevents 
the passage of many hydrophilic or large molecules, allowing only a few 
small molecules such as O2 and CO2 to pass, while delivering specific 
nutrients to the CNS via transporters [6,8]. However, the is a 
double-edged sword. While protecting the brain tissues, it also limits the 
delivery of many therapeutics to the CNS. Therefore, overcoming BBB is 
an immediate neccessity for treating CNS diseases. Nanoparticles (NPs) 
with diameters ranging from 1 to 100 nm [9]. Have unique physico-
chemical properties such as small size, large surface to volume ratio and 
optical behavior [10].Based on these characteristics, nano-delivery 
systems are expected to help drugs cross the BBB and improve the tar-
geting efficiency of drugs, bringing new hope for the treatment of CNS 
diseases.

In medicine, nanomaterials can be applied to drug delivery and 
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controlled release, increase permeability, cross biological barriers, and 
improve biocompatibility [11]. So far, a variety of nanomaterials have 
been used in delivery systems, such as some NPs (gold, iron, cerium, 
molybdenum, silver, zinc oxide, silicon dioxide, magnetic materials, 
trehalose, chitosan, poly (lactic-co-glycolic acid) (PLGA) and PEGylated 
polylactide (PLA), etc.), liposomes, nanomicelles, and exosomes (EXO), 
etc [10,12–14]. The routes for administering these nano-delivery sys-
tems are mainly divided into two ways: 1) bypassing the BBB and 2) 
passing through the BBB. Different routes of delivery of NPs to bypass or 
pass through the BBB can further optimize the therapeutic effect of the 
nano-drug delivery system. This article reviews the different methods of 
nano-delivery systems to overcome the way BBB enters the brain. 
Different kinds of nanoparticles to overcome BBB were discussed in 
depth.

2. The blood-brain barrier

2.1. Brain barrier

The brain is protected by three main barriers, the BBB, the blood- 
cerebrospinal fluid barrier (BCSFB), and the arachnoid barrier [6,9]. 
BCSFB is a shielding structure composed of choroid plexus epithelium 
and choroid plexus capillary endothelium and its basement membrane. 
It forms an interface between the cerebrospinal fluid, which can prevent 
some substances from entering the cerebrospinal fluid from the blood 
vessels, and the cerebrospinal fluid is replaced about 3–5 times a day, 
and, therefore, most of the drug is removed each time from the cere-
brospinal fluid [15,16]. The arachnoid barrier is located below the dura 
mater and surrounds the central nervous system. It can separate the 
extracellular fluid of the central nervous system from the extracellular 
fluid of other parts of the body. Although the arachnoid membrane can 
also form a barrier layer, its avascular nature and surface area are 
relatively small [17]. Based on these characteristics, BCSFB and the 
arachnoid barrier cannot be good drug delivery targets. BBB is produced 
by endothelial cells that form capillary walls, and the combined surface 
area of these microvessels constitutes the body’s largest blood-brain 
exchange interface. In addition, BBB is also the most important barrier 
protecting the CNS and maintain brain homeostasis [10]. It shows that 
BBB has more advantages in its structure and function than BCSFB and 
the arachnoid barrier. Therefore, it is of great significance to focus on 
the barrier effect of BBB in drug delivery.

2.2. Blood-brain barrier

The conjecture of BBB was first proposed by Paul Ehrlich and proved 
by Edwin Goldmann [18,19]. The BBB is a special non-fenestrated 
vascular system, mainly composed of Brain microvascular endothelial 
cells (BMECs), astrocytes, basal lamina, capillary, interneuron, tight 
junction, microglia, and pericytes, which controls its permeability 
(Fig. 1). It maintains CNS homeostasis and prevents peripheral toxins 
and pathogens from entering the brain [20,21]. Endothelial cells 
constitute the capillary wall and are the main barrier of the BBB. The 
endfeet of astrocytes are encased in BMECs, matrix proteins secreted by 
the cells constitute the basement membrane, and pericytes are 
embedded in the basement membrane of glial cells and BMECs. Since 
BBB only allows small molecules (<500 Da and <400 nm) and lipophilic 
molecules are passively diffused, while other molecules must be actively 
transported, which limits the delivery of effective drugs and reduces the 
therapeutic efficiency [22,23]. Therefore, the brain delivery of the 
nano-delivery system can be enhanced by using the physiological 
characteristics of BBB. Studies have shown that the function of BBB is 
mainly attributed to endothelial cells (ECs) [24]. ECs are lipophilic, and 
lipophilic substances can pass through the BBB through simple diffusion. 
Therefore, lipophilic nano-delivery platforms can enhance the delivery 
of brain therapeutic drugs, such as liposomes and polymer NPs. In 
addition, many transport systems on BMEC have surface receptor and 
substrate selectivity. For surface receptors, a ligand-based nano-delivery 
system can be designed to interact with specific homologous receptors 
on the apical plasma membrane of endothelial cells. For substrate 
selectivity, a nano-delivery system that can bind to some nutrients (such 
as glucose, folic acid, etc.) can be designed, so that the system depends 
on the substrate selectivity of BMEC to nutrients and relies on 
Carrier-Mediated Transport (CAMT) to cross the BBB. In summary, in 
order to overcome the limitations of BBB, it is necessary to design a 
targeted delivery system based on the characteristics of BBB.

2.3. Blood-tumor barrier (BTB)

BTB is a leakage barrier formed by CNS tumors by changing the 
tumor microenvironment (TME) and damaging the BBB. A certain type 
of cell inside the brain grows and proliferates in an abnormal way to 
form a lump or tumor, which originates in brain tissue and is called a 
primary brain tumor [25].

Fig. 1. Schematic illustration of the BBB structure: astrocytes, basal lamina, capillary, endothelial cells, interneuron, tight junction, microglia, and pericytes. Inspired 
by Ref. [313].
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A certain type of cell inside the brain grows and proliferates in an 
abnormal way to form a lump or tumor, which originates in brain tissue 
and is called a primary brain tumor. Metastatic brain damage refers to 
the origin of the tumor in non-brain tissue, where the cancer cells 
extravasate and invade the brain, where they colonize and proliferate, 
developing into metastatic brain damage [26]. Whether it is primary 
brain tumor or metastatic brain injury, after cancer cell accumulation, 
the lesion is in a state of local hypoxia and activate hypoxia-inducible 
factors, which stimulate the production of VEGF [27]. Secreted VEGF 
then induces disruption of the existing BBB structure and the growth of 
structurally altered capillaries in the existing vessels. This newly formed, 
structurally altered capillary is abnormal, tortuous, poorly shaped, and 
more permeable than the intact BBB. In addition, existing blood vessels 
may be compressed by the growing tumor, or they may be absorbed by 
the tumor, which will also lead to increased leakage of BTB [28]. 
Although alterations in BTB integrity allow increased paracellular 
transport of molecules, BBB and BTB efflux processes may also be 
increased by the presence of tumor cells [26]. For example, many drugs 
used to treat melanoma and lung cancer brain metastases are actively 
efflux in preclinical mouse models [29]. This may account for the failure 
of chemotherapeutic agents in the treatment of CNS tumors.

3. The disorders of the central nervous system (CNS) and 
nanocarriers

CNS diseases include a variety which lack effective treatment 
methods [30]. This is because the CNS is highly protected by physio-
logical barriers, especially the BBB, which limit the uptake of most 
drugs. Although many drugs can cross the BBB, such as temozolomide 
(TMZ), paclitaxel (PTX), doxorubicin (DOX), etc., their treatment suc-
cess is still limited due to poor permeability across the BBB, chemo-
therapy resistance, and cytotoxic effects [31–34]. Many investigators 
are pursuing a multidisciplinary approach of nanotechnology to over-
come the main obstacles in the treatment of the CNS diseases and ach-
ieve the best therapeutic effect by designing nano-drug delivery systems 
with easy-to-control characteristics (such as particle size, shape, and 
surface characteristics) to control the pharmacokinetic characteristics, 
BBB crossing ability, cytotoxicity and disease targeting ability of drug 
carriers. Several approved or ongoing clinical trials of nano-preparations 
are listed here (Table 1).

3.1. Chronic neurodegenerative diseases

3.1.1. Alzheimer’s disease
AD is characterized by a progressive decline in two or more cognitive 

domains, including memory, language, executive and visuospatial 
functions, personality, and behavior, resulting in the loss of ability to 
execute tools and/or basic activities of daily life [35]. A hallmark pa-
thology of AD is the progressive accumulation of the protein fragment 
beta-amyloid (plaques) outside neurons in the brain and the twisted 
strands of the protein tau (tangles) inside neurons, these changes are 
eventually accompanied by the loss of synapses and neurons [36,37]. 
Both abnormal metabolism of Aβ and hyperphosphorylation of tau 
protein lead to neurodegeneration, and the reduction of acetylcholine (A 
neurotransmitter) and oxidative stress in the body may also be related 
factors in the occurrence of AD [38]. Therefore, the occurrence of AD 
may be a consequence of the interaction of multiple causes. Aβ plaques 
around the brain, soluble Aβ and tau protein in cerebrospinal fluid are 
the main biochemical markers of AD, which have been used for clinical 
diagnosis [39]. Current treatments for AD focus on inhibiting the for-
mation of Aβ plaques/tau tangles and neutralizing their aggregation 
around neurons. Some clinically approved drugs can only relieve 
symptoms and delay the progression of AD by providing neurotrans-
mitters [39]. Therefore, new AD markers and nanomedicines targeting 
AD markers are urgently needed.

3.1.2. Parkinson’s disease
PD is a severe age-related neurodegenerative disease involving pro-

gressive impairment of voluntary motor control, often accompanied by 
symptoms such as depression, cognitive decline, and sleep changes, and 
its prevalence increases with age [40–42]. The underlying cause of the 
disease is caused by the loss of dopaminergic neurons in the substantia 
nigra of the midbrain [43,44]. At present, it is believed that 
Alpha-synuclein (α-Syn) misfolding and subsequent aggregation are the 
main reasons for dopaminergic neurons degradation in PD [45,46]. Due 
to various factors, α-Syn misfolds and aggregates into pathological 
forms. The imbalance between the formation and clearance of the 
pathological form leads to further deposition of α-Syn. In addition, α-Syn 
aggregates simultaneously propagate through intercellular and synaptic 
transmission and invade various brain regions, leading to cytotoxic ef-
fects in neurons and ultimately to the onset of PD. Currently, drug 
therapy (including but not limited to monoamine oxidase type B in-
hibitors, dopamine receptor agonists, catechol-O-methyltransferase 

Table 1 
Clinical study of nanomedicine in the treatment of central nervous system diseases.

CNS Disease nanoformulations Nanocarrier Mode of 
administration

Clinical 
Status

Mild to moderate Alzheimer’s 
disease

APH-1105 Intranasal nanoparticles Intranasal Phase II

Parkinson’s Disease CNM-Au8 Gold nanocrystals Oral Phase II
Multiple Sclerosis Copaxone®/Glatopa (Teva) Polymer NP Subcutaneous 

injection
FDA (1996)

Multiple Sclerosis Plegridy® (Biogen) Polymer NP (PEGylated IFN-β-1a) Subcutaneous 
injection

FDA (2014)

GBM EDV-doxorubicin EDV-doxorubicin + radiation Intranasal Phase I
GBM Interleukin-12 Semliki forest virus vector carrying the human interleukin-12 

gene
Intravenous Phase I, II

GBM Ferumoxytol Iron oxide NPs Intravenous Phase II
GBM Nanothermotherapy Thermotherapy and magnetic iron-oxide NPs + reduced dose 

radiotherapy
Intrathecal Phase II

GBM Doxil®/Caelyx® Doxorubicin HSPC, cholesterol, and DSPE-PEG2000 Intravenous Phase II
GBM SGT-53 (SynerGene 

Therapeutics)
Cationic liposome with anti-transferrin antibody Intravenous Phase II

GBM 5-fluorouracil 5-fluorouracil-releasing microspheres Intravenous Phase II
GBM Caelyx, PEG-Dox Pegylated liposomal DOX  Phase II
GBM PEG-Dox Temozolomide (TMZ) and Pegylated liposomal DOX Oral Phase II
GBM Nanotherm® (MagForce) Inorganic and metallic nanoparticles Intravenous injection FDA (2010)
GBM Paclitaxel polyglutamate 

(Opaxio)
Paclitaxel covalently linked to solid lipid NPs Intravenous FDA (2014)
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inhibitors, etc.) is the mainstay of clinical treatment for PD. Unfortu-
nately, current treatments do not cure PD. The non-targeted delivery of 
levodopa, a classic treatment for PD, can attack the peripheral system, 
leading to a series of adverse reactions, such as cardiovascular adverse 
reactions and movement disorders [47]. Therefore, encapsulating PD 
therapeutic drugs in a nano-delivery system, passing through the BBB 
and targeting the release of drugs into the brain, is a promising method 
for the treatment of PD.

3.1.3. Multiple sclerosis
MS is a chronic autoimmune disease characterized by multifocal 

inflammatory demyelinating lesions accompanied by neuronal and 
oligodendrocyte loss [48–51]. Since myelin can isolate nerve fibers from 
their surroundings, the loss of myelin can lead to dysfunction of affected 
neurons in transmitting electrical signals, resulting in sensory and motor 
disorders [52]. MS shows different clinical phenotypes. In most cases, 
patients will experience recurrent clinical symptoms and then partially 
or completely recover, known as relapsing-remitting MS. Within 10–15 
years, the frequency of relapse decreases, and the CNS gradually de-
teriorates, resulting in continuous progression in 50 % of RRMS patients, 
known as secondary progressive MS [53]. Accumulation of disability 
from the beginning, no recurrence is called primary progressive MS, 
accounting for 15 %–20 % of MS patients. For relapsing-remitting MS, it 
is more common to use corticosteroids (i.e.methylprednisolone) for 
treatment to reduce inflammation and end recurrence faster [54]. The 
phase III EXPAND trial led to the approval of Cinemod for the treatment 
of patients with secondary progression of active disease [55]. The phase 
III ORATORIO trial led to the approval of Ocrelizumab for the treatment 
of patients with primary progressive MS [56]. However, most treatments 
are associated with adverse reactions, partly due to the route of 
administration. It is mainly due to the poor permeability of BBB to drugs, 
resulting in low accumulation of drugs into CNS. Therefore, in order to 
overcome the limitations of traditional MS treatment methods, the use of 
drug delivery systems to deliver MS therapeutic drugs to the lesion site 
and improve the ability to penetrate BBB and brain targeting is a hot 
topic in current research.

3.2. Acute neuroinvasive sicknesses

3.2.1. Epilepsy
Epilepsy is a brain disorder characterized by large-scale abnormal 

synchronous firing of neurons, mainly due to an imbalance between 
excitatory and inhibitory neurotransmission [57]. At present, the first 
and second generation of antiepileptic drugs (AEDs) are used in clinical 
management of the disease, which include voltage-dependent sodium 
channel blockers, activators for extended opening time of chloride 
channels, and drugs for increased γ-aminobutyric acid (GABA) synthesis 
or decreased GABA degradation [58]. These drugs act by inhibiting 
excitatory currents or enhancing inhibitory currents. However, research 
data show that about 30 % of epilepsy patients are resistant to AEDs 
[59]. Based on the drug resistance of epilepsy patients to AEDs, two 
main hypotheses are proposed to explain. The first hypothesis suggests 
that resistance develops because AEDs cannot penetrate the BBB and 
enter the brain [59,60]. This is due to the overexpression of drug efflux 
transporters in the BBB of epileptic patients resistant to AEDs, which 
limit the access of AEDs to the brain. The second hypothesis is that the 
target receptor sites of AEDs are changed in some way in the brains of 
epileptic patients, resulting in their decreased sensitivity to drugs [61]. 
Current evidence supports that these two hypotheses are not mutually 
exclusive and both play a key role in the study of resistance to AEDs. 
Therefore, the efficacy of AEDs depends on their ability to cross the BBB 
and bind to target receptor sites [61]. Recently, nano-delivery systems 
have attracted attention for their ability to cross the BBB and improve 
the effectiveness of AEDs, opening up potential prospects for epilepsy 
treatment.

3.2.2. Stroke
Stroke is one of the most serious neurological diseases that pose a 

threat to human health, causing substantial long-term disability and 
even death worldwide. In terms of its physiological and pathological 
characteristics, stroke is often caused by cerebral vascular stenosis, oc-
clusion or hemorrhage, which leads to the interruption or obstruction of 
blood supply to brain tissue, resulting in an insufficient supply of 
nutrition and O2 in the brain region, causing brain cell death and 
neurological dysfunction, and eventually causing permanent damage to 
brain tissue [62,63]. Stroke can be divided into three types, namely 
ischemic stroke, hemorrhagic stroke and transient ischemic attack. A 
majority of the of patients (87 %) suffer from ischemic stroke [64–66]. 
Ischemic stroke is caused by obstruction of blood flow in the CNS. 
Hemorrhagic stroke is caused by blood leakage due to rupture of blood 
vessels. A transient ischemic attack occurs due to the formation of a 
small embolism of a clot that temporarily blocks blood flow. The lack of 
effective measures for diagnosing and treatment of ischemic stroke still 
remain challenging [66]. Currently, restoring blood flow through 
thrombolysis and/or thrombectomy are the only approved treatments 
for ischemic stroke [67]. However, both methods need to be treated 
within the time window after the onset of the disease to ensure the 
effectiveness of the treatment, and only a small number of patients can 
be effectively managed by them [67–69]. In addition to the above two 
methods, the use of antiplatelet and anticoagulant drugs and neuro-
protective agents in ischemic stroke treatment are possible alternatives, 
however, they all have certain limitations and obvious side effects [66,
67,70]. Preclinical studies mostly focus on the neuroprotective agents in 
ischemic stroke at various stages of development and reperfusion. 
However, most of them are poorly soluble, their bioavailability is low 
due to BBB, and the therapeutic efficacy is limited by their short half-life 
[68,70]. Nanotherapy provides great advantages for the effective 
treatment of stroke in terms of crossing the BBB, improving drug 
bioavailability, increasing - drug accumulation, and reducing systemic 
toxicity. Therefore, the nano-drug delivery system has great application 
prospects as an effective and safe system for delivering therapeutic 
agents across BBB.

3.3. Brain cancers

Brain cancers are divided into two major categories, namely primary 
brain cancers that originate in brain tissue and secondary brain cancers 
that developed as a result of the metastatic spread of cancer cells from 
other regions. Among primary brain cancers, glioma caused by glial cells 
are the most prevalent type accounting for about 80 % of all malignant 
brain cancers, including glioblastoma (GBM), astrocytoma, oligoden-
drocyte glioma and ependymona [71,72]. GBM, a grade IV astrocytoma, 
is the most common and aggressive form of brain tumor, exhibiting 
heterogeneous, highly angiogenic, invasive, and migratory features [73,
74]. The current clinical standard of care for brain cancers is maximally 
safe surgical resection followed by graded radiotherapy and chemo-
therapy (oral Temozolomide, and/or implanted Carmustine wafer) [75,
76]. However, surgical resection always has numerous limitations 
because it does not completely remove infiltrating tumor cells within 
normal brain parenchyma and because of the location of brain tumors 
corresponding to sensitive or inoperable areas of the brain. In addition, 
residual tumor cells after surgical resection are protected by BBB, hin-
dering drug treatment of the tumor [77]. Therefore, to maximize the 
treatment of brain tumors, it is necessary to overcome the protective 
effect of BBB on the brain.

4. Pathways to access the brain

Transporting nanoparticles to overcome the blood-brain barrier 
(BBB) can be categorized into two ways: bypass the BBB and cross the 
BBB (see Fig. 2).
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4.1. Bypass the BBB

4.1.1. Intranasal delivery (ID)
In 1989, Professor W.H.Frey II ’s pioneering research on ID made 

great progress in the treatment of diseases such as brain cancer and 
infection, stroke and extensive CNS diseases [78]. ID is a minimally 
invasive and safe administration method, which can bypass the BBB 
through the olfactory nerve pathway between nasal mucosa and CNS 
[79]. ID is a noninvasive and safe method of drug administration that is 
able to bypass the BBB directly through the olfactory mucosa [79]. The 
nasal cavity is divided into three areas: vestibular, respiratory and ol-
factory. Drugs are absorbed into the systemic circulation through the 
respiratory zone and into the CSF through the olfactory zone [80]. When 
drug molecules enter the nasal cavity, they reach the brain via two main 
routes: the primary route through the neuronal pathway and the sec-
ondary route through the systemic circulation and the blood-brain 
barrier [81]. Therapeutic agents of ID enter the brain through three 
pathways [82]: (a) the Olfactory route: When the therapeutic agent 
reaches the olfactory mucosa through the ID, it makes direct contact 
with olfactory receptors located on the cilia at the end of olfactory re-
ceptor neurons, crosses axons and nerve bundles through the cribriform 
plate into the olfactory bulb and CSF. (b) the Trigeminal route: occurs 
between the branches of the trigeminal nerve that innervate the respi-
ratory and olfactory mucosa, transferring drug molecules/agents 
directly to the brain stem and other connected structures. For example, 
lidocaine, insulin-like growth factor 1, and interferon-β-1b enter the 
brain through this pathway. In addition, this pathway can be trans-
ported intracellularly via axons and diffusely and massively extracellu-
larly via perineural channels, perivascular spaces, or lymphatic channels 
connecting cerebrospinal fluid and brain tissue, but extracellular and 
intracellular transport depends on the physical and chemical properties 
of the drug molecule/formulation [83]. (c) the Systemic route: The 
uptake of therapeutic agents from the nasal cavity to the brain may also 
occur through the blood circulation. Because the airway epithelium is 
more rich in blood vessels than the olfactory mucosa, a small part of the 
drug will be absorbed into the systemic circulation. Therefore, a correct 
understanding of the transport mechanism of ID drugs to the brain is 
crucial for the treatment of diseases.

ID, a non-invasive method, is a promising strategy for bypassing the 
BBB to deliver neurotherapeutic agents. This has a more precise drug 
targeting, faster onset of action, avoidance of drug first-pass metabolism 
in the gastrointestinal tract and liver, larger drug absorption area, dose 
reduction, minimal side effects, noninvasive, convenient and patient- 

friendly route of administration [84]. However, the surface area of the 
nasal cavity is smaller than that of the mouth, and the contact area of the 
drug is reduced, reducing the concentration of the drug in the blood. The 
protective barrier of the nasal mucosa limits the efficiency of ID treat-
ment. In addition, insufficient drug exposure time, mucociliary clear-
ance, nasal mucosal irritation, drug enzymatic degradation, and poor 
drug retention are also barriers to intranasal administration [85]. 
Therefore, the clinical application of ID still needs to go a long way.

4.1.2. Intrathecal and intraventricular delivery (IID)
Intrathecal drug administration is a technique for delivering drugs 

that circumvents the blood- Intrathecal drug delivery is a method of 
drug delivery that bypasses the BBB and is suitable for analgesia, spas-
ticity and the treatment of CNS tumors [86]. During IID, drugs are 
administered directly into CSF contained in the subarachnoid space of 
the CNS. Pulsatile CSF blood flow induces micromixing of CSF and 
intrathecal therapeutic drugs, resulting in their rapid dispersion. IID 
bypasses the BBB, but once injected, the drug is usually rapidly dispersed 
away from the target site, so the treatment results are not satisfactory 
[87]. Nano-delivery systems have emerged as a promising approach to 
overcome the limitation that drugs cannot be adequately delivered to 
target tissues or cells. Compared with freely administered drugs, the 
application of nanoparticles can prolong the half-life of the drug, pro-
long the retention time of the drug in CSF, and make it reach the brain 
parenchyma more effectively after intrathecal administration.

However, it is worth mentioning that IID is an invasive procedure. 
Most patients need repeated lumbar subarachnoid puncture to release 
CSF and intrathecal injection to achieve a certain curative effect, which 
is complicated and brings great pain to patients. At the same time, 
repeated puncture is easy to cause reinfection. In addition, the unidi-
rectional flow of CSF restricts the entry of intrathecal drugs into the 
ventricular system, and it can also easily cause persistent infection of the 
ventricular system. Bacteria can continue to enter the CSF and maintain 
active infection. Because of this, it is necessary to carefully select IID 
drugs for treatment to prevent the occurrence of some complications, 
such as infection, neurotoxicity, and increased intracranial pressure.

4.1.3. Intratumoral delivery (ITD) and convection-enhanced distribution 
(CED)

In recent years, more and more nano-drug delivery systems have 
been deeply explored and used for cancer treatment due to their passive 
tumor targeting, enhanced permeability and retention [88]. However, 
some complications of their systemic administration are inevitable, such 

Fig. 2. The way nanoparticles overcome the blood-brain barrier in central nervous system diseases. Inspired by [38].
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as inferior tumor targeting efficiency, systemic toxic effects, and weak-
ened anti-tumor activity [89]. To overcome the limitations of systemic 
administration, some investigators have proposed the intratumoral 
administration as an alternative approach [90]. Intratumoral therapy 
allows tumor-killing locally. This method can improve the targeting 
efficiency of drugs, enhance the concentration of drugs in the tumor and 
the tumor death, and reduce the off-target toxicity of drugs [88,91,92].

CED is a promising technique that creates a pressure gradient at the 
tip of an infusion catheter inserted into the brain parenchyma to deliver 
therapeutic agents directly through the interspace of the CNS [93]. CED 
has several potential advantages over traditional delivery methods: (a) 
bypassing the BBB, where it can be used for the delivery of therapeutic 
agents of high or low molecular weight through massive interstitial flow. 
(b) a targeted delivery of therapeutic agents according to the placement 
of the catheter, with means of real-time monitoring of the distribution of 
therapeutic agents and intelligent regulation of their flow and velocity; 
(c) an enhanced interstitial drug distribution driven by pressure gradi-
ents [94,95]. CED was first proposed in 1994 by Bobo et al. as a 
promising technique to bypass BBB and deliver in a 
diffusion-independent manner [96,97]. This mechanism of bypassing 
the BBB dramatically increases the number of therapies that can feasibly 
be used to treat glioma [97]. Because of this, CED has significantly 
improved the efficacy of drug, macromolecular, and nanocarriers de-
livery to the brain [98].

ITD and CED are common invasive drug delivery strategies in cancer 
therapy. These strategies aim to efficiently deliver drugs to tumor tissues 
and minimize damage to healthy tissues. However, there are some 
limiting factors that may affect the efficacy of these strategies [89,99,
100]: (a) The effective administration of ITD and CED is highly depen-
dent on the technique of the operator. (b) One of the challenges of CED is 
reflux. Reflux reduces the chance of achieving therapeutic drug con-
centrations in the target structures and increases the risk of off-target 
side effects. (c) Rapid interstitial clearance of the brain may hinder 
the distribution of some therapeutic agents in the brain. (d) 
Tumor-specific factors also have the potential to limit CED. Tumors with 
elevated interstitial pressure can block the positive pressure gradient 
that drives drug to the tissue site, limiting uniform drug distribution. To 
resolve these problems, extensive experimental validation and clinical 
implementation are needed to maximize the efficacy of these drugs and 
reduce the adverse reactions of patients receiving these invasive dosing 
strategies.

4.2. Crossing the BBB

The transport mechanism across the blood-brain barrier (BBB) can be 
categorized into the Receptor-Mediated Transport (RMT), Carrier- 
Mediated Transport (CAMT), Cell-Mediated Transport (CeMT), and 
Tight Junction (TJ) Modulation. Among these, RMT and CAMT are the 
primary endogenous transport systems of BBB. Our discussion will 
center on RMT and CAMT.

4.2.1. Receptor-mediated transport
A promising strategy to overcome the BBB to deliver therapeutic 

agents for CNS diseases is RMT. The mechanism by which it crosses the 
BBB involves the vesicle transport system of the brain endothelium [101,
102]. That is, RMT across the BBB requires ligand interaction with 
specific cognate receptors at the apical plasma membrane of endothelial 
cells. Intracellular transport and vesicle sorting then proceed, and finally 
vesicles containing receptor-ligand complexes or vesicles containing 
dissociated ligands are delivered to the basolateral side of polarized 
endothelial cells, where they are released. In this way, molecules can 
cross the endothelium and enter the brain without disrupting BBB 
properties. Because it uses vesicle-based transport, the delivery of many 
biological agents can cross the BBB and enter the brain through the RMT 
mechanism, including monoclonal antibodies, recombinant proteins, 
RNA, DNA, and nanomedicine [103]. For example, in a study by Jhaveri 

et al. [104], RES was loaded into PEGylated liposomes with a surface 
modified by Tf and used the passive and active targeting capabilities of 
TF-modified liposomes to effectively treat GBM. Tf ligands on the sur-
face of liposomes can specifically bind TfR, which is upregulated in 
GBM, thus TF-modified nanoparticles are cancer cell specific. This 
binding can enter the brain through receptor-mediated endocytosis, 
unconstrained by the BBB, and enhances the therapeutic capacity 
against tumors. In addition, ApoE peptide can specifically bind to LDL-R. 
Jiang et al. [105] prepared an ApoE peptide-functionalized polymer-
somal granzyme B, the binding of ApoE peptide on the surface of the 
nanoparticle to LDLR effectively crossed the BBB through trans-
endocytosis, it strongly inhibited growth and caused immunogenic cell 
death in murine glioma cells (Fig. 3). Pinheiro et al. [106] prepared a 
RVG29 functionalized lipid nanoparticle loaded with quercetin, and the 
RVG29 ligand on its surface could bind to nAChR. It can enhance the 
penetrating ability of BBB, improve the drug concentration of quercetin 
through BBB, inhibit amyloid-β aggregation, and achieve the purpose of 
treating AD. In addition, Cui et al. [107] employed a strategy of con-
structing TanIIa-gL micelles (TGM) by self-assembly of TanIIA and GL 
and loading them into serum EXO to prepare CpG-EXO/TGM (Fig. 4). 
They used intravenous injection to deliver CpG-EXO/TGM into the body 
for therapy of mice. TfR on the surface of the exosome membrane can 
bind to free Tf in the blood and cross the BBB in a RMT-dependent 
manner. CpG-EXO/TGM is effective in two ways. First, release of 
TanIIA and GL inhibited GBM cell growth. Second, CpG-EXO/TGM 
induced anti-GBM immune responses in TME. CpG-EXO/TGM can 
effectively prevent postoperative recurrence by using chemotherapy and 
immunotherapy in the treatment of GBM. It is important to note that 
because the receptor is not static in vivo, many factors need to be 
considered when delivering drugs by RMT, which are closely related to 
the expression of the receptor under pathological conditions, the re-
ceptor before and after treatment, and the efficiency of age-dependent 
RMT transport [108].

4.2.2. Carrier-mediated transport (CAMT)
Due to the high transport affinity between transporters and sub-

stances, CAMT is one of the most promising methods to promote the 
entry of drugs into the brain. Many transport systems on brain endo-
thelial cells are substrate-selective, which provides the brain with 
essential nutrients and endogenous substrates. The transport of nutrients 
such as glucose, amino acids and nucleosides is divided into two cases. 
One is the transport without energy driven by electrochemistry or con-
centration gradient, and the other is the transport of solute in the di-
rection of its electrochemical potential increase, accompanied by 
promoted diffusion. In this way, nutrient molecules bind to specific 
transporters on the cavity side, and transporters change their confor-
mation and transfer nutrients to the brain parenchyma. Therefore, drugs 
that bind to endogenous substances such as nucleosides, glucose, and 
amino acids can be absorbed and delivered to the brain through four 
major transporters on the BBB (i.e., amino acid transporters, mono-
carboxylate transporters, peptide transporters, and clearance receptors). 
In addition, in the design of nanocarriers, endogenous substances such 
as nucleosides, glucose and amino acids can also be used to modify 
nanocarriers to promote nanocarriers to effectively cross the BBB and 
play a therapeutic role. Similarly, Ginsenoside Rg3 (Rg3) contains two 
glucosyl residues in the hydrophilic glycoside chain, which are sub-
strates for glucose transporters (GLUTs). Zhu et al. [109] developed a 
multifunctional ginsenoside Rg3-based liposomal system (Rg3-LPs) 
(Fig. 5). These studies revealed that Rg3-LPS could be actively delivered 
to the brain and overcome the BBB because of its ligand Rg3. When 
Rg3-LPs loaded with PTX, the proliferation of glioma cells was signifi-
cantly inhibited and the median survival time of the model mice was 
significantly prolonged. Therefore, Rg3-PTX-LPs can be used as a 
multifunctional potential drug for the treatment of glioma.
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4.2.3. Cell membrane-mediated transport (CMMT)
Both Cryptococcus neoformans and immune cells such as monocytes 

or macrophages can enter the brain via CMMT [110]. It indicates that 
natural CMMT, such as macrophages, neutrophils, tumor cells, red blood 
cells, mesenchymal stem cells, platelets and endothelial cells are good 
carriers [111–115]. This feature promotes the effective penetration of 
biomimetic nanoparticles modified by immune cells through the BBB 
through CEMT, targeting brain tumors. CMMT nanoparticles can effec-
tively cross the BBB and target brain tumors. For example, Yin et al. 
[114] developed an engineered macrophage-membrane-coated nano-
platform with enhanced programmed cell death-1 (PD-1) expression 
(PD-1-MM@PLGA/RAPA) (Fig. 6). Since macrophages can respond to 
the GBM microenvironment and return home, macrophage 
membrane-modified nanoparticles can efficiently cross the BBB reach 
TME, where nanoparticles are delivered to the tumor site. He et al. [116] 
designed a biomimetic nanomedicine (AM@NP (ABT/A12)) (Fig. 7). 

AM@NP (ABT/A12) consists of two parts, ABT and A12 co-loaded 
pH-sensitive acetal-grafted dextran (a-dextran) as core (NP 
(ABT/A12)) and ApoE peptide-functionalized RBC membrane 
(ApoE-RBCm, AM) was used as the outer shell. Due to the intrinsic 
biocompatibility and non-immunogenic properties of BC membranes, it 
is easy to penetrate the BBB and target GBM to maintain prolonged 
blood circulation. These studies show that CMMT can transport any type 
of molecule or substance or drug, which offers new possibilities for 
crossing the BBB.

4.2.4. Tight junction (TJ) modulation
The BBB is one of the most powerful physical barriers in the body and 

is composed of TJ proteins in brain microvascular endothelial cells 
[117] TJ plays a crucial role in maintaining the integrity of the BBB. 
Disruption of the TJ, impairs BBB integrity. Previous studies have 
emphasized that certain methods can be used to destroy TJ proteins 

Fig. 3. Illustration of fabrication of ApoE peptide-functionalized polymersomes encapsulating GrB or CpG ODN (ApoE-PS-GrB and ApoE-PS-CpG) (A) and highly 
enhanced immunotherapy of murine orthotopic LCPN glioma (B). Reprinted with permission from Ref. [105].
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between endothelial cells, break through the BBB and enter the central 
nervous system, thereby changing the permeability of the BBB [110]. 
Chen et al. [118] used focused ultrasound to partially destroy TJ pro-
teins such as claudin-5 in brain endothelial cells, thereby changing the 
permeability of BBB. Li et al. [119] designed and synthesized AuNPs and 
used picosecond-laser to excite TJ-targeted plasma AuNPs and regulate 
BBB permeability (Fig. 8). This technique allows the nanoparticles to 
enter the brain parenchyma without causing any apparent damage to 
the vascular dynamics and brain parenchyma. This is a promising 
strategy for safe and effective delivery of therapeutic agents to the CNS. 
Therefore, using minimally invasive methods to temporarily disrupt TJ 
to change BBB permeability and deliver therapeutic agents is of great 
significance for the development of CNS disease treatment.

4.3. Temporarily open BBB

4.3.1. Focused ultrasound (FUS)
In recent years, FUS-mediated BBB opening has been widely used in 

the delivery of drugs to the brain [120].However, the irregular shape 
and large acoustic impedance of the skull can cause beam aberrations, 
resulting in poor penetration of ultrasound through the skull. Therefore, 
clinical tests still require craniotomy to perform ultrasound therapy in 
the brain [121,122]. In response to these obstacles, it has been proposed 
that when combined with the use of acoustic simulation based on skull 
CT scans to determine the phase and amplitude correction of phased 
arrays [123] and MR temperature imaging (MRTI) to monitor fever, it 
can completely non-invasively replace brain surgery [124]. This method 
has been able to pass the human skull focused ultrasound, and the 
magnetic resonance imaging (MRI) -guided system is currently under-
going clinical phase I trials of thermal ablation of malignant brain tu-
mors [125]. In 2001, Hynynen et al. [126] first proposed that FUS 
combined with micron-scale microbubbles (MBs) can enhance the effect 
of FUS. When FUS is used in combination with MB, the thermal effect is 
not the main mechanism for BBB opening, and the mechanical effect is 
the main mechanism for more substantial BBB opening [127]. In short, 
under the action of ultrasound, microbubble oscillation causes an 

Fig. 4. (A) Preparation of CpG-EXO/TGM. (B) process of CpG-EXO/TGM crossing the BBB. (C) the process of CpG-EXO/TGM using chemotherapy and immuno-
therapy to synergistically treat GBM. Reprinted with permission from Ref. [107].
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Fig. 5. Multifunctional ginsenoside Rg3-based liposomes for glioma targeting therapy. Reprinted with permission from [314].

Fig. 6. Schematic Illustration of Preparing Engineered Macrophage-Membrane-Coated Nanoparticles with Enhanced PD-1 Expression. Reprinted with permission 
from Ref. [114].
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instantaneous increase in cell membrane permeability, that is, acoustic 
perforation, which opens the tight junction in BBB. However, under low 
sound pressure, the microbubble oscillates in a stable motion mode, that 
is, stable cavitation; at higher sound pressure, microbubbles grow and 
collapse violently, that is, inertial cavitation. Stable cavitation has the 
least negative impact on the tissue, but the microbubbles in the stable 
oscillation will also generate sufficient pressure to rupture the blood 
vessel wall. The severe collapse of inertial cavitation will lead to cell 
apoptosis, tissue necrosis and vascular wall rupture [128]. Therefore, 
inertial cavitation needs to be reduced when using focused ultrasound 
combined with microbubbles to increase BBB permeability. In addition, 
apoptosis induced by focused ultrasound opening BBB may also be 
related to the dose of microbubbles. Therefore, in the process of 
combining FUS with MB, the parameters of ultrasound and the dose of 
microbubbles needed to be controlled may be able to minimize the risk 
of cell and tissue damage on the basis of maximizing the opening of BBB.

4.3.2. Magnetic Field Force
Magnetic Field Force (MNPs) refers to magnetic nanoparticles, which 

are usually made of magnetic materials such as ferrite (such as Fe3O3 or 
γ-Fe2O3), cobalt, nickel and so on. MNPs have been used for brain drug 
delivery [129]. The study of magnetic NP is mainly based on three 
mechanisms: functional modification of ligands, the application of 
external magnetic fields, and the use of low RF fields [130]. Based on the 
functional modification of ligands similar to RMT, peptides, antibodies 
and small molecules are used as NP-linked ligands to interact with 
specific homologous receptors on the apical plasma membrane of 
endothelial cells to promote their transport to the brain. The application 
of external magnetic fields is to use external magnetic forces to move 
MNPs so that they can be guided from the vascular lumen to the brain 
parenchyma. The internal MNPs can temporarily destroy the endothelial 

cell-cell connection, activate the paracellular transport pathway, and 
promote the local extravasation of circulating substances. The third is to 
use the heat generated by magnetic NPs under MNPs to open BBB 
instantaneously and locally. Although the application of magnetic NPs 
has great potential in the fields of medicine and biotechnology in terms 
of drug delivery and medical impact, its biocompatibility, safety, control 
of MNPs and manufacturing cost and scale are still a challenge in 
practical applications.

4.3.3. Osmotic agent
BBB permeability is achieved using hypertonic agents (such as 

mannitol, ethanol, and dimethyl sulfoxide), which cause dehydration 
and contraction of brain capillary endothelial cells BCEC, resulting in 
tight junction dysfunction and transient destruction of BBB [131]. These 
penetrants can promote, increase and improve the entry of different 
drugs into the brain tissue. Intra-arterial mannitol-mediated perme-
ability opening is most commonly used in preclinical and clinical studies 
[132]. In 1973, Brightman et al. [133] used this method for the first time 
to demonstrate that intra-arterial mannitol injection induces endothelial 
contraction and endothelial tight junction opening, causing drugs to 
enter the brain. In the next few decades, intra-arterial man-
nitol-mediated therapy has been the main method used in preclinical 
models and clinical studies to temporarily open the BBB before infusion 
of therapeutic agents. However, the effect of intra-arterial man-
nitol-mediated treatment on opening BBB is not a constant layer, but is 
related to mannitol dose, injection speed, vascular anatomy and cerebral 
hemodynamics of individual patients or experimental animals [132]. 
Therefore, improper mannitol injection may not affect the BBB state by 
safely opening the tight junction of the endothelium, but by directly 
damaging brain cells. Studies [134] have shown that using dynamic 
susceptibility can predict the opening of BBB and ensure that the drug is 

Fig. 7. Brain-Targeted Codelivery of Bcl-2/Bcl-xl and Mcl-1 Inhibitors by Biomimetic Nanoparticles for Orthotopic Glioblastoma Therapy. Reprinted with permission 
from Ref. [116].
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administered to the correct position after BBB opening, which is ex-
pected to improve the therapeutic effect and reduce complications in the 
clinical environment.

5. Nanomaterial-mediated strategies for overcoming BBB

5.1. Liposome

Liposomes are nanoparticle vesicles with good biocompatibility and 
biodegradability, consisting of phospholipid bilayers with hydrophilic 

Fig. 8. (a) Schematic for transcranial laser stimulation of TJ-targeted AuNP for BBB modulation. (b) AuNPs are visualized. (c) Detection of TJ co-localization. (d) The 
accumulation of AuNP-BV11 and AuNP-PEG in the brain was determined. (e) Observation of BBB modulation. (f) Detection of BBB permeability. Reprinted with 
permission from Ref. [119].

Q. Luo et al.                                                                                                                                                                                                                                     Materials Today Bio 31 (2025) 101457 

11 



and hydrophobic properties [135]. Due to their amphiphilic character, 
lipophilic drugs can be encapsulated in the phospholipid bilayer or 
adsorbed on the surface of liposomes, while hydrophilic drugs can be 
encapsulated through the aqueous internal encapsulation of vesicles 
[136]. In recent years, great progress has been made in the research on 
liposomes as carriers of various substances (such as anti-tumor drugs, 
antibacterial agents, proteins and peptides, volatile oils, steroids, vac-
cines, and DNA, etc.) [137]. Since their phospholipid bilayer structure is 
similar to physiological membranes, making it easier to target and cross 
the BBB, and facilitating drug delivery into the brain [138]. Liposomes 
are the earliest discovered nano-drug carriers, which have outstanding 
characteristics such as targeted delivery, high biocompatibility, biode-
gradability, easy functionalization, low toxicity, and immunogenicity, 
which greatly improve the sustained release and therapeutic index of 
drugs [139,140]. However, some limitations of traditional liposomes 
hinder their application in drug delivery. These include problems such 
as rapid systemic elimination, low drug encapsulation efficiency, and 
transport rate, stability after long-term storage, and sustained drug 
release [98,141]. To overcome these limitations on the therapeutic ef-
fect of brain diseases, liposomes can be enhanced by enhancing their 
surface modification ability to improve their targeting ability to the 
brain. For example, with the help of some ligands (like transferrin (Tf), 
lactoferrin (Lf) etc.), molecular carriers (such as glutathione, glucose 
etc.), specific peptides, etc., liposomes can quickly and effectively cross 
the BBB and deliver drugs to designated sites. Here we present three 
common modified liposomes and summarize the articles published after 
2020 on overcoming BBB liposomes in the field of CNS disease treatment 
(Table 2).

5.1.1. Surface functionalization of liposomes with transferrin
Tf is an iron-binding glycoprotein that can specifically bind to TfR. 

TfR is one of the main proteins expressed on the lumen side of the BBB 
[186]. Therefore, it can be combined with Tf-modified liposomes to 
achieve specific targeting of Tf-modified liposomes. Yang et al. [166] 
used the ability of TfR to target BBB to construct Tf-modified liposomes, 
which were loaded with a small peptide Pep63 that has neuroprotective 
effects on synaptic plasticity and memory. In vivo experiments have 
shown that Tf-Lip can bypass the BBB and allow the therapeutics to enter 
the brain. Ashrafzadeh et al. [172] TfR-targeted liposomes loaded with 
Cispt were used to transport Cispt to the BBB and deliver Cispt to brain 
tumors. The results of in vitro and in vivo experiments showed that 
Tf-modified liposomes could effectively cross the BBB and deliver Cispt 
to brain tumors, improving the therapeutic effect. Among the numerous 
potential targets of the BBB, TfR remains the most common target for 
ensuring adequate drug delivery to the brain. However, TfRs are 
expressed not only on the blood-brain barrier, but also on normal cells 
such as red blood cells, hepatocytes, intestinal cells, choroid plexus 
epithelial cells, and neurons [186]. Liposomes targeting TfR also reach 
the liver and kidney. In addition, the expression of TfR on the cell sur-
face is physiologically regulated, which may limit the localization of 
liposomes targeting TfR. Therefore, the design and optimization of TfR 
as a target delivery system need to be re-considered to ensure the safety 
and effectiveness of treatment.

5.1.2. Surface functionalization of liposomes with specific peptide
Liposomes modified with RGD peptide (Arg-Gly-Asp) showed 

excellent brain-targeted drug delivery ability [187]. Li et al. [188] 
developed the RGD tripeptide-modified vinorelbine plus tetrandrine li-
posomes, which can overcome BBB, reverse multidrug resistance, and 
target glioma cells. The in vitro and in vivo studies showed that the 
liposome could significantly overcome the BBB, accumulate the drug in 
glioma cells, and inhibit the ability of glioma formation in mice. How-
ever, RGD peptides are frequently combined with other peptides or li-
gands to create multifunctional liposomes. This allows the RGD peptides 
not only to exert their own abilities but also to enhance the uptake and 
penetration of the liposomes through the BBB and brain targeting. For 

example, Liu et al. [189] prepared multifunctional liposomes, where in a 
specific ligand cyclic RGD (cRGD) peptide coupled to a cell-penetrating 
peptide R8. These multifunctional liposomes exhibited enhanced up-
take, and effectively passed through the BBB, entered the brain, and 
accumulated in the glioma lesions of mice. These liposomes appear to 
serve as a potential anti-glioma drug delivery system. Similarly, Chen 
et al. [159] also prepared a multifunctional liposome, using PEG and 
cRGD-modified liposomes to encapsulate emodin. Their experiments 
showed that compared to the emodin-alone, the multifunctional lipo-
somes significantly reduced brain edema and BBB decomposition, and 
achieved the goal of treating ischemic stroke. Their research provides a 
targeted drug delivery vehicle for the treatment strategies of ischemic 
stroke and other brain injuries. In summary, RGD is a promising thera-
peutic method for CNS diseases, whether it is modified liposomes alone 
or coupled with other peptides or ligands.

5.1.3. Multifunctional liposomes
Multifunctional liposomes can overcome BBB and increase drug 

concentration in the brain. Wu et al. [190] constructed a BBB-targeted 
delivery system of Tf-PEG PEGylated cationic liposomes, which was be 
used to deliver protamine-labeled NGF. Tf and PEG can target BBB and 
increase drug circulation time, respectively. The cationic liposomes 
containing protamine have a nuclear localization function, which 
further enhances nuclear localization and gene expression. The multi-
functional liposomes prepared by Kuo et al. [154] are triple liposomes of 
PC liposomes and cross-linked GSH and ApoE liposomes. These lipo-
somes had improved the stability, increased the drug-encapsulation, 
prolonged the release time of the drug, enhanced the ability to pass 
through the BBB, recognized the brain microvascular endothelial cells 
and Aβ, and reduced the hyperphosphorylation of tau protein to treat 
AD.

5.2. Nanoparticles

NPs are submicroscopic particles whose diameter is usually between 
1 and 100 nm [9]. Due to the unique physicochemical properties, 
including their small size, large surface-to-volume ratio, and optical 
behavior, NPs areincreasingly used in drug delivery and bioimaging 
applications [10]. As already said, BBB is a major challenge in treating 
the CNS diseases. To overcome this limitation, NPs can be loaded to 
carry the drugs across the BBB. Since not all NPs can pass through the 
BBB, and many factors need to be considered, such as the material, size, 
and surface properties of the NPs [191]. One of the most important 
factors is the choice of nanomaterials. The materials of NPs include 
inorganic materials (gold, iron, cerium, molybdenum, silver, zinc oxide, 
silica, magnetic materials, etc.) and organic materials (trehalose, chi-
tosan, PLGA and PLA, etc.) [10,12]. The appropriately chosen NPs can 
improve the efficiency drug transport into the CNS and reduce elimi-
nation by the peripheral circulation and systemic side effects [10,192]. 
It is worth noting that NPs may induce cytotoxicity, immunotoxicity and 
neurotoxicity, so they should be minimized while treating the CNS 
diseases [193]. Table 3 shows some inorganic and organic materials for 
common nanoparticles used for overcoming BBB.

5.2.1. Inorganic nanoparticles
Iron pxide nanoparticles (IONPs) (magnetite (Fe3O4) or maghemite 

(γ-Fe2O3)) are one of the common iron nanoparticles. The great 
advantage of IONPs in applications is that IONPs can be driven through 
BBB using magnetic methods [236]. For example, in the study of Huang 
et al. [237], it was shown that in the presence of an external magnetic 
field, Tween 80-modified Superparamagnetic IONPs accumulated 
significantly in the cortex near the magnet and gradually decreased in 
the brain tissue away from the magnet. And transmission electron mi-
croscope images of ultra-thin slices of rat brains show Tween 80-modi-
fied Superparamagnetic IONPs crossing the BBB. It shows that 
Superparamagnetic IONPs can effectively pass through BBB in the 
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Table 2 
Recent research on liposomes to overcome BBB in the treatment of CNS diseases.

Surface modify Targeting ligands Receptors Model drug Use Others Refs

glucose-functionalized liposome 
@TMZ&PAP(gLTP)

glucose glucose transporter 
1 (GLUT1)

TMZ and pro-apoptotic 
peptide (PAP)

GBM gLTP can easily penetrate the BBB 
and effectively deliver drugs to 
brain tumors, significantly 
improving overall survival.

[142]

n-Butylidenephthalide (BP)/ 
polycationic liposomal 
polyethylenimine and 
polyethylene glycol PEG complex 
(LPPC)

/ / BP GBM LPPC transported BP through the 
BBB, and uptake through clathrin- 
dependent, caveolae-mediated 
and macropinocytosis led to the 
accumulation of large amounts of 
BP in tumors and triggered strong 
anticancer activity.

[143]

muscone/RI7217 co-modified 
docetaxel (DTX) liposomes

RI7217 TfR DTX glioma The RI7217 monoclonal antibody 
recognizes TfR through receptor- 
mediated transendocytosis, which 
facilitates BBB penetration to the 
tumor site and enhances brain 
targeting. muscone modification 
increased BBB permeability. 
Therefore, the constructed musk/ 
RI7217 co-modified long- 
circulating DTX liposomes not 
only increased the drug 
concentration in the brain, but 
also enhanced the anti-glioma 
effect of DTX.

[144]

transferrin-modified Ost liposomes 
(Tf-Ost-Lip)

Tf TfR Osthole(Ost) AD Tf-Ost-Lip increased the 
intracellular uptake of hCMEC/ 
D3 cells and APP-SH-SY5Y cells, 
and improved the efficiency of 
BBB delivery. It has a protective 
effect on APP-SH-SY5Y cells. The 
retention time of Ost in mice was 
prolonged, and the concentration 
of Ost in brain was increased.

[145]

Paclitaxel-loaded Rg3- based 
liposomal system (Rg3-PTX-LiPs)

glucosyl residues of Rg3 GLUTs PTX glioma Ginsenoside Rg3 can be used as a 
better substitute for cholesterol in 
the preparation of liposomes. In 
addition to improving the stability 
and mobility of liposomes, 
ginsenoside Rg3 can also enhance 
the BBB penetration ability, tumor 
targeting ability, tumor cell 
killing activity, TME remodeling 
ability and PTX chemotherapy 
effect.

[109]

T7-modified liposomes/vincristine 
(T7-LS/VCR)

T7 TfR VCR glioma T7-LS/VCR enhanced BBB 
permeability and showed high 
anti-glioma effect by promoting 
cytotoxicity and apoptosis in 
vitro.

[146]

DCDX liposomes (HSPC/cholesterol/ 
PEG2000-DSPE/DCDX -PEG3400- 
DSPE (52/43/3/2, molar ratio))

D-type polypeptide 
(DCDX)

Nicotinic 
acetylcholine 
receptors (nAChRs)

/ glioma DCDX liposomes in the cells of the 
transport is very complex, 
involving a variety of ways, such 
as the endocytic pathways and 
organelles. This study optimized 
the structure of the brain-targeted 
drug delivery system and 
improved the efficiency of drug 
delivery.

[147]

RVGMAN and PenMAN liposomes 
encapsulating ApoE2/chitosan 
complex

mannose (MAN), rabies 
virus glycoprotein 
peptide

glut-1; 
acetylcholine 
receptor

plasmid encoding ApoE2 
(pApoE2)

AD RVGMAN and PenMAN liposomes 
encapsulation of ApoE2/chitosan 
complexes enhanced BBB 
penetration and brain targeting, 
resulting in efficient delivery of 
ApoE2 encoding plasmid DNA.

[148]

DOX-terpolymer-lipid-hybrid 
nanoparticle (DOX-TPLN)

polysorbate 80 (PS 80) Low-density 
lipoprotein 
receptor (LDL-R)

DOX GBM The efficacy of DOX was better 
than that of TMZ. However, the 
application of DOX in GBM is 
limited due to its difficulty in 
penetrating the BBB. The DOX- 
TPLN formulation enables the 
penetration of DOX, a brain- 
impermeable anticancer drug, 

[149]

(continued on next page)
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Table 2 (continued )

Surface modify Targeting ligands Receptors Model drug Use Others Refs

across the BBB for the treatment 
of GBM.

Brain derived neurotrophic factor 
AntagoNAT (BDNF AT) cationic 
liposomes

/ / / PD BDNF is the most intensively 
studied target for PD, which can 
reverse the progression of the 
disease. BDNF AT is able to up- 
regulate BDNF expression, so it 
can be targeted to increase 
endogenous BDNF expression to 
treat PD. However, BDNF AT 
cannot cross the BBB, and BDNF 
AT cationic liposomes can 
overcome this problem.

[150]

Ost liposomes with modified CXCR4 
on the surface (CXCR4-Ost-Lips)

Stromal cell-derived 
factor-1 (SDF-1)

CXCR4 Ost AD Although Ost can improve AD, its 
neuroprotective effect is limited 
by various limitations, such as 
poor solubility, poor stability, 
poor brain targeting, and low 
bioavailability. In addition, SDF-1 
is highly expressed in the brain of 
AD patients and is the only ligand 
of CXCR4, which has the potential 
to become a brain-targeting 
molecule. The results showed that 
CXCR4-Ost-Lips was able to 
enhance brain targeting, increase 
cellular uptake, and prolong the 
blood circulation time of the drug.

[151]

Lf and muscone dual-modified DTX 
long-circulating liposomes (Lf-LiP- 
Mu-DTX)

Lf Lactoferrin 
receptors (LfR)

DTX glioma Lf was modified to actively target 
LfR, and muscone was modified to 
increase BBB permeability on the 
liposome surface. Thus, LF-LiP- 
MU-DTX can increase cellular 
uptake, enhance BBB penetration, 
and enhance brain targeting and 
anti-glioma efficacy in vitro and 
in vivo.

[152]

PenTf-Liposomes Containing 
Chitosan–plasmid nerve growth 
factor (pNGF)

Tf TfR pNGF AD PenTf-Liposomes Containing 
chitosan-PNGF can protect pNGF 
from enzymatic degradation, 
promote NGF transfection, and 
overcome BBB, which has the 
potential to treat AD.

[153]

GSH-ApoE-Cur-QU-EGCG-RA-PC- 
liposomes

GSH; ApoE glutathione 
receptors (GSHR); 
LDL-R

Cur; Quercitin (QU); 
Epigallocatechin gallate 
(EGCG); Rosmarinic acid 
(RA)

AD GSH and ApoE on the liposomes 
enhanced BBB penetration, and 
ApoE and PC recognized Aβ in the 
delivery of the four drugs.

[154]

Aniopep-2- icariin/tanshinone IIA 
liposomes (Ang2-ICA/TSIIA 
liposomes)

Angiopep-2 (A2) Low-density 
lipoprotein 
receptor-related 
protein-1 (LRP1)

Icariin (ICA) and 
tanshinone IIA (TSIIA)

AD Ang2-ICA/TSIIA liposomes have 
brain targeting ability and are 
able to cross the BBB.

[155]

SNA-Liposome-ApoE/RVG ApoE; rabies virus 
glycoprotein (RVG)

LDL-R; nAChRs oligonucleotide miRNA 
inhibitors (OMIs);

GBM Compared with Sn-liposome- 
RVG, SN-liposome-apoe is more 
likely to advance mirNA-based 
GBM therapies as well as the 
transformation of other CNS 
diseases.

[156]

Epirubicin (EPI) plus resveratrol 
(RES) liposomes modified with p- 
aminophenyl-α-D-manno- 
pyranoside (MAN) and wheat 
germ agglutinin (WGA)

MAN; WGA GLUT; WGA 
receptors

EPI; RES glioma The EPI plus RES liposomes 
modified with MAN and WGA can 
significantly improve the 
transport of EPI and RES across 
the blood-brain barrier and the 
survival of brain tumor animals 
with multifunctional targeting.

[157]

ApoE- artesunate- 
phosphatidylcholine (ARTPC) 
@TMZ

ApoE LDLR artesunate (ART); TMZ GBM The ApoE-ARTPC@TMZ 
nanoplatform enhances BBB 
penetration for effective delivery 
of ART and TMZ chemotherapy 
drugs. ART and TMZ 
synergistically reduced the tumor 
burden and prolonged the 
survival of mice, indicating that 
they could improve the prognosis 
of patients with CNS tumors 
treated with TMZ chemotherapy.

[158]

(continued on next page)

Q. Luo et al.                                                                                                                                                                                                                                     Materials Today Bio 31 (2025) 101457 

14 



Table 2 (continued )
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polyethylene glycol-cyclic Arg-Gly- 
Asp- emodin liposomes (PEG- 
cRGD-Em-Lip)

cRGD αvβ3 receptor Em Ischemic 
Stroke

PEG-cRGD-Em-Lip achieves 
brain-targeted delivery of Em and 
significantly improves the 
therapeutic effect of Em in 
ischemic stroke.

[159]

Tf- Vitamin B12 (VB12)- liposomes Tf TfR VB12 AD The NPs were stable under storage 
conditions for 2 months and 
sustained release of VB12 for up 
to 9 days.

[160]

ApoE- resveratrol/salidroside (Res/ 
Sal)- liposomes

ApoE LDL-R Res/Sal AD ApoE-Res/Sal-Lips can alleviate 
AD pathological symptoms, 
reduce learning and memory 
impairment, and improve brain 
function.

[161]

RVG29-nAChR-liposomes RVG29 nAChR Quercetin AD RVG29-nAChR-liposomes can 
improve Quercetin permeability 
through BBB and inhibit amyloid 
β aggregation.

[162]

PTX-CHO-RVG15-Lipo RVG15 nAChR PTX glioma PTX-CHO-RVG15-Lipo improved 
BBB penetration and anti-glioma 
efficacy of the drug.

[163]

novel cascade-targeted liposomes 
(Lip-TPGS) using glucose and 
triphenylphosphonium (TPP) as 
targeting moieties

The PEGylated glucose 
modified ligand (Chol- 
TPG)

GSHR doxorubicin (DOX) 
prodrugs (SDOX) and 
chemotherapeutic 
sensitizer lonidamine 
(LND)

glioma Lip-TPGS release is a combination 
of SDOX and LND to effectively 
treat glioma.

[164]

MAN/CPP- vgf-liposomes glucose transporter-1 
targeting ligand and 
brain targeted cell- 
penetrating peptide 
(CPP)

GLUT-1 plasmid encoding vgf AD MAN/CPP-vgf-liposomes promote 
the brain targeting ability, 
transfection efficiency and 
biocompatibility of plasmacyto- 
encoding vgf.

[165]

Tf-Pep63-Lip Tf TfR Pep63 AD Tf-Pep63-Lip can bypass the BBB 
to enter the brain and rescue 
cognitive impairment in AD mice.

[166]

PTX-Bio2+Glu3-Lip Glu3-Chol; biotin 2 
(Bio2)-Chol

GLUTR; SMVT 
receptor

PTX glioma Multi-target ligands can 
significantly enhance the tumor 
targeting ability of liposomes.

[167]

PEG-Lip-DOX/CB / / DOX, carboplatin (CB) GBM Peg-lip-dox/CB can penetrate the 
BBB and enhance the cytotoxic 
effect of the drug on rat glioma 
cells, and PEG is more effective in 
increasing the therapeutic effect 
and reducing the side effects of 
the drug.

[168]

WGA-Lep-AS-IV-NF-1-PS-Lip WGA; Leptin (Lep); 
Phosphatidylserine (PS)

N-acetyl-D- 
glucosamine and 
sialic acid; Lep 
receptor (LEPR); 
α-synuclein 
(α-Syn);

Astragaloside IV (AS- 
IV); Nesfatin-1 (NF-1)

PD WGA-Lep-AS-IV-NF-1-PS-Lip 
increased BBB permeability of AS- 
IV and NF-1 and showed 
promising effects in reducing 
neurotoxicity.

[169]

Angiopep-2-modified calcium 
arsenite liposome (A2-PEG- 
Lip@CaAs)

A2 LRP arsenic trioxide (ATO) glioma A2-PEG-Lip@CaAs has high drug 
loading, high embedding 
efficiency, and can effectively 
target anti-glioma.

[170]

pH-sensitive multi-targeted 
liposomes (Lip-CTPP)

p-hydroxybenzoic acid 
(p-HA)

dopamine/sigma 
receptors

DOX and LND glioma Lip-CTPP has a good 
pharmacokinetic behavior, can 
cross the BBB, and has a strong 
tumor cell targeting ability. 
Moreover, the synergism of the 
two drugs increased the anti- 
tumor efficacy.

[171]

cisplatin- (Cispt) loaded PEGylated 
liposomes, targeted with OX26 
monoclonal antibody

OX26 TfR Cispt GBM In this study, encapsulation of 
drugs into liposome nanoparticles 
can reduce nephrotoxicity, 
hearing toxicity and 
neurotoxicity, and enhance the 
anti-tumor activity of drugs.

[172]

Caffeic acid (CA)-Tf-Lip Tf TfR CA AD Ca-tf-lip can promote the 
sustained release of CA.

[173]

Tf-functionalized liposomes for the 
delivery of gallic acid (GA)

Tf TfR GA AD The liposome prepared in this 
study can improve the ability to 
penetrate the BBB, enhance the 
colloidal stability, promote the 
sustained slow and stable release 
of drugs, and have 
neuroprotective effects. This 

[174]
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indicated that the liposome could 
enhance the anti-tumor activity of 
the carried GA.

temozolomide magnetic 
temperature-sensitive liposomes 
(TMZ/Fe-TSL)

/ / TMZ GBM TMZ/Fe-TSL exposed to an 
alternating magnetic field (AMF) 
could significantly induce GBM 
cell death and promote ROS 
production.

[175]

A2-Sal/Ica-Lip A2 LRP Salidroside (Sal) and 
Icariin (Ica)

AD A2-Sal/Ica-Lip can cross the BBB 
to increase drug accumulation in 
the brain and increase cellular 
uptake. In addition, it can reverse 
neuronal and synaptic damage, 
inhibit neuroinflammation and 
oxidative stress, and improve 
learning and cognitive function.

[176]

folate-modified TPGS-transfersomes 
containing DTX (TF-DTX-FA)

FA folic acid receptor 
(FAR)

DTX GBM Transfersomes are different from 
traditional liposomes, They are 
ultradeformable (ultra-flexible) 
vesicles that consist of at least one 
inner water core wrapped in a 
lipid bilayer composed of 
phospholipids and surfactants 
(edge activators).

[177]

atorvastatin-loaded PEGylated 
liposomes (PEGylated LipoStatin)

/ / atorvastatin acute 
ischemic 
stroke

PEGylated LipoStati can be 
effectively delivered to the 
ischemic brain and has a 
significant neuroprotective effect.

[178]

folic acid (FA) derivatives and 
mitochondria-targeting berberine 
(BBR) derivatives co-modified 
liposome coated with Tween 80 
loading paclitaxel (PTX-Tween 80- 
BBR + FA-Lip)

FA FAR PTX glioma PTX-Tween 80-BBR + FA-Lip can 
be aggregated in tumor tissues 
and targeted to mitochondria.

[179]

Lep/RES-EGCG-PA-liposomes (PA: 
cholesterol and 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphate)

Lep Lep receptor RES and 
epigallocatechin gallate 
(EGCG).

PD Lep/RES-EGCG-PA-liposomes 
increased the drug loading rate 
and decreased the drug release 
rate.

[84]

Functionalized nanoparticles for 
brain targeted BDNF gene

MAN GLUT1 plasmid encoding BDNF AD Liposomes were surface- 
functionalized with brain 
targeting ligand, MAN, and cell- 
penetrating peptides (CPP) 
(rabies virus-derived peptide or 
penetratin). CPP, rabies virus- 
derived peptide (RDP) or 
penetratin (Pen), was used in 
combination with MAN

[180]

RVG-Lf-AZD5582-SM-164-liposomes Lf; RVG LfR; nAChR AZD5582; SM-164 GBM This liposome improved the 
embedding efficiency of AZD5582 
and SM-164 and reduced the 
release rate. Moreover, it 
promotes the synergistic activity 
between AZD5582 and SM-164 to 
facilitate its transit through the 
BBB.

[181]

α5β1 integrin selective liposomes of 
RGDK-lipopeptide

RGDK α5β1 integrin 
receptors

WP1066 (a small- 
molecule STAT3 
inhibitor) and 
STAT3siRNA

GBM Intravenous administration of 
liposomes containing 
coencapsulated STAT3siRNA and 
WP1066 resulted in a significant 
increase in the overall viability of 
orthotopic established 
glioblastoid-bearing mice.

[182]

neurotransmitter-modified 
liposomes (NTs-LIP): tryptamine 
(Tryp) + Camptothecin (CPT) +
Cur

/ / CPT; CUR glioma The introduction of Tryp 
promotes the delivery efficiency 
of CPT and CUR across the BBB

[74]

procaine-loaded liposome modified 
with cRGDyK (Pro/cRGDyK-L)

pentapeptide cyclic 
(arginine-glycine- 
aspartic acid-tyrosine- 
lysine) (cRGDyK)

αvβ3 receptor procaine glioma The cRGDyK peptide significantly 
facilitated the ability of liposomes 
to transfer procaine across the 
BBB and improved the cellular 
uptake of procaine by glioma 
cells.

[183]

gH625-lipoPACAP / / pituitary adenylate 
cyclase-activating 
polypeptide (PACAP)

PD PACAP neuroprotective effects 
when delivered by gH625- 
liposome on MPP-damaged SH- 
SY5Y spheroids gh625 (Liposome- 

[184]
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presence of external magnetic field. Magnetic resonance-guided focused 
ultrasound is a physical strategy to temporarily destroy the BBB. In the 
study of Chen et al. [238], to evaluate the effect of focused ultrasound 
pressure on BBB opening, focused ultrasound was applied immediately 
after microbubbles were injected. The BBB opening was then observed 
by Evans blue dye and MR imaging. The results showed that MRgFUS 
can destroy intact BBB and BBTB instantaneously, successfully 
enhancing the delivery of nanoparticles. In addition to using magnetic 
methods to promote IONPs through BBB, surface modification can also 
be carried out by PEG, PEI, etc., to improve IONPs biocompatibility and 
water dispersion, and extend its circulation time in the blood. Norouzi 
et al. [239] developed DOX (dauxorubicin)-loaded ethylenediamine 
triacetic acid-iron oxide nanoparticles (DOX-EDT-IONPs), which can 
promote the delivery of DOX to GBM cells. They found that under the 
basic condition of magnetic targeting, IONPs will cross the BBB and 
target the brain lesion. In addition, the BBB osmotic enhaser mannitol 
given under the basic conditions of magnetic targeting can destroy BBB 
instantaneously and increase the chance of magnetic targeting of drugs 
into the brain. Among them, PEG and PEI modified IONPs to improve 
their biocompatibility and prolong their circulation time in the blood. In 
conclusion, in the presence of an external magnetic field, the surface 
modification of Iron nanoparticles and the combination of iron nano-
particles with other peptides or ligands, etc., may open up a new avenue 
for the treatment of CNS diseases.

Gold (Au)NPs are customizable for size, have unique optical prop-
erties, facile surface modification and good biocompatibility [240]. In 
the study of Sela et al. [241], blood samples of rats with and without 
AuNPs were collected to detect the gold content in the blood samples, 
and it was found that the concentration of gold decreased significantly 
after perfusion, indicating that AuNPs penetrated into BBB after perfu-
sion. In addition, by injecting AuNPs into the abdominal cavity of the 
rats, cerebrospinal fluid collected 6 h later was tested for gold content in 
the cerebrospinal fluid, further confirming that AuNPs penetrated the 
BBB. This indicates that BBB penetration of AuNPs is spontaneous and 
does not require an external field like IONPs. However, perfusion fa-
cilitates BBB penetration of AuNPs. However, there are different views 
[242]. Prades et al. [243] reported that AuNPs had a low or zero ability 
to cross the BBB. For this reason, they coupled the peptide to AuNPs with 
a size of 13 nm, increasing the AuNPs homoBBB permeability. Cheng 
et al. [244] concluded that AuNPs in the range below 100 nm were more 
likely to cross the BBB after systemic administration. Therefore, they 
selected AuNPs with a small nuclear size of only 5 nm and coupled them 
with peptides, enhancing the BBB permeability of AuNPs in two ways. In 
conclusion, the BBB permeability of AuNPs can be effectively enhanced 
by particle size, surface modification and other aspects, which is 
conducive to drug delivery.

The potential of silica nanoparticles in drug delivery systems has 
been paid more and more attention by researchers. In the CNS diseases, 
silica nanoparticles interact with BBB through multiple mechanisms to 
transport therapeutic drugs. The mechanisms include (a) acting as both 
an enhancer through BBB and an inducer of transient relaxation of TJs; 
(b) Transfer of silica nanoparticles from cerebrovascular endothelial 
cells; (c) silica nanoparticles generate endocytosis from cerebral endo-
thelial cell lumen side, followed by exocytosis into the lumen side; In 

addition, (d) receptor-mediated cross BBB achieved with Silica nano-
particles modified with Tf and Lf [245,246]. For example, Liu et al. 
[247] found that the transport of silica nanoparticles by cerebral 
capillary endothelial cells was conducive to crossing the BBB. In addi-
tion, PEG-modified silica nanoparticles increase the endothelial 
permeability of NPs with nanoparticles, thereby promoting the passage 
of BBB. Song et al. [248] found that Lf-connected silica nanoparticles 
exhibited higher transmission efficiency on BBB compared to bare silica 
nanoparticles. The receptor-mediated transfer of silica nanoparticles 
across brain endothelial cells delivers drugs to the brain. This suggests 
that silica nanoparticles can open up an emerging platform for the 
transport of therapeutic drugs through their interaction with BBB.

5.2.2. Organic nanoparticles
Chitosan is a linear polysaccharide extracted from chitin,a natural 

polymer mainly found in the exoskeleton of crustaceans), after its 
deacetylation. Chitosan has many useful properties, such as biocom-
patibility, low toxicity, solubility, degradability, antibacterial and 
versatility, which make it attractive for application in biomedicine 
[249]. Anshinone IIA is a lipid-soluble phenanthraquinone compound 
with anti-inflammatory and anti-oxidant effects extracted from Salvia 
miltiorrhiza.Tanshinone IIA was loaded onto chitosan-coated nano-
structured lipid carriers and administered intranasally, bypassing the 
BBB to achieve effective drug delivery to the brain for the treatment of 
PD [250]. Similarly, protein phosphatase 2 (PP2A) activator FTY720 
was encapsulated in chitosan-based nanoparticles, which enhanced the 
bioavailability and protected the neurons [251].

PLGA is a biodegradable copolymer, usually composed of lactic acid 
and glycolic acid (polyethylene glycol). PLGA is one of the most suc-
cessful biodegradable polymers. Because these two monomers of PLGA 
are natural and are easily metabolized by the Krebs cycle, PLGA has very 
little systemic toxicity when used for drug delivery [252]. R-flurbiprofen 
is a non-steroidal anti-inflammatory drug with potential anticancer ac-
tivity. Paclitaxel is a drug used to treat a variety of malignant tumors, 
but it is fails to penetrate BBB. Therefore, Secil et al. [225] constructed a 
nanoparticle that combines R-flurbiprofen and Paclitaxel with positively 
charged chitosan-modified PLGA nanocarriers. In vitro these nano-
particles were effectively taken up by tumor cells and were toxic to 
tumor cells. they exhibited significantly higher therapeutic activity 
against glioma in vivo, when compared to either Paclitaxel or R-flurbi-
profen alone. It shows that PLGA nanoparticles can overcome NPs 
physical and chemical shortcomings and effectively carry drugs to gli-
oma tissues to exert their potential anticancer activity.

Another carrier, PEG-PLA, can be modified by Tf and coupled with 
resveratrol to form a multifunctional nanoparticle (Tf-PEG-PLA-RSV) 
[253]. In vitro experiments showed that the uptake of Tf-PEG-PLA-RSV 
by glioma cells and their death was increased compared to the free RSV. 
Compared to free resveratrol, the Tf-PEG-PLA-RSV NPs significantly 
reduced tumor volume and accumulated in brain tumors, prolonging the 
survival time of glioma-bearing rats.

Although organic nanoparticles have certain therapeutic effects, 
compared with inorganic nanoparticles, some organic nanoparticles 
have relatively low loading capacity in drug delivery, which limits their 
efficiency in some drug delivery applications. Therefore, one need to 

Table 2 (continued )
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delivered PACAP provides 
neuroprotection in MPP-injured 
SH-SY5Y spheres).

FA-modified lidocaine-carrying 
liposome (Lid-FA-Lip)

FA FAR lidocaine-carrying glioma Lid-FA-Lip is a promising 
liposomal preparation of 
lidocaine, which can be mediated 
through the PI3K/AKT pathway to 
improve the therapeutic effect on 
glioma.

[185]
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Table 3 
Recent research on nanoparticles (inorganic materials and organic materials) to overcome BBB in the treatment of CNS diseases.

Surface modify Targeting ligands Receptors Model drug Use Others Refs

Prussian blue/polyamidoamine 
(PAMAM) dendrimer/Angiopep- 
2 (PPA) nanoparticles

A2 LRP1 Prussian blue AD PPA NPs have superior BBB 
penetration and are able to exert a 
synergistic effect of ROS scavenging 
and restoring mitochondrial 
function in microglia. PPA NPs 
effectively reduced the neurotoxic 
Aβ aggregates and rescued the 
cognitive function of APP/PS1 mice.

[194]

Lacosamide- gold nanoparticles 
(LCM-AuNP)

glucose GLUT1 LCM epilepsy The binding of LCM to AuNP not 
only inhibited seizure activity but 
also reduced the dosage of 
antiepileptic drugs.

[195]

CTHG-Lf NPs Lf LfR TMZ glioma CTHG-Lf NPs is an intelligent BBB 
permeable nano platform with 
hollow mesoporous copper sulfide 
nanoparticles (HM-CuS NPs) as TMZ 
carrier and hyaluronic acid (HA) as 
gatekeeper. Further modified with 
glucose oxidase (GOx) and Lf to 
achieve efficient synergistic 
treatment of in situ GBM.

[196]

siRNA-loaded synthetic protein 
nanoparticles (SPNPs)

iRGD SPARC34/GP60 STAT3 siRNA GBM Sirna-spnps equipped with the cell- 
penetrating peptide iRGD, capable 
of delivering siRNA STAT3, were 
able to improve the survival of GBM 
mouse models.

[197]

rotigotine-loaded chitosan 
nanoparticles (RNPs)

/ / rotigotine PD Delivery of RNPs by ID enhanced 
brain targeting efficiency and drug 
bioavailability.

[198]

dodecamer peptide (G23)- 
functionalized polydopamine 
(pD)-coated curcumin-loaded 
zein nanoparticles (Cur-ZpD- 
G23 NPs)

/ / Cur GBM Cur-ZpD-G23 NPs increased cellular 
ROS production and induced 
apoptosis in glioma cells.

[199]

integrin α2β1-targeting H-ferritin 
(2D-HFn)-based drug delivery 
system

H-ferritin TfR1 ntegrin α2β1 glioma 2D-HFn not only significantly 
improved DOX drug loading 
capacity, but also improved BBB 
penetration and brain targeting 
ability. 2D-HFn loaded with DOX 
significantly inhibited subcutaneous 
and orthotopic tumor progression 
and prolonged survival in the 
orthotopic glioma mouse model.

[200]

PLGA functionalized magnetic 
Fe3O4 nanoparticle (MNP) with 
L-carnosine peptide (LMNP) 
composite loaded with 
dexamethasone (dm@LMNP)

/ / dexamethasone ischemic stroke L-carnosine functionalized iron 
oxide nanoparticles loaded with 
dexamethasone can not only 
improve BBB permeability but also 
improve the therapeutic effect of 
ischemic stroke.

[201]

Fe3O4 nanozymes / / / Cerebral 
ischemic stroke

dietary PEG-modified Fe3O4 

nanozymes can facilitate 
blood–brain-barrier reconstruction 
and protect neurons following 
ischemic stroke.

[85]

a macrophage loaded with a 
photothermal nanoprobe 
(MFe3O4-Cy5.5)

/ / / glioma Fe3O4-Cy5.5 can perform 
fluorescence, photoacoustic and 
magnetic resonance imaging, which 
can be used for precise tumor 
resection. It can also effectively 
induce local photothermal therapy 
and inhibit postoperative glioma 
recurrence.

[202]

DOX- ethylenediamine triacetic 
acid- iron oxide nanoparticles 
(DOX-EDT-IONPs)

/ / DOX GB, The combination of magnetically 
enhanced convective diffusion and 
cadherin-binding peptides to 
transiently open the BBB TJ is 
expected to improve the efficacy of 
GBM chemotherapy using DOX- 
EDT-IONPs.

[203]

Tween 80- rhynchophylline loaded 
methoxy poly -poly 
nanoparticles (T80-NPS-RIN)

apolipoprotein E LRPs RIN AD T80-NPS-RIN has an enhanced 
therapeutic effect on nerve injury, 
with higher brain RIN accumulation 
concentration and higher 
bioavailability.

[204]
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Chiral gold nanoparticles (Chiral 
AuNPs)

chiral GSH ligand GSH transporters / AD D3.3 AuNPs have greater binding 
affinity for Aβ42 and higher brain 
biodistribution, thereby having A 
stronger inhibitory effect on Aβ42 
fibrillation in AD model mice.

[205]

angiopep-2 modified lipid-coated 
mesoporous silica nanoparticle 
loading paclitaxel (ANG-LP- 
MSN-PTX)

A2 LRP1 PTX glioma ANG-LP-MSN-PTX can promote the 
passage of PTX through the BBB and 
induce more apoptosis of glioma 
cells, which is a promising targeted 
delivery system in the treatment of 
glioma.

[206]

angiopep-2-lipid-based magnetic 
nanovectors + nutlin-3a (A2- 
LMNVs + Nut-3a)

A2 LRP1 nutlin-3a GBM A2-LMNVs have a strong affinity for 
GBM cells with respect to other 
healthy cell lines.

[207]

ultra-small, large pore silica 
nanoparticles (USLP)-Lf + DOX

Lf LfR DOX GBM USLP-Lf enhanced the efficacy of 
DOX-mediated apoptosis in GBM 
cells.

[208]

monoclonal antibodie (mAb)- 
conjugated human apoferritin 
(HFn) nanoparticles (mAb-HFn)

Tf TfR1 Trastuzumab 
(TZ); Cetuximab 
(CTX)

brain 
malignancies 
(such as GBM)

Hfn-conjugated TZ and CTX are 
promising treatments for brain 
cancer.

[209]

a ROS-responsive ruthenium 
nanoplatform (R@NGF-Se-Se- 
Ru)

/ / NGF AD R@NGF-Se-Se-Ru has the ability to 
inhibit Aβ aggregation and has the 
potential to be A multifunctional 
drug for the treatment of AD.

[210]

internalized RGG/TGN- 
polyethylene glycol- poly 
(amidoamine) dendrimer- 
Arsenic trioxide (iRGD/TGN- 
PEG-PAMAM-ATO)

TGN; iRGD neuropilin-1 receptor; 
αvβ/αvβ5

ATO glioma Functional conjugation of PAMAM 
to PEG can reduce the potentially 
harmful effects of PAMAM, reduce 
its clearance in the blood, and 
prolong its retention time in the 
circulation. Enhancing BBB 
crossover efficiency and enhancing 
anti-tumor efficacy, thus showing 
great potential for glioma treatment.

[211]

ultra-small, large pore silica 
nanoparticles (USLP)-NH2-PEG- 
TMZ

Lf LfR TMZ GBM USLP-NH2-PEG-TMZ is effective in 
blood extravasation and penetration 
of the BBB and has the potential to 
improve the efficacy of TMZ in the 
treatment of GBM.

[212]

Yb3+ and Er3+ double-doped 
CeO2–x upconversion 
nanoparticles (Yb/Er/CeO2–x 

UCNPs)

/ / Yb/Er/CeO2–x PD Yb/Er/CeO2–x UCNPs cross the 
blood–brain barrier and exhibit 
biocompatibility and antioxidant 
catalytic properties, which decrease 
the ROS and effectively help in 
treating PD.

[213]

TGN-CGA@SeNCs lipopolysaccharide 
(LPS)

LPS receptor chlorogenic acid 
(CGA)

AD TGN-CGA@SeNCs is a novel 
flowerlike selenium nanocluster 
(TGN-CGA@SeNCs) prepared using 
a brain-targeting peptide (TGN 
peptide) and CGA, which is able to 
improve the bioavailability of CGA 
and reduce the dose of CGA to 
prevent AD progression.

[214]

a Fe3O4 magnetic nanoparticles 
modified through the growth of 
Fe-based Metal-organic 
frameworks of the Materials 
Institute Lavoiser (MNPs@MIL) 
+ TMZ

/ / TMZ GBM The use of TMZ-loaded MIL@MNPs 
improved the efficiency of TMZ 
delivery in the brain.

[215]

LCM-AuNP glucose GLUT1 LCM epilepsy Lcm-aunp can overcome the BBB 
and efficiently deliver LCM into the 
brain parenchyma at an effective 
dose to reduce seizure severity and 
frequency in a rat model of KA- 
induced TLE.

[216]

peptide-functionalized gold 
nanoparticles (Pep-AuNPs)

heptapeptide 
NIDPNAV

lysophosphatidylcholine AuNPs MS Pep-AuNPs were modified using 
heptapeptide NIDPNAV that binds 
specifically to the demyelinating 
region. Subsequently, intravenous 
delivery of peptide-modified gold 
nanoparticles has enhanced the 
ability to target lesions in the brain, 
and is more effective in anti- 
inflammatory and neuroprotection.

[217]

levetiracetam-loaded albumin 
nanoparticles- polysorbate 80 
(LEV-NPs-PS 80)

/ / LEV epilepsy LEV-NPs-PS 80 minimized side 
effects, especially peripheral side 
effects. In addition, there is an 

[218]

(continued on next page)
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Table 3 (continued )

Surface modify Targeting ligands Receptors Model drug Use Others Refs

increase in the duration of 
anticonvulsant activity.

Angiopep-2-conjugated FeTi@Au 
core-shell nanoparticles 
(FeTi@Au-A2 NPs)

A2 LRP1 FeTi@Au-A2 NPs glioma FeTi@Au-A2 NPs hold great promise 
as a targeted delivery strategy for 
glioma treatment using 
hyperthermia.

[219]

MNP@BQR@A2-EXO-siGPX4 A2 LRP1 siGPX4 GBM MNP@BQR@A2-EXO-siGPX4 is a 
novel composite therapeutic 
platform combining the magnetic 
targeting features and drug delivery 
properties of magnetic nanoparticles 
with the BBB penetration abilities 
and siRNA encapsulation properties 
of engineered EXO for GBM therapy.

[220]

NIR830-RGD- ultrafine iron oxide 
nanoparticles (uIONP)/SN38

RGD αvβ3 ultrafine iron 
oxide 
nanoparticles

GBM NIR830-RGD-uIONP/SN38 exerted 
tumor-specific cytotoxicity on 
U87MG GBM cells and prolonged 
the survival of GBM mice.

[221]

NBP-loaded cerium oxide 
nanoparticles (NBP–CeO2 NPs)

/ / Dl-3-n- 
butylphthalide 
(NBP)

ischemic stroke NBP-CeO2NPs have antioxidant and 
neurovascular repair abilities.

[222]

magnetic graphene oxide (NGO/ 
SPIONs) nanoparticles coated 
with PLGA polymer as a dynamic 
nanocarrier for 5-iodo-2-deoxy-
uridine (IUdR)

/ / IUdR glioma In addition to the high accumulation 
of IUdR/MNPs at targeted tumor 
sites, IUdR/MNPs demonstrated the 
ability of IUdR/MNPS to 
significantly enhance 
radiosensitizing effect, improve 
therapeutic efficacy, and increase 
toxicity in glioma-bearing rats.

[223]

Zinc oxide-nanoparticle (ZnO-NP) / / ZnO-NP neuroblastoma Brain delivery of ZnO-NP is a 
potential therapeutic approach for 
neurodegenerative diseases.

[224]

PTX/R-flurbiprofen-PLGA-NPs / / PTX; R- 
flurbiprofen

GBM PLGA NPs can effectively carry their 
payload to glioma tissue, and the 
combination of anticancer and anti- 
inflammatory drugs can exert 
additional anti-tumor activity.

[225]

dual-targeted magnetic 
mesoporous silica nanoparticle 
(HA-MMSN-1F12) through 
surface-coupled Aβ42-targeting 
antibody 1F12 and CD44- 
targeting ligand hyaluronic acid 
(HA)

HA antibody 1F12 and CD44 anti-Aβ 
monoclonal 
antibody (mAb)

AD HA-MMSN-1F12 facilitated mAb 
transit across the BBB and enhanced 
the ability of mAb to depolymerize 
Aβ aggregates into monomers.

[226]

Dopamine-loaded poly (butyl 
cyanoacrylate) nanoparticle 
(DA-PBCA NPs)

/ / DA PD Da-pbca NPs can increase the release 
of DA in the brain and improve the 
brain structure and behavioral 
function in the PD rat model.

[227]

Chitosan-coated selenium 
nanoparticles (Cs-SeNPs)+ 5- 
fluorouracil (5-FU)

/ / 5-FU Brain Cancer 
(such as GBM)

Cs-SeNPs can effectively inhibit the 
proliferation, migration and 
invasion of GBM cells. The 
application of Cs-SeNPs can improve 
the sensitivity of GBM cells to 5-FU.

[228]

covalently conjugated hydroxyl 
PAMAM dendrimer–siGFP (D- 
siGFP)

GSH GSHR siGFP GBM D-siGFP is able to protect the siRNA 
payload from plasma proteins and 
endonucleases.

[229]

Temozolomide-conjugated gold 
nanoparticle functionalized with 
an antibody against the ephrin 
type-A receptor 3 (anti-EphA3- 
TMZ@GNPs)

anti-EphA3 EphA3 TMZ GBM anti-EphA3-TMZ@GNPs can be used 
as an intranasal delivery system to 
effectively treat GBM.

[230]

DOX-A2- carboxymethyl chitosan 
nanogel (CMCSN)

A2 LRP1 DOX GBM the strategy of combining the A2 and 
marine polysaccharide CMCS for 
brain targeting will have a 
promising application in GBM 
treatment.

[231]

Salinomycin- polyethylenimine- 
polyethylene glycol- iron oxide 
nanoparticles (Sali-PEI-PEG- 
IONPs)

/ / Salinomycin GBM Sali-PEI-PEG-IONPs in combination 
with permeability enhancers such as 
hypertonic mannitol and external 
magnetic fields can provide effective 
and site-specific magnetic targeting 
for GBM chemotherapy.

[232]

iron oxide magnetic nanoparticles 
(NPs) as carrier system for 
helianthin (He/NPs)

/ / helianthin GBM Helianthin-coated NPs were 
cytotoxic to GBM cells in vitro.

[233]

(continued on next page)
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consider these when applying inorganic vs organic nanoparticles to 
obtain the best results.

5.3. Nanomicelles

Nanomicelles are composed of hydrophilic (polar) and hydrophobic 
(nonpolar) groups, and amphiphilic molecules are their common 

subunits [254]. The assembly of these molecules is determined by group 
orientation to a suitable environment, such as a solvent [255,256]. The 
hydrophilic part of the conventional micelle faces the outer surface and 
the hydrophobic part faces the interior. These nanomicelles are used for 
encapsulating poorly soluble drugs, which enhances their solubility and 
bioavailability. In contrast, the hydrophobic part of the inverted nano-
micelles is oriented toward the surface and the hydrophilic part toward 

Table 3 (continued )

Surface modify Targeting ligands Receptors Model drug Use Others Refs

synthetic protein nanoparticles 
(SPNPs) coated with the 
transcytotic peptide iRGD 
(AMD3100-SPNPs)

/ / AMD3100 glioma AMD3100-SPNP blocks CXCL12/ 
CXCR4 signaling in vitro, Inhibition 
of GBM proliferation, reduction of 
CXCR4 monocyte myeloid-derived 
suppressor cells infiltration into the 
TME, restoration of BBB integrity, as 
well as induction of immunogenic 
cell death sensitize the tumor to 
radiotherapy and lead to anti-GBM 
immunity. In addition, the 
combination of AMD3100-SPNPs 
with radiation resulted in long-term 
survival.

[234]

gold nano-architectures- human 
serum albumin-DOX (NA-HSA- 
Dox)

/ / DOX Diffuse Intrinsic 
Pontine Glioma

NA-HSA-Dox has a better anti-tumor 
effect.

[235]

Table 4 
Recent investigations on nanomicelles for circumventing the blood-brain barrier in the management of central nervous system disorders.

Surface modify Targeting ligands Receptors Model drug Use Others Refs

DOX/RVG-Chondroitin sulfate-disulfide 
bonds-curcumin-micelles (DOX/RVG- 
CSC-micelles)

RVG nAChRs DOX; CSC glioma The RVG-mediated copolymer micelle containing 
the chemotherapeutic drug doxorubicin (DOX/RVG- 
CSC) penetrates the BBB and reaches the tumor cell 
region, followed by drug release upon stimulation 
with high concentrations of glutathione in GBM.

[257]

antibody 6H4 fragments specific to Aβ 
oligomers encapsulated in polymeric 
nanomicelles

glucose GLUT1 anti-Aβ 
oligomer 
fragment 
antibody

AD The polymeric nanomicelles simultaneously 
recognized A variety of toxic Aβ and reduced their 
amount, inhibited the Aβ-induced AD pathological 
process and alleviated cognitive function.

[258]

7-C/siRNA T7 TfR slit2 SiRNA; 
cholesterol

glioma T7-C/siRNA can reach the tumor site through ID and 
regulate the "cold" TME to the "hot" TME, and non- 
invasive ID can shorten the distance and reduce the 
loss of gene drugs.

[259]

Levodopa and Cur-loaded 
NH®2–PEO–PCL GSH-coated NPs 
(LdCurNP)

GSH GSHR Cur; Levodopa PD LdCurNP, a biodegradable nano-micelle that is 
compatible with blood and has low cytotoxicity to 
cells, is a promising approach for the treatment of 
PD.

[260]

Cur- nanomicelles Epidermal growth 
factor receptor 
(EGFR) ligands

EGFR Cur GBM Cur-nanomicelle showed anti-GBM activity either 
alone or in combination with erlotinib.

[261]

paclitaxel PTX@ANG/FA-NPs hybrid 
novel nanodrug delivery system

A2; folate LDL-R1; 
folate 
receptors

PTX GBM The NPs were able to overcome the limitations of 
difficult penetration of PTX through the BBB, poor 
water solubility, and rapid elimination.

[262]

DOX-loaded polymeric micelles (DOX 
RVG-15-PMs)

RVG-15 nAChRs DOX GBM DOX RVG-15-PMs slowed the rate of weight loss in 
tumor-bearing mice, hindered the metastasis of 
cancer cells, and promoted the apoptosis of cancer 
cells.

[263]

henylboronic-decorated chitosan-based 
nanoplatform to deliver myricetin

/ / myricetin ischemic 
disease

The natural cationic polysaccharide chitosan 
modified micelles interact electrostatic with the 
anionic epithelium of the BBB and sinusoidal 
endothelial barrier to enhance endothelial barrier 
transport. Thus, the feasibility of chemical 
modification makes chitosan ideal for responsive 
structural design and targeted payload delivery.

[264]

dual-sensitive Fab encapsulated 
glucosylated polymeric micelle (Gluc- 
PM-Fab)

glucose GLUT1 3D6 antibody 
fragments

AD Gluc-PM-Fab can deliver 3D6 antibody fragment to 
the brain via GLUT1 and inhibit Aβ1-42 aggregation 
in AD mice.

[265]

HA/DP7-C/siRNA delivery system HA HA SiRNA; glioma HA is used as a layer for NPs, which is able to 
increase drug adhesion, prolong drug residence time 
in the nasal cavity, and increase drug absorption.

[266]

MCC950-loaded transferrin-conjugated 
poly(2-methyl-2-oxazoline)-block- 
poly(L-lactic-co-glycolic acid) (M- 
PMPL@Tf) nanomicelles

Tf TfR1 MCC950 I/R MCC950 is a novel NLRP3 inflammasome inhibitor 
synthesized by Prakash et al.

[267]
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the core. It can be used to encapsulate and deliver hydrophilic drugs and 
proteins. Nanomicelles possesse unique properties such as structural 
stability, ability to dissolve hydrophobic drugs, physicochemical prop-
erties (amphiphilic copolymers), pH sensitivity, mucosal adhesion 
properties, specific binding, and sensitivity. Because of this, drug de-
livery systems based on nano-micelles have some advantages over 
traditional drug delivery systems, such as, biodegradability, specific 
targeting, small side effects, low toxicity, increased drug solubility and 
suitable for intravenous drug delivery [255]. The nanomicelles related 
studies in overcoming BBB are listed in Table 4.

5.4. Exosomes

Pan and Johnstone first identified EXO in 1983 and defined these 
functional vesicles as EXO in 1989 [268]. EXO are bilayer nanovesicles, 
ranging in size from 30 to 150 nm. They can be released from a variety of 
cells (fibroblasts, immune system cells (T cells, B cells, dendritic cells), 
adipocytes, and tumor cells, among others). They were also isolated 
from all normal and diseased body fluids (blood, urine, breast milk, 
amniotic fluid and bronchoalveolar lavage fluid, etc. [269,270]. Se-
cretes EXO body formation included three different stages: 1) from the 
plasma membrane formation endocytic vesicles, and 2) inward budding 
of endocytic vesicles. These lead to the formation of multi-vesicular 
body (MVB) composed of intraluminal vesicles; Finally the fusion of 
MVB with the plasma membrane releases the EXOs into the immediate 
environment [271]. EXO are considered as promising drug delivery 
vectors and therapeutic targets due to their good biocompatibility, sta-
bility, ability to penetrate the blood-brain barrier, minimal toxicity, and 
low immunogenicity [272]. Interestingly, EXO released by cell types 
from different sources differ in their ability to penetrate BBB. EXO from 
stem cells, neural origins, and macrophages can achieve higher BBB 
penetration [273]. Compared with EXO isolated from other types of 
somatic cells, BBB endothelial cells are highly reactive to EXO isolated 
from mesenchymal stem cells, endothelial cells, macrophages, normal 
nerve cells, and healthy or cancer cells, facilitating BBB penetration 
[273]. For example, Chen et al. [274]found that EXO secreted by human 
umbilical cord mesenchymal stem cells reach the substantia nigra via 
BBB in vivo, alleviating apomorphine-induced asymmetric rotation, 
reducing loss and apoptosis of dopaminergic neurons in the substantia 
nigra, and upregating dopamine levels in the striatum. These results 
indicate that the exocrine secreted by human umbilical cord mesen-
chymal stem cells can effectively cross BBB and treat PD. Morad et al. 
[275] showed that EXO secreted by tumor cells break through the 
complete blood-brain barrier through transcytosis. This suggests that the 
ability of EXO to penetrate BBB depends on the source cell that secretes 
it. In addition, EXO can carry substances such as small molecules, pro-
teins and nucleic acids across the BBB [276]. For example, Wu et al. 
[277] formed CSI by encapsulating catalase (CAT) into silica nano-
particles (CAT@SiO2) and then loading the sonosensitizer indocyanine 
green (ICG). Then, inspired by the ability of macrophages to cross the 
BBB, CSI was further coated with AS1411 aptamer-modified macro-
phage EXO to form CSI@Ex-A. CSI@Ex-A has efficient BBB penetration, 
good cancer cell targeting capacity as well as good biocompatibility and 
long circulation time. Zhang et al. [278] found that EXO coated 
DOX-loaded nanoparticles have great potential to penetrate the BBB and 
induce tumor cell apoptosis and ICD, as well as enhance the survival of 
GBM -bearing mice. This indicates that EXO have a strong ability to 
carry drugs and cross the BBB. Nonetheless, the practical application of 
EXO still encounters significant obstacles. For exa. However, the appli-
cation of EXO in clinical practice still faces great challenges. For 
example, the current method of EXO isolation produces a small number 
of EXO, resulting in high costs for application into clinical research and 
mass production after drug approval [271]. Thus, although EXO have 
unparalleled advantages over other nanoparticles, they have still a long 
way to go before they can enter in clinical practice. We summarize 
studies published on EXO for overcoming BBB in the field of CNS disease 

treatment (Table 5).

5.5. Biomimetic nanoparticles

Nanoparticles are usually classified as biocompatible nanoparticles 
or biomimetic nanocarriers. Nanoparticles are obtained by modifying 
natural materials or chemically imitating the key characteristics of 
biological structures. They are chemically, physically or morphologi-
cally similar to biological structures and can be used for more efficient 
and safe drug delivery. At present, more and more biomimetic nano-
particles have been used in the treatment of CNS diseases because of 
their ability to help drugs penetrate BBB better [299]. For example, 
Wang et al. [299] inspired by the natural structure and properties of 
high-density lipoprotein (HDL), designed a perforated penetrated HDL 
fused with penetrating peptide tLyP-1 (Fig. 9). The tLyP-1 peptide is 
fused to the surface of HDL to promote BBB permeability, tumor homing 
ability, and site accumulation of photosensitizers and siRNAs. The re-
sults show that lipoprotein-mimicking nanoparticles can not only 
effectively cross the BBB and carry the payload to the in situ glioma, but 
also regulate the tumor microenvironment, thereby inhibiting tumor 
growth with biosafety. Cao et al. [300] designed a biomimetic macro-
phage membrane camouflage nanoparticles. Such biomimetic nano-
particles can not only reduce the clearance of mononuclear phagocyte 
system, showing immune camouflage, but also increase the ability of the 
complex to cross BBB during in situ GBM specific targeted therapy, so as 
to promote the ferroptosis of GBM cells. In summary, biomimetic 
nanoparticles can give the NP for drug delivery the privilege of immune 
camouflage in vivo and can easily pass through the BBB. At present, the 
biomimetic material technology for drug delivery is still in the early 
stage of novelty, and the preparation stage of the material is not yet 
mature, which makes it difficult to produce on a large scale, and there is 
no example for clinical application [299]. Therefore, potential safety 
and biocompatibility issues in the clinical environment cannot be ruled 
out, and rigorous biosafety assessments are required during use. We 
summarize studies published on biomimetic nanoparticles for over-
coming BBB in the field of CNS disease treatment (Table 6).

6. Conclusion

Many CNS malfunctions can cause a wide range of diseases, such as 
AD, PD, MS, epilepsy, stroke, brain cancer, etc. These diseases have 
seriously harmed human health and brought heavy burden to the soci-
ety. Although the present technology has made significant progress 
compared to the past, the current strategies for CNS diseases did not 
advance into cure, but can only temporarily relieve. The main reason for 
this difficulty the BBB. Therefore, overcoming BBB is the key to the 
treatment of CNS diseases.

However, there are still several hindrances for overcoming BBB. 
First, BBB is a selective permeability barrier. Due to the selective 
permeability of BBB to different substances, many drugs cannot effec-
tively cross the CNS to achieve the purpose of treating CNS disease. 
Second, the size and chemical properties of most drug molecules may 
limit their ability to pass through the BBB. Third, the permeability of 
BBB may change during different states or progression of the disease, so 
it is difficult to accurately predict the efficay of the delivered drugs. 
Fourth, individuals may have different degrees of BBB permeability. 
Fifth, the methods used to overcome BBB may have some side effects or 
lead to some new adverse reactions. For example, increasing BBB 
permeability may cause harmful substances to enter the brain. There-
fore, to treat diseases more safely and effectively, we should overcome 
these problems.

There are four common strategies to overcome BBB. First, the use of 
nano-drug delivery systems improves the biodistribution and stability of 
drugs, thereby improving their efficiency when crossing the BBB. Sec-
ond, some methods of passing through or bypassing the BBB were used 
to improve the distribution of drugs in the CNS. Third, the structure of 
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Table 5 
Recent studies on extracellular vesicles to breach the blood-brain barrier for central nervous system disorders.

Surface modify Targeting ligands Receptors Model drug Use Others Refs

CpG-exosomes -TanIIA-GL 
nanomicelles (CpG-EXO/TGM)

Tf TfR Tanshinone IIA; 
Glycyrrhizic acid; CpG 
oligonucleotides

GBM In this study, a TGM was constructed, and the TGM 
was then loaded into serum EXO to form CpG- 
EXO/TGM. CpG-EXO/TGM can effectively prevent 
postoperative recurrence by using chemotherapy 
and immunotherapy in the treatment of GBM.

[107]

macrophage-derived exosomes 
loaded with curcumin (EXO-Cur)

/ / Cur I/R EXO-Cur has inflammation-related targeting 
properties. EXO-Cur has a neuroprotective effect 
by eliminating ROS generation, reducing 
mitochondria-mediated apoptosis, and alleviating 
the damage of BBB caused by cerebral ischemia.

[279]

cEM@DEP-siRNA / / Panobinostat; PPM1D- 
siRNA

glioma cEM@DEP-siRNA is a nano drug delivery system 
based on functionalized macrophage EXO with 
panobinostat and PPM1D-siRNA.

[280]

magnetic nanoparticles@ 
brequinar@A2-EXO- siGPX4 
(MNP@BQR@A2-EXO-siGPX4)

A2 LRP1 GPX4 SiRNA; brequinar GBM MNP@BQR@A2-EXO-siGPX4 enhances 
ferroptosis synergistically to treat GBM by 
disintegrating the DHODH and GPX4 ferroptosis 
defense axes.

[220]

EXO-metformin/sicPLA2 Tf TfR Metformin; sicPLA2 glioma EXO-metformin/sicPLA2 impairment 
Mitochondrial energy metabolism in GBM.

[281]

(CSI@EXO-AS1411; CSI: catalase 
@SiO2- catalase

/ / catalase GBM CSI@Ex-A has efficient BBB penetration, good 
cancer cell targeting, good biocompatibility, and 
long circulation time.

[277]

Neutrophils (NEs)-EXO/DOX / / DOX glioma In vivo zebrafish and glioma mouse models 
showed that NEs-EXO/DOX rapidly penetrated the 
BBB and migrated to the brain. In addition, NEs- 
EXO/DOX can respond chemoattractively to 
inflammatory stimuli. Intravenous administration 
of NEs-EXO/DOX effectively inhibited tumor 
growth and prolonged survival.

[282]

exosome coated DOX-loaded 
nanoparticles

/ / DOX GBM Exosome coated DOX-loaded nanoparticles have 
great potential to penetrate the blood-brain barrier 
and induce tumor cell apoptosis and ICD, as well as 
survival in tumor-bearing GBM mice.

[278]

a dual-receptor-specific exosome 
loaded with TMZ and BG (termed 
as EXO-An2-Apt-TMZ and EXO- 
An2-Apt-BG)

A2; CD133 RNA 
aptamers (Apt)

LRP1; 
CD133

TMZ; O6-benzylguanine 
(BG)

GBM After intravenous injection of EXO-An2-Apt-TMZ 
and EXO-An2-Apt-BG, due to the synergistic effect 
of An2 and Apt, the nanocomposites could cross 
the BBB and actively reach GBM cells and GSC, 
exerting the corresponding efficacy of TMZ and 
BG.

[283]

DTX@A2- exosomes-mimetics 
(EM)

A2 LRP1 DTX GBM DTX@A2-EM showed significant inhibitory effect 
on GBM growth in situ and reduced the side effects 
of chemotherapy drugs.

[284]

HSSP-BMSCEXO-TMZ; HSSP- 
BMSCEXO-SiRNA

HMOX1 targeting 
ligand

HMOX1 TMZ; STAT3 SiRNA GBM The multifunctional NNPS can cross the BBB and 
target GBM cells, and the synergistic effect 
between TMZ released by the NPS and SiSTAT3 
can restore TMZ sensitivity of TMZresistant glioma 
for TMZ chemotherapy.

[285]

ExoP -Bryostatin-1 (Bryo) the ligand of platelet- 
derived growth 
factor receptor α 
(PDGFRα)

PDGFRα Bryo MS ExoP means that EXO is derived from NSC 
expressing PDGFRα ligands.

[286]

brain microvascular endothelial 
cells (HBMVECs) derived 
exosomes (HBMVECs-Ex)

/ / P-glycoprotein AD HBMVECs-Ex, which has inherited P-glycoprotein 
from its parent cells, functions to promote P- 
glycoprotein-mediated Aβ clearance under AD 
conditions.

[287]

DOX and PTX-loaded EXO / / DOX; PTX glioma Microfluidics assisted DOX and PTX loading into 
EXO.

[288]

reassembly-exosomes (R-EXO)- 
TMZ/DHT

/ / TMZ; Dihydrotanshinone 
(DHT)

glioma R-EXO-TMZ/DHT can target glioma cells by virtue 
of its natural homologous targeting ability. DHT 
can effectively overcome the drug resistance 
induced by TMZ and has a good therapeutic effect 
on glioma.

[289]

MicroRNA loaded CXCR4 mpEV CXCL12 CXCR4 miRNA-100; Cy5- 
AmiRNA-21

GBM They used the ID method to deliver microRNA- 
loaded CXCR4 mpEV into the brain, release the 
carried miRNA-100 and Cy5-AmiRNA-21 to 
improve the sensitivity of GBM cells to TMZ, 
inhibit tumor growth, and improve the overall 
survival of model mice.

[290]

atorvastatin-loaded hEnMSCs 
exosomes

/ / atorvastatin GBM hEnMSCs EXO are derived from human 
endometrial mesenchymal stem cells.

[291]

EXO-Silibinin (Slb) / / Slb AD Slb has dual effects of reducing Aβ aggregation by 
binding to Aβ monomers and inhibiting astrocyte 
activation, which favors its neuroprotective effect 
as A treatment for AD.

[292]

(continued on next page)

Q. Luo et al.                                                                                                                                                                                                                                     Materials Today Bio 31 (2025) 101457 

23 



the drug was modified to facilitate its crossing of the BBB. For example, 
designing small molecule drugs or using deliverable prodrugs is one 
strategy. Fourth, a combination of h the above strategies, may be ued to 
improve the therapeutic benefits.

Although many nanoparticles can effectively overcome the BBB, 
their shape, size, hydrophobicity, coating, chemical and surface charge 
properties can determine the outcomes of drug effects in clinical prac-
tice. Here we will discuss the advantages and disadvantages of various 
nanomaterials in the application process and application scenarios. The 
first is liposomes. Liposomes are usually made of biocompatible mate-
rials, such as phospholipids, which can effectively reduce immune 
response and toxicity. Liposomes can effectively cross the BBB and 
promote the effective delivery of drugs to the central nervous system due 
to their membrane structure characteristics and surface modification. In 
addition, the drug loading capacity, adjustable release characteristics 
and good stability of liposomes can more effectively promote the use of 
therapeutic drugs in the body. Liposomes have a wide range of appli-
cation scenarios, such as drug delivery (delivery of antidepressants, 
antipsychotics and antiepileptic drugs, etc.), gene therapy (delivery of 
nucleic acid drugs such as mRNA, siRNA, etc.), vaccine delivery (mRNA 
vaccine), neuroprotection, imaging, etc. Although, lipid nanoparticles 
have broad application potential in the treatment of CNS, which can 
effectively improve the bioavailability and targeting of drugs. However, 
its production and safety issues still need to be further studied to ensure 
its effectiveness and safety in clinical applications.

For inorganic nanoparticles, they usually have high chemical sta-
bility and durability, can maintain stability in the body environment, 
and protect drugs or therapeutic molecules from degradation. And 
because of its excellent optical properties, it can be used as a contrast 
agent for imaging technology to improve the clarity and sensitivity of 
imaging. Its adjustable surface properties can achieve targeted delivery, 
improve biocompatibility, and enhance cell uptake by adjusting the 
surface modification of inorganic nanoparticles. In addition, some 
inorganic nanoparticles have multiple functions, such as simultaneous 
treatment, imaging and diagnostic functions, and can perform multiple 
tasks. For example, First, Inorganic nanoparticles (such as quantum dots, 
ferrite nanoparticles) are widely used in medical imaging (such as MRI, 
CT, optical imaging) to improve the resolution and sensitivity of imag-
ing. Second, Inorganic nanoparticles such as magnetic nanoparticles can 
be used for magnetothermal therapy to treat cancer or other diseases by 
external magnetic field heating. 3.Inorganic nanoparticles (such as silver 
nanoparticles) have antibacterial properties and can be used for the 

treatment and prevention of infectious diseases. However, due to the 
biocompatibility of inorganic nanoparticles with the body, inorganic 
nanoparticles may cause immune response or toxicity, especially in 
long-term accumulation or high-dose use, which may cause harm to the 
body. Compared with liposomes, its biodegradability is usually poor, 
which may lead to long-term existence in the body and increase the risk 
of toxicity. At the same time, the preparation of high-quality inorganic 
nanoparticles may involve complex processes and high costs, limiting 
their large-scale application. Although, inorganic nanoparticles have 
significant application potential in the treatment of central nervous 
system diseases, especially in imaging, drug delivery and versatility. 
They also face challenges such as biocompatibility, long-term safety, and 
production costs.

For organic nanoparticles, they are usually made of biodegradable 
organic materials, with good biocompatibility and low toxicity, and can 
be used safely in the body. By surface modification or design of organic 
nanoparticles, the ability to cross the blood-brain barrier can be 
improved, and the controlled release and targeted delivery of drugs in 
the brain can be achieved after crossing the BBB. It is worth mentioning 
that organic nanoparticles can combine therapeutic and imaging func-
tions, for example, combining drugs and imaging agents in the same 
nanoparticle to achieve multiple functions. Compared with inorganic 
nanoparticles, the production process of organic nanoparticles is usually 
more mature and simple, and the cost is relatively low. It is more 
common in targeted drug delivery, medical imaging (such as MRI or 
optical imaging), gene and nucleic acid delivery, vaccine delivery, etc. 
Although the biodegradability of organic nanoparticles is usually good, 
they may face great chemical stability challenges in vivo, such as 
excessive degradation or rapid clearance in vivo, affecting their efficacy. 
Secondly, although the production process is relatively simple, it may 
still face challenges in large-scale production and quality control. 
Moreover, although the production process is relatively simple, it may 
still face challenges in large-scale production and quality control. In 
summary, although organic nanoparticles have the advantages of good 
biocompatibility, efficient blood-brain barrier penetration, adjustable 
drug delivery and versatility in the treatment of central nervous system 
diseases. However, they also face challenges such as stability, biode-
gradability and large-scale production. With the advancement of tech-
nology and the deepening of research, the application prospects of 
organic nanoparticles will be further expanded, bringing more innova-
tive solutions for the treatment of central nervous system diseases.

For biomimetic nanoparticles, because biomimetic nanoparticles 

Table 5 (continued )

Surface modify Targeting ligands Receptors Model drug Use Others Refs

anti-microRNA-21 oligonucleotides 
(AMO21c)-T7 peptides -cell 
membrane nanovesicles 
(AMO21c-T7-CMNVs)

cholesterol-linked T7 
peptides

TfR AMO21c GBM Delivery of AMO21c to the brain was more 
effective in T7 modified CMNV than in CMNV.

[293]

curcumin loaded human 
endometrial stem cells derived 
exosomes (hEnSCs EXOs-Cur)

/ / Cur PD hEnSCs EXOs-Cur crossed the BBB by increasing 
BCL2 expression level as well as reducing BAX and 
caspase-3, enhanced enhanced motor 
incongruency movement, inhibited αS protein 
aggregation and rescued neuronal cell death.

[294]

NSC-EXOs loaded with miR-124-3p / / small molecule miR-124- 
3p

glioma NSC-EXO loaded with miR-124-3p significantly 
inhibited the proliferation, invasion and migration 
of glioma cells.

[295]

EXO-miR-1208 / / miR-1208 glioma After FUS irradiation, Exo-Mir-1208 improved the 
ability to penetrate the BBB, promoted the uptake 
of miR-1208 in EXO by glioma cells, and 
effectively inhibited glioma.

[296]

T7-siYY1-exo T7 TfR SiYY1 GBM 7-siYY1-exo can enhance the sensitivity to 
chemoradiotherapy and reverse drug resistance. In 
addition, T7-siYY1-exo and TMZ/Irradiation 
exerted a synergistic anti-GBM effect and 
significantly improved the survival time of GBM 
mice.

[297]

atorvastatin (Ato) loaded EXOs 
(AtoEXOs)

/ / atorvastatin GBM EXO is derived from human endometrial stem 
cells.

[298]
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usually mimic the natural components or structures in organisms, they 
have excellent biocompatibility, can be better compatible with the 
biological environment, and reduce immune response and toxicity. By 
mimicking the characteristics of cell membranes, viruses, or other or-
ganisms, biomimetic nanoparticles can have a better ability to cross the 
BBB, more accurately target specific cells or tissues, and improve the 
efficiency and specificity of drug delivery. In addition, it can improve 
the drug delivery performance, reduce the impact of drugs on non- 
targeted tissues, and improve the efficacy and safety of treatment. It is 
commonly used in targeted drug delivery, medical imaging, gene and 
nucleic acid delivery, vaccine and immunotherapy. However, the 
preparation of biomimetic nanoparticles may involve complex processes 
and techniques, which require highly precise control and relatively high 
production costs. Because it imitates the natural components or struc-
tures in organisms, its biodegradability may be inconsistent with that in 
natural systems, and may cause immune responses in practical appli-
cations. Long-term use may have potential safety problems. In summary, 
biomimetic nanoparticles provide many advantages in the treatment of 
central nervous system diseases, but they also face production and 
technical challenges, biodegradability and immune response.

In general, idealized nanoparticles should have the following 

characteristics:First, nanoparticles must be safe and stable, and can be 
degradable in vivo. Second, nanoparticles must pass through or bypass 
the blood-brain barrier non-invasively. Third, the drugs carried by 
nanoparticles must be concentrated in the target area. Fourth, The 
production time for nanoparticles is short and cost effetive, and large 
quantities can be produced for therapeutic applications. the methods for 
nanoparticles to bypass BBB include ID, IID, ITD, and CED, and the 
methods for nanoparticles to cross BBB include RMT, CAMT, CMMT, and 
TJM. Amogn these IID, ITD, and CED are invasive. Invasive methods are 
not only cumbersome and may cause pain and inconvenience to pa-
tients, but also may lead to infection, bleeding, neurotoxicity, increased 
intracranial pressure, and the risk of immune rejection. Therefore, to the 
use of non-invasive methods should be prioritized. However, when the 
same nanoparticle is applied in different ways to overcome BBB, it will 
have different outcomes for depending on the disease. Therefore, when 
applying nanotechnology to treat CNS disease, one should not only 
consider the choice of nanomaterials, but also consider the method of 
nanoparticles overcoming BBB. In summary, although nanotechnology 
has great potential in overcoming BBB, it is still a difficult road to 
transform the experimental research of nanotechnology into clinical 
application.

Fig. 9. Schematic illustration of ptHDL/siHIF-ICG and site-specific release for augmenting the FI imaging-guided photo-gene therapy of glioma. ptHDL/siHIF-ICG 
accumulated in tumor site by targeting peptide-guided tumor-homing routine, and be internalized into glioma cells via receptor-mediated endocytosis. ptHDL/ 
siHIF-ICG disassembled in glioma cells upon NIR laser irradiation, and the released ICG serves not only imaging agent but also photosensitizer for phototherapy. 
Reprinted with permission from Ref. [304].
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Abbreviations

CNS Central nervous system
BBB blood-brain barrier
AD Alzheimer’s disease
PD Parkinson’s disease
MS multiple sclerosis
NPs Nanoparticles
BCSFB blood-cerebrospinal fluid barrier
BMECs Brain microvascular endothelial cells
EC Endothelial cells
TJ tight junction
TJs tight junctions
TJP tight junction proteins
RMT Receptor-Mediated Transport

ApoE Apolipoprotein E
VEGF vascular endothelial growth factor
BTB Blood-tumor barrier
TMZ temozolomide
PTX paclitaxel
DOX doxorubicin
NGF Nerve growth factor
Ru NPs ruthenium nanomaterial
PCM phase change material
DA dopamine
α-Syn Alpha-synuclein
AOS antisense oligonucleotide
NSCM neural stem cell membrane
ROS reactive oxygen species
NCPs nanoscale coordination polymers
Cur Curcumin
AEDs antiepileptic drugs
GABA γ-aminobutyric acid
LCM lacosamide
AuNPs gold nanoparticles
DHAA dehydroascorbic acid
LTG lamotrigine
Tf transferrin
TfR1 transferrin receptor 1
NETs neutrophil extracellular traps
GBM glioblastoma
mpEV microfluidically processed EVs
TME tumor microenvironment
GLUT1 glucose transporter 1
DTX docetaxel
nAChRs Nicotinic acetylcholine receptors
CXCR4 chemokine receptor 4
Ost Osthole
Lf Lactoferrin
LfR Lactoferrin receptors
GSH Glutathione
GSHR glutathione receptors
LDL-R Low-density lipoprotein receptor
CB carboplatin
Lep Leptin
MAN mannose
RVG rabies virus glycoprotein

Table 6 
Recent studies on biomimetic nanoparticles to breach the blood-brain barrier for central nervous system disorders.

Biomimetic material inspiration Model drug Use Refs

MNPs@TMZ + cispt cancer cells readily pass the BBB and localize with homologous cells TMZ; cispt GBM [301]
PP@PCL the rapid BBB penetrability of 4T1 tumor cells upon their brain metastasis and 

natural roles of platelet in targeting injured vasculatures
Paeonol; polymetformin ischemic 

stroke
[302]

RFA NPs a folate-modified erythrocyte-cancer cell-macrophage hybrid membrane as the 
shell

lomitapide GBM [303]

ptHDL/siHIF-ICG the natural structure and properties of HDL HIF-1α siRNA glioma [304]
SR717@RGE-HFn NPs As a natural iron storage protein, ferritin shows excellent biocompatibility and 

biodegradability
non-nucleotide STING 
agonist (SR717)

glioma [305]

TGN-RBC-NPs-Cur The complete RBC membrane is coated on the surface of NPs, so that RBC-NPS has 
both the physical and chemical properties of synthetic materials and the complex 
biological functions of endogenous materials

Cur glioma [306]

macrophage cell membrane cloaked 
biomimetic nanomedicines

/ JQ1 GBM [307]

IL-12 mRNA@cRGD-CM-CaCO3NPs Biomimetic calcium carbonate nanoparticles delivered IL-12 mRNA IL-12 GBM [308]
R-NKm@NP a Trojan-horse-like nanoparticle system TMZ; IL-15 GBM [309]
M-NPs@G cancer cell-mitochondria hybrid membrane gboxin GBM [310]
an neural stem cell membrane -coated 

Apt 19S-conjugated BBB penetrable 
NP

/ antisense 
oligonucleotide (ASO)

PD [311]

Biomimetic Macrophage Membrane- 
Camouflaged Nanoparticles

Macrophage membrane camouflage nanoparticles can reduce the clearance of 
mononuclear phagocyte system, showing immune camouflage.

Small activating RNA 
ALOX15

GBM [300]

RVG/TPP- maslns macrophage membranes camouflaged the SLNs from being eliminated by RES-rich 
organs by inheriting the immunological characteristics of macrophages

antioxidants AD [312]
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FA folic acid
FAR folic acid receptor
MVB multi-vesicular body biogenesis
ID Intranasal Delivery
CSF cerebrospinal fluid
NLCs nanostructured lipid carriers
I/R ischemia/reperfusion
IID Intrathecal and Intraventricular Delivery
ITD Intratumoral Delivery
CED Convection Enhanced Delivery
GSC glioblastoma stem-like cells
CAMT Carrier - Mediated Transport
CMMT Cell - Mediated Transport
RES Resveratrol
LTG lamotrigine
EXO Exosomes
FUS Focused Ultrasound

Data availability

Data will be made available on request.
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