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Drugs for tumor treatment face various challenges, including poor solubility, poor stability, short blood 
half-life, nontargeting ability, and strong toxic side effects. Fortunately, nanodrug delivery systems provide 
excellent solution to these problems. However, nanodrugs for glioma treatment also face some key challenges 
including overcoming the blood–brain barrier (BBB) and, specifically, accumulation in glioma lesions. 
In this review, we systematically summarize the advantages and disadvantages of combined strategies 
for nanodrugs noninvasively overcoming BBB and actively targeting glioma lesions to achieve effective 
glioma therapy. Common noninvasive strategies for nanodrugs overcoming the BBB include bypassing 
the BBB via the nose-to-brain route, opening the tight junction of the BBB by focused ultrasound with 
microbubbles, and transendothelial cell transport by intact cell loading, ligand decoration, or cell membrane 
camouflage of nanodrugs. Actively targeting glioma lesions after overcoming the BBB is another key factor 
helping nanodrugs accurately treat in situ gliomas. This aim can also be achieved by loading nanodrugs 
into intact cells and modifying ligand or cell membrane fragments on the surface of nanodrugs. Targeting 
decorated nanodrugs can guarantee precise glioma killing and avoid side effects on normal brain tissues 
that contribute to the specific recognition of glioma lesions. Furthermore, the challenges and prospects 
of nanodrugs in clinical glioma treatment are discussed.

Introduction

   Glioma is a kind of prevalent brain tumor that originates from 
abnormal glial cells in the nervous system, representing about 
80% of malignant brain tumors [  1 ]. Gliomas encompass various 
types, including astrocytoma, ependymomas, and oligoden-
droglioma, each with distinct cellular origins. According to the 
World Health Organization (WHO), gliomas are classified into 
grades I to IV, with grades I and II classified as low grade/
malignant, and grades III and IV classified as high grade/malig-
nant [  2 ]. High-grade gliomas are more commanding than low-
grade gliomas and have worse prognoses [  3 ,  4 ]. Glioblastoma 
multiforme (GBM) is the most aggressive form and accounts 
for 60% to 70% of all gliomas [  5 ]. It can manifest either as 
primary glioblastoma, originating directly in the brain, or as 
secondary glioblastoma, evolving from lower-grade astrocyto-
mas and anaplastic astrocytomas [  6 ]. The most conventional 
clinical treatments for glioma include surgery, radiation, che-
motherapy, or a combination of these. Surgery is the primary 
and preferred treatment option for the vast majority of newly 
diagnosed gliomas, encompassing all subtypes of glioma. After 
surgery, the adjuvant treatment regimens are administrated 
based on the specific subtype or status of glioma (Table S1), 
ensuring a tailored approach for optimal patient outcomes.

   Despite undergoing treatment, glioma patients face a chal-
lenging prognosis. Approximately 95% of individuals diagnosed 
with grade I gliomas can expect to survive beyond 5 years. 
However, grade II gliomas, while generally having a favorable 
prognosis, can exhibit unpredictable behavior and possess the 
potential to progress into more aggressive grade III and IV glio-
mas [  7 ]. Grade III gliomas are characterized by heightened 
aggressiveness compared to their low-grade counterparts, with 
a notable risk of recurrence. Grade IV gliomas, commonly known 
as GBM, exhibit rapid growth and infiltration into healthy brain 
tissue. Survival rates for GBM are notably low, with only 7% of 
patients surviving beyond 5 years post-diagnosis. The prognosis 
is particularly grim, with an average life expectancy ranging from 
14 to 16 months [  8 ].

   The brain, a vital organ, requires exceptional safeguarding 
for its preservation and well-being. To shield against germs, 
infections, and harmful toxins, it possesses a unique security 
mechanism: the blood–brain barrier (BBB). The BBB, primarily 
composed of blood vessel endothelial cells (BVECs) along with 
surrounding vascular cells like astrocytes and pericytes, presents 
the most important obstacle in this process [  9 ,  10 ]. The primary 
role of the BBB is to uphold the composition of brain tissue fluid 
and ensure the homeostasis of the central nervous system (CNS) 
by finely controlling the passage of diverse molecules between 
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the systemic circulation and the brain interstitial fluid [  11 ]. This 
protective shield acts like a moat around a castle, allowing only 
essential nutrients and substances into the brain’s sanctuary. The 
BBB operates with remarkable efficiency, albeit sometimes posing 
a hindrance. A pivotal challenge lies in its resilience against 
permitting the majority of bloodstream medications, including 
numerous chemotherapy agents, to access the brain. Therefore, 
devising innovative strategies that enhance drug delivery across 
this barrier is necessary to optimize the treatment of brain tumors.

   In addition to the challenge of penetrating the BBB, there 
are other inherent limitations of the drugs themselves in the 
treatment of tumors. Research has demonstrated the efficacy 
of various drugs, including small molecular chemical drugs, 
nucleic acid drugs, polypeptide drugs, and protein drugs, in 
targeting and destroying glioma cells. However, inherent 
limitations such as hydrophobicity, low stability, restricted cell 
membrane permeability, lack of targeting specificity, and strong 
side effects hinder their effective use in glioma treatment [  12 ]. 
Fortunately, the advent of nanocarrier-mediated drug delivery 
systems (nanodrugs) offers a promising solution to these chal-
lenges. Nanocarriers, including organic, inorganic, and biologi-
cally derived varieties, serve to mitigate the aforementioned 
drawbacks, thereby enhancing the therapeutic potential of 
drugs for glioma treatment [  13 ].

   In the urgent quest for effective treatments for glioma, the 
timely delivery of nanodrugs is crucial. First, these advanced 
therapeutic agents must successfully cross the formidable BBB 
to reach their intended targets. The presence of the BBB is not 
only a vital protective shield for the brain but also a primary 
challenge for drug therapy. Whether a drug can successfully 
navigate this barrier directly determines its ability to reach 
glioma lesions. Once nanomedicines successfully cross the 
BBB, they must also specifically target glioma cells to ensure 
maximum therapeutic efficacy while minimizing damage and 
side effects to surrounding healthy tissues. This targeting not 
only enhances treatment efficiency but also reduces the dis-
comfort and complications associated with traditional che-
motherapy. Therefore, addressing these 2 critical conditions 
crossing the BBB and precisely targeting glioma cells are central 
to achieving optimal therapeutic outcomes in glioma treat-
ment. This information is vital for a broad audience, includ-
ing medical researchers, oncologists, nanotechnology experts, 
and patients seeking advanced treatment options. By delving 
into these requirements, stakeholders can collaborate more 
effectively to drive the development of innovative nanomedi-
cine therapies for glioma, promoting the research and clinical 
application of new treatments to improve patient outcomes and 
quality of life. Enhancing understanding of this complex field 
can help stimulate more research investment and interdisciplin-
ary collaboration to tackle this marked medical challenge.

   In terms of overcoming the BBB, unlike invasive methods 
like direct brain injection that carries high risks, several non-
invasive strategies ensure higher safety while overcoming the 
BBB (Fig.  1 , Step 1). The noninvasive ways for nanodrugs to 
overcome the BBB can be divided into 3 main types: bypassing 
the BBB, opening a tight junction of the BBB, and transendo-
thelial cell transport. The nose-to-brain pathway is the most 
common noninvasive method that allows nanodrugs to pas-
sively bypass the BBB. Some physical methods like focused 
ultrasound (FUS) can transiently, reversibly, and locally open 
the BBB, hence facilitating the passive passage of nanodrugs. 
Active transendothelial cell transport is usually achieved by 

decorating nanodrugs using targeted ligands or cell membrane 
fragments. These decorated strategies aid in the specific recog-
nition of receptors or transporters highly expressed on the cell 
membrane of BVECs and hence achieving active transendo-
thelial cell transport of nanodrugs. Moreover, intact cells such 
as immune cells can be utilized to load nanodrugs and assist 
in crossing the BBB due to their innate abilities [  14 ]. To ensure 
precise glioma killing with high regard for safety, once the BBB 
is overcome, nanodrugs need to actively accumulate in glioma 
lesions (Fig.  1 , Step 2). This aim can be typically achieved 
through the decoration of nanodrugs using glioma lesion-
specific targeted ligands, cell membrane fragments, or intact 
cells. In this review, we will systematically introduce in detail 
the combined strategies of nanodrugs simultaneously overcom-
ing the BBB and actively targeting glioma lesions for enhancing 
glioma therapy efficacy.           

The Combined Strategies for Nanodrug 
Passively Passing the BBB and Actively 
Targeting Glioma Lesions

Nanodrugs bypassing the BBB via the nose-to-brain 
route + actively targeting glioma lesions
   Among the noninvasive approaches for nanodrug delivery that 
effectively bypass the BBB, the nose-to-brain pathway stands out 
as the most prevalent [  15 ]. This direct route offers a highly 
patient-friendly and noninvasive alternative, allowing for the 
efficient transportation of nanodrugs directly to the brain with-
out traversing the BBB, thereby enhancing therapeutic efficacy 
[  16 ]. The nasal mucosa is rich in capillaries and lymphatic ves-
sels, and nanodrugs can be quickly absorbed through the nasal 
mucosa into the blood circulation. There is a direct neural con-
nection between the nasal mucosa and the brain, and the nano-
drug can directly reach the CNS through the olfactory nerve or 
trigeminal nerve, which makes nasal administration a unique 
advantage in the treatment of neurological diseases while mini-
mizing peripheral exposure. Upon entry into the olfactory or 
respiratory epithelium, nanodrugs traverse the perivascular 
space or olfactory/trigeminal tract, accessing the cerebrospinal 
fluid and brain tissue through the perineuronal space [  17 ]. 
Compared to traditional oral or injectable administration, 
nasal administration can penetrate the BBB more effectively 
and deliver the nanodrug directly to the brain, thereby improv-
ing treatment effectiveness and reducing side effects. Recent 
advancements have focused on combining nose-to-brain deliv-
ery with targeting-modified nanodrug delivery systems, present-
ing a precise approach for glioma therapy. After nanodrugs 
enter the brain via the olfactory or trigeminal nerves, targeting-
decorated nanodrugs can selectively identify and penetrate 
glioma tissue, facilitating effective glioma treatment [  18 ].

   Many combined strategies have been tried. Chu et al. [  19 ] 
developed Ephrin type-A receptor 3 (EPHA3) tyrosine kinase 
antibody-decorated, temozolomide butyl ester (TBE)-loaded 
polylactide-co-glycolide (PLGA) nanoparticles (NPs) to treat 
GBM via the nose-to-brain route. EPHA3, a membrane-
associated receptor, exhibits notable overexpression in the 
stroma and vasculature of gliomas while maintaining low 
expression levels in normal tissues. This characteristic positions 
it as a promising functional target for GBM treatment. Research 
findings demonstrate a substantial improvement in the C6 
cellular uptake of anti-EPHA3-decorated NPs compared to 
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nontargeting NPs, highlighting its potential for targeted ther-
apy. In vivo biodistribution studies in C6 glioma-bearing mice 
revealed that anti-EPHA3-decorated NPs had robust fluores-
cence in the tumor tissues. Anti-EPHA3 demonstrated signifi-
cant accumulation within the glioma, indicating its specificity. 
Furthermore, in vivo anti-glioma experiments with C6 glioma-
bearing rats demonstrated that TBE-loaded anti-EPHA3-
decorated NPs induced markedly higher tumor cell apoptosis 
and prolonged the median survival time compared to controls. 
These findings underscore the potent synergy between the 
nose-to-brain delivery approach and anti-EPHA3-modified 
NPs for glioma treatment. Kanazawa et al. developed an opti-
mized nose-to-brain nanodrug delivery system, termed Bom/
PEG-PCL-Tat. This innovative system comprises poly(ethylene 
glycol)-block-poly(caprolactone) (PEG-PCL) conjugated with 
2 essential peptides: Tat, facilitating cellular penetration, and 

bombesin (Bom), ensuring precise homing to target cells 
(Fig.  2 ) [  20 ]. Bom can specifically target the gastrin-releasing 
peptide receptor (GRPR). GRPR expression is notably higher 
on the cell membranes of glioma cells compared to healthy 
brain cells. Experimental findings demonstrate that Bom/
PEG-PCL-Tat micelles exhibit a high uptake rate by GRPR-
positive C6 glioma cells while showing no significant increase 
in uptake by GRPR-negative COS7 cells. Moreover, NPs 
loaded with camptothecin (CPT) and modified with bombesin 
demonstrate markedly enhanced cytotoxicity against C6 gli-
oma cells compared to NPs lacking the bombesin modifica-
tion. Additionally, in an orthotopic C6 glioma rat model, 
CPT-loaded Bom/PEG-PCL-Tat NPs exhibit superior accu-
mulation in orthotopic gliomas and demonstrate stronger 
anti-glioma efficacy following nasal administration compared 
to controls.           

Fig. 1. The combined strategies for nanodrug noninvasively overcoming the BBB by bypassing the BBB, opening the tight junction of the BBB or transendothelial cell transport 
(Step 1), and actively targeting glioma lesions by decoration of nanodrugs using glioma lesion-specific targeted ligands, cell membrane fragments, or intact cells (Step 2) 
(BioRender).
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Opening BBB by FUS with microbubbles + 
nanodrugs actively targeting glioma lesions
   The temporary and reversible opening of the BBB is a useful 
strategy for facilitating the passage of nanodrugs in glioma 
treatment [  21 ]. Locally opening the BBB via a physical approach 
is safer compared to chemical disruption, which is typically 
nonselective and nonlocal, leading to uncontrollable flow of 
neurotoxic blood components (such as albumin) into the entire 
brain region, causing edema, neurotoxicity, seizures, aphasia, 
hemiplegia, and other adverse effects. While various strategies 
like FUS-mediated microbubble (MB) oscillation, electro-
hyperthermia, magnetic hyperthermia, laser, photothermal 
ablation, transcranial direct current stimulation, and vasodila-
tors for opening the BBB have been developed, there remains 
a lack of research into the effective combination strategies of 
locally BBB opening with nanodrugs actively targeting glioma 
lesions. This gap exists primarily due to the dual nature of BBB 
opening. While local opening enables nanodrugs to enter the 
brain parenchyma and exert their therapeutic effects, it also 
poses risks. An immediate breach in the BBB could potentially 
allow the infiltration of various macromolecules and harmful 
agents into the CNS, leading to neuropathological changes and 
functional impairments.

   FUS with gaseous MBs presents a clinically valuable nonin-
vasive physical approach for opening the BBB [  22 ]. MBs, com-
prising small gas-filled spheres, possess a shell capable of 
interacting with ultrasound waves. By harnessing momen-
tum transfer from sound waves, ultrasonic fields induce vari-
ous mechanical phenomena such as acoustic radiation force, 
microstreaming, and shear stress. MBs are capable of cavitation 
under ultrasonic irradiation, and this unique interaction obvi-
ously diminishes the acoustic energy needed for BBB opening 
through FUS, consequently bolstering the safety profile of FUS-
mediated BBB opening [  23 ,  24 ]. To initiate BBB opening, MBs 
are injected into the bloodstream and FUS is directed externally 
to a designated area on the skull using a specialized device. This 
interaction induces oscillations or vibrations in the MBs, gen-
erating mechanical forces such as microstreaming and microjet-
ting [  25 ]. The oscillating MBs exert mechanical effects, inducing 
localized pressure and mechanotransduction interaction with 
vascular cells, and further disrupt tight junctions between endo-
thelial cells forming the BBB [  26 ,  27 ]. This disruption precisely 
opens the BBB at targeted sites, affecting only endothelial cells 
in direct contact or proximity with activated MBs [  28 ]. Both 
preclinical and clinical trials employing FUS in conjunction 

with MBs have validated the safety and efficacy of FUS-created 
BBB opening in precise drug delivery. This underscores the 
importance of maintaining precise control over acoustic irra-
diation parameters and MB concentrations [  29 ]. Combining 
FUS with MBs demonstrates remarkable efficacy in locally 
and reversibly opening the BBB with exceptional safety. This 
approach presents an encouraging opportunity for improving 
nanodrug delivery into the brain parenchyma. Once the BBB 
is permeated successfully, nanodrugs can undergo further opti-
mization through targeting modifications, enabling precise and 
active targeting of glioma lesions (Fig. S1). This strategy holds 
remarkable potential for improving and targeting tumor therapy 
effectively.

   Numerous integrated approaches employing FUS combined 
with MBs to facilitate the opening of the BBB and to actively target 
glioma lesions for the delivery of nanoscale therapeutic agents 
have been explored. Zhao et al. [  30 ] developed a novel liposome 
nanomaterial (MB-shBirc5-lipo-NGR) to achieve precise gene 
delivery in conjunction with FUS. The complex incorporates 
the NGR peptide decoration, which binds to the CD13 receptor 
overexpressed in glioma cells and neovascular endothelial cells. 
Experimental results demonstrated that under the help of FUS, 
MB-shBirc5-lipo-NGR effectively breached the BBB, specifi-
cally targeted C6 glioma cells through NGR/CD13 interaction, 
and ultimately inhibited glioma growth in an orthotopic glioma 
rat model. The median survival time of FUS-aided MB-shBirc5-
lipo-NGR groups was 38 days, which is extended compared to 
other groups. Yang et al. [  31 ] devised a multifaceted approach 
to enhance the efficacy of CRISPR/Cas9-based therapy targeting 
the O6-methylguanine-DNA methyltransferase (MGMT) gene, 
a key player in temozolomide (TMZ) resistance in GBM. They 
engineered lipid–polymer hybrid NPs (LPHNs-cRGD) as car-
riers for CRISPR/Cas9 plasmids, specifically tailored to target 
MGMT. To overcome the BBB, they employed FUS in conjunc-
tion with MBs to noninvasively and locally disrupt the BBB. 
Additionally, the surface modification of LPHNs with cRGD 
ligands improved the accumulation of the CRISPR/Cas9-
loaded nanodrugs in GBM lesions, enhancing their therapeutic 
potential. The synergistic application of FUS and MBs in com-
bination with the LPHNspCas9/MGMT-cRGD NPs led to a 
significant improvement in the sensitivity of GBM cells to TMZ, 
both in vitro and in vivo. This innovative strategy holds promise 
for overcoming drug resistance in GBM and improving the 
efficacy of CRISPR/Cas9-based therapies in cancer treatment. 
Yang et al. demonstrated synergistic efficacy in an in situ glioma 

Fig. 2. The scheme of preparation of Bom/PEG-PCL-Tat and its delivery process by nose-to-brain and targeted combination. Reproduced from [20] with permission from 
Elsevier, Copyright 2020.
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model in NOD-scid mice, utilizing pulsed high-intensity focused 
ultrasound (HIFU) combined with phospholipid-coated MBs, 
and human atherosclerotic plaque-specific peptide-1 (AP-1)-
linked liposomes loading doxorubicin (AP-1 Lipo-Dox). This 
innovative approach was effective against human GBM cells [  32 ]. 
Initially, pulsed HIFU facilitates the opening of the BBB, enabling 
enhanced penetration of nanodrugs into the brain parenchyma. 
This augmented delivery mechanism is further amplified by 
AP-1 decoration, promoting increased accumulation of AP-1 
Lipo-Dox within GBM in comparison with unadorned Lipo-Dox. 
This enhancement is primarily attributed to the up-regulation 
of interleukin-4 receptors (IL-4R) on the surface of brain tumor 
cells. Notably, in vivo treatment experiments demonstrate that 
the survival time was markedly extended in GBM-afflicted mice 
subjected to AP-1 Lipo-Dox in conjunction with pulsed HIFU, 
as opposed to controls (Fig. S2).    

The Combined Strategies for Nanodrug Active 
Transendothelial Cell Transport and Actively 
Targeting Glioma Lesions
   Implementing a dual-targeting strategy with modified nano-
drugs represents a highly effective approach for achieving pre-
cise glioma therapy. These nanodrugs not only shuttle across 
the endothelial cells of BBB but also exhibit selective recogni-
tion and penetration of glioma lesions. This dual capability 
ensures enhanced therapeutic efficacy by precisely targeting 
and treating the affected areas [  33 ]. Surface modification with 
ligand, biomimetic camouflage, and intact cell loading are com-
mon decorations that help nanodrugs perform dual-targeting 
functions. Dual-targeting systems are particularly valuable in 
glioma therapy, where they can help increase the delivery of 
anticancer medicines to tumor lesions while minimizing dam-
age to healthy tissues. When dual targeting is completed by a 
single decoration, this system is named the “single decoration-
mediated dual-targeting” system, which stands for the easiest 
method for secondary targeted delivery [  34 ]. When dual target-
ing is completed by 2 kinds of decorations, this system is 
defined as the “2 decoration-mediated dual-targeting” system. 
Further, when triple targeting is completed by single or 2 kinds 
of decorations, their systems can be named separately as “single 
decoration-mediated triple-targeting” system or “2 decoration-
mediated triple-targeting” system. The blood–brain tumor bar-
rier (BBTB) is often used as a third target in glioma therapy. 
The detailed applications of these multitargeted nanodrug sys-
tems in glioma treatment are outlined as follows:  

Single decoration-mediated dual-targeting system
   In this system, through a single modification technique, nano-
drugs can simultaneously achieve the crossing of BBB by tran-
sendothelial cell transport and the precise targeting of glioma 
lesions. Currently, there are mainly 3 methods to achieve this 
dual-targeting function: first, loading nanodrugs into intact 
cells that can cross the BBB and actively target gliomas; second, 
modifying single ligand on the surface of nanodrugs, and the 
ligand has the functions of both BBB targeting and glioma tar-
geting; third, disguising nanodrugs with a single type of cell 
membrane fragments that have both BBB targeting and glioma 
targeting capabilities to achieve a dual-targeting effect. These 
methods not only simplify the modification process but also 
improve the therapeutic efficiency and accuracy of drugs.  

Intact cell-loaded nanodrugs
   Immune cells and platelets are the most commonly used cells 
for loading nanomedicines because of their inherent capacity 
to migrate from the bloodstream to brain tumor tissues, which 
renders them naturally superior vehicles for delivering nano-
drugs to traverse the BBB and particularly accumulation in 
glioma lesions [  35 –  37 ]. The common immune cells and plate-
lets for nanodrug delivery and their detailed application in 
glioma therapy are introduced below.  

Neutrophils
   Neutrophils (NEs) exhibit remarkable mobility and chemotaxis, 
enabling them to swiftly respond to infection or inflammatory 
cues like tumors. Specific factors within the glioma microenvi-
ronment, notably tumor necrosis factor-α, and ceruloplasmin, 
actively attract and stimulate neutrophils to migrate toward and 
infiltrate glioma tissues [  38 ]. Zhang’s team utilize NEs to carry 
paclitaxel-loaded liposomes (PTX-CL) to treat residual glioma 
tissues after surgery [  36 ]. In vitro BBB and 3D tumor spheroid 
models showed that inflammation primed PTX-CL/NEs suc-
cessfully across BBB and penetrated glioma, respectively. 
In vivo results revealed that PTX-CL/NEs not only effectively 
retarded the recurrent glioma, but also notably enhanced the 
survival rates of mice who had undergone glioma surgery. 
Furthermore, these findings demonstrated that inflammatory 
factors released following glioma resection directed movement 
of PTX-CL/NEs to reach glioma tissues and then PTX release 
to eliminate residual glioma cells. Ding et al. presented an 
innovative semiconducting polymer nano-therapeutic system, 
SPCFe/siP, designed to facilitate efficient delivery to orthotopic 
glioma sites. SPCFe/siP comprises a semiconducting polymer, 
specifically engineered to encapsulate programmed death-
ligand 1 siRNA and iron oxide (Fe3O4) NPs within a singlet 
oxygen (1O2)-responsive nanocarrier. The surface of this nano-
carrier is decorated with sialic acid, a ligand that selectively 
targets neutrophils. This targeted interaction enables SPCFe/siP 
to effectively bind to neutrophils, transforming them into Trojan 
horses that traverse the BBB and enhance delivery to glioma sites. 
Finally, this neutrophil–nanodrug conjunction system achieved 
sono-activatable ferroptosis immunotherapy via in vitro and 
in vivo studies [  39 ].   

Macrophages
   In neuropathological diseases like glioma, extra-peripheral mac-
rophages can be engaged from the bone marrow to the brain. 
Recruitment factors are usually from glioma cells themselves [  40 ]. 
Therefore, tumor-associated macrophages are also frequently 
utilized for nanodrug delivery in glioma treatment. Typically, a 
macrophage-loaded photothermal nanoprobe (MFe3O4-Cy5.5) 
was employed in glioma therapy [  41 ]. In vitro migrated experi-
ment indicated that MFe3O4-Cy5.5 possesses the ability to migrate 
toward C6 glioma cells. In vitro BBB model and in vivo imaging 
illustrated that MFe3O4-Cy5.5 could cross the BBB and accu-
mulate within glioma tissues. Moreover, once MFe3O4-Cy5.5 
enters glioma lesions, it is capable of performing multimodal 
imaging, guiding glioma surgery, and suppressing glioma 
growth through photothermal therapy under near-infrared 
(NIR) light irradiation, thereby enhancing the survival rate of 
glioma-bearing mice (Fig.  3 ). Ibarra et al. [  42 ] used macro-
phages to carry and deliver conjugated polymer NPs (CPNs) 
to improve photodynamic therapy (PDT) in GBM. Macrophages 
loaded with CPNs maintain their natural activity and function, 
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Fig. 3. (A) Scheme of the synthesis process and application of MFe3O4-Cy5.5. (B) The migration illustration of macrophage in vitro. (C) Migration ratio of macrophages with 
various treatments. (D) Cell viability with and without NIR irradiation under treatment with different Fe3O4-Cy5.5 concentrations. (E) Optical imaging and (F) magnetic 
resonance imaging of Fe3O4-Cy5.5 and MFe3O4-Cy5.5 in the brain with tumor. (G) Quantitative brain tumor volume of mice with different treatments. Reproduced from [41] 
with permission from the American Chemical Society, Copyright 2021.
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enabling them to target and penetrate GBM spheroids and the 
orthotopic GL261 GBM model. In an in vitro 3D GBM model, 
PDT efficacy was significantly enhanced when macrophages 
were used as a delivery vehicle for CPNs, compared to non-
vehicle CPNs.           

Dendritic cells
   The inherent migration ability of dendritic cells (DCs) reaching 
the glioma area and maintaining the immune response of glioma 
tissues makes them promising nanodrug delivery agents for 
glioma treatment [  43 ]. Li et al. [  44 ] employed DC to carry the 
doxorubicin–polyglycerol–nanodiamond compound (Nano-
Dox) to improve the antigenicity of GBM cells and trigger an 
anti-GBM immune response. After intravenous injection of 
Nano-Dox-loaded mouse bone marrow-derived DCs (mDCs) 
into GBM-bearing mice, the Nano-Dox-loaded mDCs can cross 
the BBB and specifically target GBM lesions. The Nano-Dox-
treated GBM cells exhibited not only abundant damage associ-
ated with molecular pattern secretion but also antigen release, 
hence inducing immunosuppression to GBM cells.   

Platelets
   Studies have confirmed that platelets have a variety of functions 
such as vascular endothelial adhesion, tumor-targeting, secre-
tion of intracellular substances after activation, and immune 
evasion functions [ 37 ], making them promising for camouflag-
ing nanodrugs in antitumor therapy. Jiang et al. [  45 ] loaded 
Dox-carrying, NIR light-responsive nanomedicines, and mag-
netic NPs into platelets, naming the complex FeDN@P. In vivo 
orthotopic glioma model studies demonstrated that this NP/
platelet complex can accumulate in the brain under the influ-
ence of a magnetic field, and then cross the BBB via the platelet’s 
vascular adhesion ability, migrating into the brain parenchyma. 
Leveraging the tumor cells’ ability to induce platelet aggrega-
tion, FeDN@P can specifically accumulate in glioma tissues. 
Upon platelet activation, the DPT NPs within were effectively 
released and entered glioma cells. Subsequently, under the dual 
action of reactive oxygen species and laser irradiation, the 
structure of the DPT NPs was disrupted, releasing Dox to exert 
its tumor-suppressing effects. Finally, the combination of pho-
tothermal therapy and chemotherapy effectively killed glioma 
cells, inhibited angiogenesis, enhanced immune response, and 
prolonged the survival cycle of glioma-bearing mice in situ.    

Single ligand decorated nanodrugs
   Given the high expression of numerous receptors or transport-
ers simultaneously on both BVEC membranes and glioma cell 
membranes (GCMs), there exists a unique opportunity for a 
dual-targeting strategy utilizing a single ligand to effectively 
pass through the BBB and target gliomas concurrently. As 
reported, the highly expressed receptors on both BVEC mem-
branes and GCMs include the low-density lipoprotein receptor 
(LDLR) family [  46 ], transferrin receptor (TfR) [  47 ,  48 ], lactofer-
rin receptor (LfR) [  49 ], folate receptor (FR) [  50 ], insulin recep-
tor (IR) [  51 ], neuropeptide Y (NPY) Y1 receptor (Y1R) [  52 ], 
nicotinic acetylcholine receptors (nAChRs) [  53 ], and interleukin-6 
receptor (IL-6R) [  54 ]. Highly expressed transporters on both 
BVEC membranes and GCMs include glucose transporter 
(GLUT1) [  55 ], large neutral amino acid transporter (LAT1) 
[  56 ,  57 ], and organic cation/carnitine transporter 2 (OCTN2) 
[  58 ,  59 ]. The commonly used types of targeted ligands include 
peptides, aptamers, antibodies, antibody fragments, proteins, 

and small molecules [  60 –  63 ]. The summarized application of 
the “one ligand-mediated dual-targeting” strategy in glioma 
treatment is shown in  Table , and the most relevant receptors 
and transporters are introduced in detail below.   

Targeting the LDLR family
   The LDLR family comprises some cell surface endocytic recep-
tors that bind to and internalize extracellular ligands. The mem-
bers of LDLR family include LDLR, LDLR-related protein 1 
(LRP1), and LDLR-related protein 2 (LRP2). Thus far, common 
ligands decorated on the surface of nanodrugs that target the 
LDLR family are mainly various artificially synthetic peptides. 
Peptide-22 [ 64 ], L-4F [ 65 ], and mApoE [ 66 ] are usually used 
to target LDLR; Angiopep-2 [ 33 ], SRL [ 67 ], RAP12 [ 68 ], and 
stapled RAP12 (ST-RAP12) [ 69 ] are often used to target LRP; 
Apolipoprotein E (ApoE) [ 70 ] is used to simultaneously target 
LDLR, LRP1, and LRP2. Zhang et al. [ 64 ] constructed peptide-22 
decoration and PTX-loaded NPs (PNP-PTX). Their findings 
revealed that peptide-22 decoration remarkably enhanced the 
cellular uptake of PNP by C6 glioma cells and BCECs in vitro, 
while extra peptide-22 hindered this uptake. In vivo and ex vivo 
fluorescence imaging demonstrated that peptide-22-modified 
PNP could effectively cross the BBB and exhibited greater 
accumulation in glioma tissues compared to unmodified NPs. 
Additionally, in vivo glioma treatment illustrated that peptide-
22-modified PNP-PTX markedly lengthened the median sur-
vival time of mice with orthotopic glioma in comparison with 
other treatment groups. In our prior research, we synthesized 
Angiopep-2 decorated high-molecular polymers that can load 
siRNAs [  71 ] or miRNAs [ 72 ] by triple interactions (electrostatic, 
hydrogen bonding, and hydrophobic) to form nanomedicines. 
Experiments showed that these LRP1-targeted nanomedi-
cines demonstrated exceptional BBB penetration in vitro and 
robust tumor accumulation in vivo. Furthermore, by employing 
Angiopep-2-modified nanomedicine, incorporating dual-siRNA 
targeting polo-like kinase 1 and vascular endothelial growth factor 
receptor-2, or dual-miRNA targeting miR-21 and miR-124, we 
observed significant inhibition of orthotopic U87MG tumor 
growth, along with a notable extension in the middle lifespan of the 
murine model. To further improve targeting efficiency, Jiang et al. 
[  73 ] applied ApoE to modify nanodrugs, and results showed 
that ApoE enhanced chimeric polymersome (CP) penetration 
through bEnd.3 monolayers by 2.2-fold compared to Angiopep-2, 
as evidenced by BBB model experiments. Moreover, the ApoE-
installed CP showed active accumulation and efficient penetra-
tion in orthotopic U87MG GBM. These phenomena contributed 
to the triple-targeting ability of ApoE to LDLR, LRP1, and LRP2. 
Tail vein injection of SAP-loaded ApoE-CP achieved antitumor 
growth in the U87MG GBM mice model and significantly 
improved survival rates of mice with orthotopic glioma without 
observable adverse effects.   

Targeting TfR
   The function of TfR is endocytosis of Tfs, which serves as a 
hydrophilic carrier of iron ions in the bloodstream. Since TfR 
is overexpressed in both the BBB and glioma cells, but less so 
in noncancerous cells, it stands out as a highly promising target 
site in anti-glioma treatment [ 74 ]. Nowadays, various ligands 
such as peptides, antibodies, antibody fragments, and intact 
proteins have been effectively employed to functionalize nano-
drugs, facilitating targeted delivery to both the BBB and glioma 
lesions via binding to the TfR. T7 peptide can specially bind to 
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Table. The utilization of nanodrugs featuring dual-targeting functionality mediated by a single ligand holds promising applications in the 
treatment of glioma. The full names of the various types of “therapeutic strategy” are as follows: CT, chemotherapy; IT, immunotherapy; 
GT, gene therapy; TT, targeted therapy; PTT, photothermal therapy.

Targets

Ligands

Nanocarrier
Used drug  

“therapeutic strategy” Cell model Ref.Type Ligand

LDLR Peptide Peptide-22 PEG-PLA Paclitaxel “CT” C6 [64]

L-4F Extracellular vesicles Methotrexate + pro- 
apoptotic peptide KLA “CT + 

peptide therapy”

U87 [65]

mApoE Liposomes Doxorubicin “IT” Patient- 
derived GSCs

[66]

LRP Peptide SRL Poly(amidoamine) pEGFP-N1 plasmid “GT” C6 [67]

Angiopep-2 PEG-b-P(GuF)/Ang-PEG-b-P(Gu) CRISPR/Cas9 “GT” U87MG [142]

Fe3O4@mSiO2/exosomes Brequinar (BQR)/siGPX4/ 
Fe2+ “Synergistic ferroptosis”

LN229/A172 [143]

PEG-b-P(Gu/Hb)/ 
Ang-PEG-b-PGu

Anti-miR-21/ 
miR-124 mimic “TT”

U87MG [72]

RAP12 PEG-PLA Paclitaxel “CT” U87 [68]

ST-RAP12 PEG-PLA Paclitaxel “CT” U87 [69]

LRP1,  
LRP2,  
LDLR

Peptide ApoE Pullulan/poly(deca-4, 
6-diynedioic acid)

Temozolomide (TMZ)/ 
indocyanine green (ICG) 

“CT/NIR irradiation”

U87MG/CSC2 [46]

Dextran ABT-263 & A-1210477 “CT” U87MG/U251 [70]

TfR Peptide T7 Exosome Galectin-9 siRNA “TT” GL261 [144]

T12 PEG-PLA Paclitaxel “CT” U87MG [74]

B6 Liposome Vincristine (VCR) “CT” GL261 [145]

CRT PEG-PLGA Paclitaxel “CT” C6 [146]

Antibody 
fragment

TfRscFv Liposome p53 plasmid “TT” U87 [147]

Antibody OX26 PEG-b-PLA/PEG-b-P 
(LA-co-DHC)

RhB “imaging” C6/L929 [76]

RI7217 Liposome Docetaxel “CT” U87-MG [148]

Protein Tf PEGylated nanoscaled graphene oxide Docetaxel “CT” C6 [77]

LfR Protein Lactoferrin BSA Doxorubicin “CT” C6 [149]

Graphene oxide@Fe3O4 Doxorubicin “CT” C6 [150]

Y1R Peptide AP-NPY DSPE-PEG Doxorubicin “CT” U87MG [52]
DAPT DSPE-PEG IRDye780 “PTT and  

photoacoustic imaging”
U87-MG [151]

FR Small 
molecular

Folate Carbon nanosphere Doxorubicin “CT+IT” GL261 [152]

mPEG-PCL Pterostilbene (Pt) A172 [80]

nAChR Peptide DCDX liposome Doxorubicin “CT” U87 [81]

RVG29 Zein-derived NPs Dactolisib (Dac) “TT” U87 [82]

D8 Liposome Doxorubicin “CT” U87 [126]

IL-6R Peptide I6P8 PEG-PLGA Doxorubicin “CT” U251 [54]

GLUT1 Small 
molecular

Glucose BBR-Glu nanoparticles Berberine “TT” U251/U87 [84]

Glucosamine (G) Silicon Indocyanine green (ICG) “PTT” U87 [153]

2-Deoxy-d-
glucose

Poly(ethylene glycol)-b-
poly(trimethylene carbonate)

Paclitaxel “CT” RG-2 [83]

1,2-O- 
isopropylidene-α- 
D-glucofuranose

Poly(ethylene glycol)- 
poly(L-glutamic acid)

Cisplatin “CT” U87MG [154]

(Continued)
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the TfR. Liu et al. [  75 ] constructed a T7 peptide-modified exo-
some (T7-exo). Results exhibited that the T7-exo can not only 
efficiently encapsulate and shield cholesterol-modified Cy3-
siYY1, but also facilitate quick payload release in a cytoplasmic 
reductive condition. In vitro and in vivo experiments illustrated 
the engineered T7-siYY1-exo excellent BBB-crossing and GBM 
targeting efficiency, which hence promote superior drug deliv-
ery in GBM. Importantly, in vitro studies revealed that T7-siYY1-
exo not only potentiated the responsiveness to chemoradiotherapy 
but also overcame resistance. Furthermore, the combination of 
T7-siYY1-exo with TMZ/IR exhibits a cooperative antitumor 
result against GBM, making a substantial improvement in the 
survival rate of GBM-bearing mice. Yue et al. [ 76 ] engineered 
RhB-loaded micelles employing mal-PEG-b-PLA and mPEG-
b-P(LA-co-DHC/RhB) block copolymers, with the surface 
adorned by a targeted anti-TfR antibody, OX26. In vitro assess-
ments revealed that the attachment of OX26 significantly 
increased the C6 cellular uptake to micelles. Furthermore, 
pharmacokinetic and biodistribution experiments illustrated 
the ability of OX26-decorated micelles to cross the BBB and selec-
tively target glioma lesions. Liu et al. [ 77 ] developed Tf-linked 
PEGylated nano-structured graphene oxide (GO) packing Dox, 
termed Tf-PEG-GO-Dox. In vitro experiments demonstrated 
that Tf-modified nanodrug can be more uptaken, thus resulting 
in the stronger killing of C6 glioma cells compared to non-Tf-
conjugated nanodrug and free Dox. Furthermore, in brain 
glioma-bearing rats, Tf-modified nanodrug displayed the most 
potent antitumor effect among the tested formulations. Therefore, 
these findings suggested that Tf facilitated Dox transport across 
the BBB to reach gliomas.   

Targeting FR
   FR, a glycosylphosphatidylinositol (glycolipid)-associated recep-
tor, is usually highly expressed on the cell membrane of glioma 
cells and BEVCs [ 50 ]. FR primarily facilitates its endocytosis by 
binding with high affinity to folate and reduced folic acid (FA) 
derivatives [  78 ]. Therefore, low-molecular-weight folate, 
commonly known as FA, serves as a highly effective ligand 
for targeting folate receptors in a nanodrug delivery system. 
Afzalipour et al. [  79 ] developed FA-conjugated magnetic NPs 
(MNPs) coated with a triblock polymer (PEG/PBA/PEG) and 
loaded with TMZ. The TMZ/MNPs-FA demonstrated effective 
crossing of the BBB and selective targeting of C6 glioma cells 
in both in vitro and in vivo studies. Additionally, when exposed 
to a magnetic field, TMZ/MNPs-FA exhibited dual targeting 
and superior therapeutic efficacy, resulting in substantial inhibi-
tion of glioma growth, increased rat body weight, and prolonged 

survival compared to control groups. Wang et al. [ 80 ] success-
fully contributed the pterostilbene (Pt)-loaded and folate-
decorated polymeric micelle, named F-Pt/M. Compared to 
the nontargeted NP, F-Pt/M exhibited a substantially greater accu-
mulation in GBM cells via FR-mediated endocytosis. Therefore, 
F-Pt/M showed higher cytotoxicity against GBM cells. Further
more, this optimized F-Pt/M system significantly improved the 
ratio of Pt crossing the BBB through receptor-mediated endo-
cytosis in brain distribution study in vivo.   

Targeting nAChR
   The nAChRs are receptor polypeptides that produce a response 
to the neurotransmitter acetylcholine and are often overex-
pressed on both cell membranes of BVECs and glioma cells 
[ 53 ]. The D-peptide ligand of nAChRs (DCDX), a 29-mer pep-
tide derived from Rabies virus glycoprotein (RVG29), and D8 
peptide are the main ligands used for targeting nAChRs in the 
nanodrug delivery system. Wei et al. [ 81 ] harnessed DCDX 
modification to improve the delivery of Dox via liposomes. The 
in vitro experiments demonstrated that this modification nota-
bly promoted liposomes across the BBB and targeted glioma 
cells, thereby enhancing the therapeutic efficacy of Dox for 
GBM cells. Zhang et al. [ 82 ] created zein-based NPs linked with 
RVG29 and encapsulated with Dactolisib (Dac), termed zein-
RVG-Dac_NP, to treat GBM. In vivo experiments demon-
strated that tail vein injection of zein-RVG-Dac_NP led to a 
significant increase in Dac accumulation within orthotopic 
brain tumors in mice, effectively suppressing tumor growth. 
This outcome highlights the nanodrug’s ability to cross the BBB 
and selectively accumulate in GBM regions using nAChR-
mediated pathways. Subsequent release of Dac within GBM 
cells further contributed to their inhibition.   

Targeting GLUT1
   GLUT1, overexpressed on both BVECs and glioma cells, serves 
as the most efficient transporter for rapid glucose uptake, cru-
cial for fueling glioma growth. Glucose, glucosamine, 2-deoxy-
D-glucose, and 1,2-O-isopropylidene-α-D-glucofuranose are 
common small molecular ligands targeting GLUT1. Jian et al. 
[ 83 ] devised dual-targeted functionality by developing NPs (dGlu-
NP) using 2-deoxy-D-glucose-modified poly(ethylene glycol)-co-
poly(trimethylene carbonate). In vitro studies revealed that RG-2 
glioma cells internalized a higher amount of dGlu-NP compared 
to nonglucosylated NPs (NP/PTX). Furthermore, dGlu-NP exhib-
ited increased permeation across the BBB. Notably, PTX-loaded 
dGlu-NP (dGlu-NP/PTX) exhibited greater cytotoxicity toward 
RG-2 cells than NP/PTX. In vivo fluorescent imaging illustrated 

Targets

Ligands

Nanocarrier
Used drug  

“therapeutic strategy” Cell model Ref.Type Ligand

LAT1 Small 
molecular

Glutamate Liposomes Docetaxel “CT” C6 [85]

Tyrosine Polyethylene glycol stearate TMZ and sorafenib “CT+TT” U87MG [57]

Amphi-DOPA Liposomes WP1066 “TT” GL261 [155]

OCTN2 Small 
molecular

L-carnitine PEG-PLGA Paclitaxel “CT” T98G [59]

Table. (continued)
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that compared to other controls, more dGlu-NP accumulated 
at glioma sites due to its dual-targeting capability. Addition
ally, the anti-glioblastoma effectiveness of dGlu-NP/PTX was 
remarkably improved in comparison to Taxol and NP/PTX. 
Wang et al. [ 84 ] successfully crafted glucose-modified berberine 
(BBR-Glu) NPs that exhibit enhanced penetration into glioma 
cells (U87 and U251), thereby inducing a higher level of cyto-
toxicity compared to BBR-Water. BBR-Glu demonstrated supe-
rior imaging capabilities in both brains and gliomas in mice with 
orthotopic U87 glioma, suggestive of an enhanced ability of BBR 
to cross the BBB and specifically target glioma lesions.   

Targeting LAT1
   Various amino acids and amino acid derivatives usually are 
used for LAT1 targeting. Li et al. [ 85 ] built docetaxel-loaded 
glutamate-D-α-tocopherol polyethylene glycol 1000 succinate 
copolymer (Glu-TPGS) functionalized LAT1-targeting liposomes 
(DTX-TGL) to manage glioma killing. In vitro results demon-
strated that, in contrast with unmodified liposomes, the DTX-
TGL-treated group exhibited significantly higher cellular uptake 
and cytotoxicity. Furthermore, in vivo fluorescent imaging revealed 
that TGL exhibited superior BBB penetration and glioma-targeting 
efficiency in mice compared to its unmodified counterparts. Zhang 
et al. [ 57 ] utilized tyrosine-modified polyethylene glycol stearate 
to develop LAT1-targeting NPs (L-NPs) that carry both TMZ and 
sorafenib (L-STNPs). These L-STNPs can traverse the BBB, gather 
in the U87MG glioma sites, contribute to the binding of tyrosine 
with LAT1, and effectively combat tumors through apoptosis 
and ferroptosis, which are mediated by TMZ and sorafenib.    

Single-type cell membrane camouflaged nanodrugs
   Biomimetic modifications to nanodrugs have garnered increas-
ing attention due to their remarkable biocompatibility and 
inherent functionalities [  86 ]. Employing natural bio-membrane 
fragments, such as cell membrane fragments, as the encapsulat-
ing shell for synthetic NPs is a proven strategy to extend blood 
circulation time, enhance BBB penetration, and specifically target 
gliomas with nanodrugs. Thus far, the available cell membrane 
types that facilitate dual targeting in glioma therapy primarily 
consist of GCMs, immune cell membranes (ICMs), and platelet 
membranes (PMs) [  87 –  89 ]. The summarized application of the 
“single cell membrane camouflage-mediated dual-targeting” 
strategy in glioma treatment is shown in Table S2.  

Glioma cell membrane
   The concept of GCM camouflage was inspired by the glioma cells’ 
ability to easily traverse the BBB by overexpressing intercellular 
adhesion molecule-1 (ICAM-1) and down-regulating specific pro-
teins in tight junctions [  90 ]. Additionally, these cells localize with 
homologous cells because of homotypic recognition facilitated via 
the rich proteins present on the cancer cell membrane [  91 ]. 
Zou et al. utilized acetalated dextran (Ac-DEX) to physically 
encapsulate TMZ and CDDP, creating NPs@TMZ+CDDP. 
Subsequently, they coated the surface of these NPs with GBM 
cell membranes, resulting in MNPs@TMZ+CDDP [  92 ]. These 
modified NPs exhibited remarkable capabilities of crossing 
the BBB and targeting GBM cells. Additionally, TMZ and CDDP 
were able to be released simultaneously under acidic pH condi-
tions within endo/lysosomes, effectively killing GBM cells. Mice 
implanted with orthotopic U87MG or TMZ-resistant U251R 
GBM and treated with MNPs@TMZ+CDDP demonstrated a 
powerful antitumor effect, significantly prolonging their length 

of survival compared to mice treated with NPs loaded with 
a single drug. Zhang et al. [  93 ] utilized GBM patient-derived 
tumor cell membrane (GBM-PDTCM) to camouflage gold 
nanorods (AuNRs). Leveraging the remarkable homology of 
GBM-PDTCM to the brain cell membrane, GBM-PDTCM@
AuNRs exhibited remarkable efficiency in traversing the BBB and 
specifically targeting the GBM. Furthermore, because of the func-
tionalization of Raman reporter and lipophilic fluorophore, GBM-
PDTCM@AuNRs are capable of emitting fluorescence and Raman 
signals at GBM lesions. Guided by these dual signals, surgeons 
can precisely resect nearly all tumors in a mere 15 minute, thereby 
enhancing surgical outcomes for advanced GBM. Additionally, 
intravenous administration of GBM-PDTCM@AuNRs effectively 
performs PTT in orthotopic xenograft mice, resulting in a doubled 
median survival time, and obviously improving nonsurgical treat-
ment options for early GBM.   

Immune cell membrane
   Tumorigenesis typically coincides with the infiltration of vari-
ous immune cells, including neutrophils, macrophages, mono-
cytes, DCs, natural killer cells, and lymphocytes. Those immune 
cells actively accumulate in tumor areas, making ICMs a highly 
effective choice for camouflaging NPs and assisting in immune 
evasion [  94 ,  95 ].

   Macrophage membranes are the most widely used in decorat-
ing NPs for glioma therapy among immune cells. Macrophages 
can cross the BBB and accumulate in glioma tissue. One plau-
sible mechanism involves the contact between integrin α4/β1/
αvβ3, Macrophage-1 antigen (Mac-1), and CC-chemokine ligand 
2 (CCL2) present on the cell membranes of macrophages [  96 ,  97 ] 
and vascular cell adhesion molecule-1 (VCAM-1) present on 
the cell membranes of BVECs [  98 ,  99 ] and glioma cells [  100 ]. Lai 
et al. [  101 ] created macrophage membrane camouflaged DSPE-
PEG NPs loading NIR Ib (NIR-Ib) fluorescence dye IR-792, and 
the NP was named MDINP. MDINPs were capable of traversing 
the BBB and specifically moving into glioma tissues due to 
CAM-mediated endocytosis. This process was facilitated by 
the interaction between surface antibodies like integrin α4 
on MDINPs and VCAM-1/ICAM-1 receptors on endothelial 
and GBM cells. Once they reached glioma cells, IR-792-loaded 
MDINPs functioned as NIR-Ib fluorescence probes achieving 
targeted GBM imaging. Furthermore, these NPs could eliminate 
GBM cells through the photothermal effect of NIR-Ib. The NIR-Ib 
probe-directed PTT effectively prevented GBM development 
and extended the lifespan of mice with orthotopic GBM. Xiao et al. 
[  102 ] reported macrophage membrane-camouflaged multi-
functional polymer nanogels based on poly(N-vinylcaprolactam) 
coloaded with manganese dioxide (MnO2) and cisplatin to cross 
the BBB for orthotopic glioma targeting, magnetic resonance 
(MR) imaging, and combinational chemotherapy/chemodynamic 
therapy. The decoration of macrophage membranes extended 
the circulation periods of nanogels in blood and facilitated their 
traversal of the BBB and active accumulation in glioma cells. 
This was achieved due to the presence of VCAM-1 in bEnd.3 
and glioma cells, which can combine with certain integrins 
such as α4 and β1, expressed on the surface of macrophages. 
Additionally, nanogels were designed to release Mn2+ and cis-
platin under acidic conditions and high concentrations of GSH 
(10 mM) within tumor cells. The released Mn2+ enhanced che-
motherapy and enabled T1-weighted MR imaging. The released 
cisplatin promoted the formation of H2O2 for downstream gen-
eration of ROS to induce glioma cell death. Notably, the use of 
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macrophage membrane-camouflaged nanogel led to the most 
significant glioma development inhibition compared to all other 
groups (Fig. S3).

   Apart from macrophage membranes, tumor-antigen-activated 
DC membranes and natural kill cell membranes were also 
reported to create excellent camouflage for nanomedicines in 
glioma treatment. Ma et al. developed an activated mature 
DC membrane (aDCM)-camouflaged and rapamycin (RAPA)-
carried nanodrug, named aDCM@PLGA/RAPA. This nano-
drug demonstrated an improved capacity for efficiently crossing 
the BBB and remarkable homotypic targeting capabilities 
toward C6 glioma cells in vitro and in vivo [  103 ]. The homo-
typic targeting abilities of aDCM were attributed to the fact that 
tumor antigen-activated DCs exhibited higher expression of 
CD80/86 and MHC I/II molecules on their membrane. Because 
of the close association between tumor antigens and tumor cell 
lysate (TCL) throughout the immune response, these tumor 
antigens can be processed and presented on the DC membranes. 
Apart from the glioma cell killing efficacy induced by RAPA, 
aDCM@PLGA/RAPA also elicited an immune response in the 
glioma area. aDCM is capable of stimulating immature DCs to 
mature ones, thereby further activating other immune cells, 
including tumor-infiltrating T cells and natural killer cells. This 
activation finally triggered more immune responses toward 
glioma therapy. Deng et al. [  104 ] constructed a natural killer 
cell simulation nanorobot (NK@AIEdots) with aggregation-
induced emission (AIE) properties by camouflaging a natural 
killer cell membrane on the inner skeleton of AIE-active poly-
mer. In vitro and in vivo detection illustrated that NK cell mem-
brane coating remarkably improved the efficiency of AIEdots 
crossing the BBB. The basic principle was that the integrins 
retained in NK cell membranes bind with cell adhesion mole-
cules on the surface of endothelial cells, triggering a signaling 
delivery inside cells. This cascade damaged tight junctions and 
reorganized the actin cytoskeleton, resulting in new intercellular 
gaps at the BBB. The NK@AIEdots also showed strong U87MG 
glioma-targeting ability in vitro and in vivo because some mem-
brane proteins including NKG2D and DNAM-1 powering 
tumor recognition ability were kept on NK cell membranes. 
NKG2D could recognize MHC class I-related molecules and 
stress-derivable proteins expressed on the surface of U87MG 
cells. Additionally, DNAM-1 was capable of recognizing PVR 
and Nectin-2, both being highly expressed on the surface of 
U87MG cells. After crossing the BBB and accumulating in 
orthotopic glioma lesions, the NK@AIEdots achieved effective 
photothermal therapeutic efficacy under 808-nm laser irradia-
tion and significantly inhibited glioma development.   

Platelet membrane
   PMs are also effective tools for camouflaging nanodrugs due to 
tumor recruitment into platelets. Li et al.[  105 ] employed PMs to 
camouflage Dox-loaded nanogels (Dox@PNGs). At the cellular 
level, the results showed that CD62P on the surface of PMs facili-
tated the targeting of Dox@PNGs to glioma cells by specifically 
binding to CD44 on glioma cell surfaces. Results from an in vitro 
BBB model and an in situ glioma model further confirmed that 
CD62P aids Dox@PNGs in crossing the BBB. Additionally, CD47 
on the PM helps Dox@PNGs evade immune attacks by binding 
specifically to SIRPα on macrophages. Ultimately, with the assis-
tance of PMs, more Dox was delivered into C6 glioma cells, 
resulting in enhanced tumor cell killing, inhibition of vasculo-
genic mimicry, and suppression of in situ tumor growth.     

Two decoration-mediated dual-targeting system
   Even though single decoration simplifies the design of nano-
drugs, it continues to limit targeting efficiency with limited 
internalization by BVECs and glioma cells [  106 ]. Fortunately, 
2 decorations can help resolve the backwardness of a single 
decoration. According to different aims, the 2 decoration-
mediated dual targeting can be divided into 2 types. One type 
is that 2 kinds of decorations simultaneously have BBB and 
glioma lesions’ dual-targeting function, which is used to further 
improve the targeted efficacy. Another type is that one decora-
tion targets the BBB and another decoration targets glioma 
lesions to satisfy the expressed diversity of receptors or trans-
porters on 2 different targeted sites.  

Two decorations simultaneously target both the BBB  
and glioma lesions
Two kinds of ligands
   Because of the limited targeting efficiency of single modification 
with Glu or vitamin C (Vc) with a 2- to 4-fold increase compared 
to nontargeting decoration [  107 ], Peng et al. [  108 ] designed glu-
cose and Vc co-decorated liposome (Glu-Vc-Lip) to deliver PTX 
for glioma treatment. The result showed that Glu-Vc-Lip had 
1.95-fold and 4-fold higher glioma cellular uptake than Glu-Lip 
and Vc-Lip, respectively. In fluorescence imaging of mice bearing 
C6 glioma, more Glu-Vc-Lip accumulated at tumor sites than 
controls. Liu et al. [  109 ] also constructed biotin and glucose co-
modified liposomes to deliver PTX owing to more biotin (vitamin 
B7 and vitamin H) transported by sodium-dependent multivita-
min transporters (SMVTs) on BVECs and glioma cells [  110 ,  111 ], 
and the similar result was obtained as in Glu-Vc-Lip.   

One ligand + one type of cell membrane camouflage
   To overcome the limitations of using single-cell membranes to 
camouflage nanodrugs, researchers have developed ligand and 
cell membrane co-modified nanodrug to enhance targeting 
efficacy and treatment effect on gliomas. For delivering 
interleukin- 12 messenger RNA, Zhao et al.[  112 ] designed a cRGD-
decorated GL261 cell membrane (CM) camouflaged calcium 
carbonate nanodrug delivery system (IL-12 mRNA@cRGD-
CM-CaCO3 NPs). The cRGD can specifically target the αvβ3 
integrin, which is highly expressed in GBM neovasculature 
[  113 ] and some glioma cells [  114 ]. Cellular uptake assay indi-
cated that Cy3-mRNA@cRGD-CM-CaCO3 NPs can be more 
uptaken than Cy3-mRNA@CM-CaCO3 NPs because of stron-
ger fluorescence intensity in GL261 cells, suggesting that 
dual decoration of cRGD and GL261 CM could meaning-
fully enhance glioma targeting efficacy by the cooperation of 
the receptor-mediated transporter and the homing/homotypic 
targeting effect. Furthermore, in vivo imaging track in an intra-
cranial orthotopic glioblastoma (GL261) mice model showed 
that Luc mRNA@cRGD-CM-CaCO3 NPs showed almost 1.6-
fold higher bioluminescence signal intensity than Luc mRNA@
CM-CaCO3 NPs in the glioma area, demonstrating that the 
cRGD decoration can further improve the BBB crossing and 
GL261 cell targeting capability of NPs. Finally, the IL-12 
mRNA@cRGD-CM-CaCO3 NPs exhibited the best orthotopic 
GBM inhibiting effect and greatly extended the median lifespan 
of mice with GBM owing to the highest accumulation in tumor 
area compared with other controls. Similarly, Mo et al. con-
structed hydroxychloroquine (HDX)-carried yolk-shell upcon-
version NP (YSN) covering with the cRGD-embedded U87 cell 
membrane for NIR-triggered treatment toward U87 GBM 
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[  115 ]. Compared with nontargeting and single-targeting deco-
rated nanodrugs, the dual-targeting decorated HDX@YSN@
CCM@cRGD showed significantly better U87 cell targeting effi-
ciency in vitro, and better BBB crossing and orthotopic U87 
glioblastoma targeting efficiency in vivo. Finally, the HDX@
YSN@CCM@cRGD achieved excellent treatment efficacy under 
the functions of dual targeting, chemotherapy, and PDT in 
in vitro and in vivo GBM mice models. Recently, Yang et al. [  116 ] 
utilized nanoplatelets prepared from PM fragments and polyeth-
yleneimine to co-deliver TMZ and miR-375, and modified their 
surface with RVG-29 peptide, naming it NR/TMZ/miR-375. Due 
to the dual-targeting ability of both RVG-29 and the nanoplatelets 
toward the BBB and gliomas, NR/TMZ/miR-375 demonstrated 
excellent tumor penetration effects in situ glioma therapy, enabling 
the 2 drugs to exert a synergistic therapeutic effect on the tumor 
cells and effectively inhibit tumor growth.   

Two kinds of cell membrane camouflages
   Hybrid cell membranes for endowing complex functions on 
nanodrugs by fusing membranes from different types of cells 
are also utilized to improve BBB crossing and glioma targeting 
ability. Yin et al. [ 97 ] built neutrophil and macrophage mem-
branes (NMm) co-coated and RAPA-loaded PLGA nanomedi-
cine (NMm-PLGA/RAPA). An in vitro BBB model demonstrated 
that more NMm-PLGA/RAPA across the BBB migrated into 
C6 glioma cells under chemotactic stimulation compared with 
single membrane-coated NPs. An in vivo glioma inhibition 
experiment showed that NMm-PLGA/RAPA accumulated in 
glioma tissues, eliminated glioma cells, and induced durable 
tumor regression based on RAPA-induced chemotherapy. 
Ma et al. [  117 ] applied glioma-associated stromal cell (GASC)–
glioma cell fusion cell (SG cell) membranes to camouflage 
PLGA@TMZ NPs to obtain SGNPs. The inherited membrane 
proteins on the SGNPs markedly improved their BBB crossing 
efficiency, glioma targeting ability, and glioma cell lethal efficacy 
in vitro and in vivo in comparison to nanodrugs camouflaged 
with single-type cell membranes (Fig.  4 ).            

One decoration targeting the BBB and another decoration 
targeting glioma lesions
   Because of the expressed diversity of receptors or transporters 
on 2 different targeted sites (BBB and glioma cells), the united 
targeting decorations were usually utilized to satisfy the dual-
targeting necessary of nanodrugs for the BBB and glioma cells.  

Two kinds of ligands
   As reported, des-octanoyl ghrelin (28 amino acids) transports 
only from the blood to the brain direction by binding to the 
ghrelin receptor on BVECs [  118 ,  119 ]. Folate receptors are fre-
quently highly expressed on the cell membrane of C6 glioma 
cells. Therefore, Chen et al. [  120 ] conjugated des-octanoyl ghre-
lin and FA to polymersome loading Dox (GFP-D) to satisfy 
BBB penetrating and glioma targeting, respectively. An in vitro 
BBB model and an in vivo imaging in mice model with C6 
glioma illustrated the obvious dual-targeting effect of GFP-D 
on the BBB and glioma cells. Compared to other control groups, 
in vivo anti-C6 glioma studies demonstrated that GFP-D had 
better tumor development inhibition outcome and exhibited a 
meaningful extension in the overall lifespan of mice (Fig. S4). 
Niu et al. [  121 ] constructed glucose/FA co-decorated and Dox-
loaded Pluronic P105 polymeric micelles (GF-Dox) for glioma-
targeting therapy. The glucose conjugation aimed at targeting 

GLUT1 and assisting nanodrug crossing the BBB. The FA con-
jugation was applied to help the nanodrug target glioma cells 
because of the high expression of FA receptors on the surface 
of glioma cells. In vivo antitumor studies in C6 glioma-bearing 
mice showed that the GF-Dox-treated mouse had a minimal 
tumor volume than other control groups. Similarly, Gao et al. 
used folate and transferrin to decorate liposomes [  122 ]. Because 
of the inherent ability of folate and transferrin separately in 
crossing the BBB and targeting gliomas, the dual-targeting 
decorated liposome loading Dox finally exhibited excellent 
antitumor effect by significantly increasing mice survival time 
and decreasing tumor volume, among others.     

Two decoration-mediated triple-targeting system
   Based on the special demand of glioma development, some 
proteins can be overexpressed on many sites and different types 
of cell surfaces, such as BVECs (element of the BBB), tumor 
neovascular endothelial cells (element of the BBTB), and glioma 
cells, thus providing a greater chance for triple-targeting the 
BBB, BBTB, and glioma cells. With brain tumor development, 
the BBB can be damaged and result in the formation of the 
BBTB, which allows more and bigger molecules to enter brain 
tissues [ 10 ,  123 ]. However, it exhibits highly heterogeneous per-
meability to nanodrugs [  124 ]. Therefore, targeting and crossing 
the BBTB is also an important process for nanodrug reaching 
glioma lesions. Two decoration-mediated triple-targeting func-
tions are becoming popular in nanocarrier-mediated drug deliv-
ery in glioma treatment because of their high efficiency. In this 
case, multiple combinations demonstrate more complex tar-
geted enhancement effects in glioma treatment.  

Two kinds of ligands
   Chen et al. [  125 ] established the c(RGDfK) and peptide-22 
co-modified liposomal nanodrug [c(RGDfK)/Pep-22-LP] to 
achieve triple-targeting capabilities for the BBB, BBTB, and 
glioma. As previously reported, Pep-22 has dual-targeting bio-
activity for both BBB and glioma cells by binding to LDLR [ 64 ], 
and c(RGDfK) exhibits dual-targeting capabilities toward the 
BBTB and glioma cells by binding to integrins αvβ3/αvβ5[ 113 ]. 
In vivo imaging confirmed that c(RGDfK)/Pep-22-LP showed 
higher accumulation in glioma tissues compared to nanodrug 
decorated with a single ligand. The median lifespan of glioma-
bearing mice treated with Dox-loaded c(RGDfK)/Pep-22-
Dox-LP was markedly extended, far exceeding that of mice 
treated with free Dox or other nanodrugs. Farshbaf et al. [ 53 ] 
constructed D8 peptide and RI-VAP peptide co-decorated nano-
structured lipid carriers (Dual NLCs). D8 has a high affinity to 
nAChRs, which are highly expressed on both BVECs and some 
glioma cells [ 126 ]. RI-VAP as a specific ligand of cell surface 
GRP78 [  127 ], serving as a selective marker for angiogenesis and 
cancer cell surfaces, can not only bypass the BBTB but also pos-
sess excellent glioma-homing properties [  128 ]. Therefore, dual 
NLCs have triple-targeting capabilities toward the BBB, BBTB, 
and glioma. The result from in vitro BBB and BBTB models 
demonstrated that more dual NCLs can cross the BBB or BBTB 
than other single-modified or nonmodified NPs. Additionally, 
in vivo imaging illustrated the strong ability of dual NLCs target-
ing glioma except for crossing the BBB and BBTB. The dual 
NLCs@bortezomib exhibited the best glioma cell development 
inhibition efficiency in vitro and in vivo, and hence, the lifespan 
of mice with orthotopic glioma was also remarkably extended 
under the treatment of dual NLCs@bortezomib (Fig.  5 ).           
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One ligand + one type of cell membrane camouflage
   Chen et al. [  129 ] designed an NGR peptide decorated-glioma 
C6 cancer cell membrane (CCM)-coated dihydroartemisinin 
nanostructured lipid carrier (DHA-loaded NGR/CCNLC). The 
NGR peptide has a high affinity to CD13 on endothelial cells 
and some tumor cells, and the C6 CCM targets C6 glioma cells 
via a homologous targeting mechanism. In vitro BBB and BBTB 
models indicated that the NGR/CCNLC had the greatest ability 
to cross the BBB and BBTB in comparison with CCNLC and 
nontargeting decorated NLC. In vivo imaging illustrated that 
more DHA-NGR/CCNLC can enter glioma tissues owing to 
stronger fluorescence than that in other control groups, which 
suggests that the biomimetic nanodrug decorated by NGR 
had excellent BBB/BBTB-crossing and in situ glioma-targeting 
abilities. Fan et al. [  130 ] developed DWSW peptide-modified 
and C6 CCM-camouflaged PTX nanosuspensions [DWSW-
CCM-(PTX)NS]. Under the action of homologous targeting of 
CCM, the nanodrug gained BBB crossing and tumor targeting 
function. With the further help of DWSW peptide that can 
combine with a quorum sensing receptor expressed on endo-
thelial cells [  131 ], the nanodrug was given enhanced BBB/
BBTB penetration and tumor-targeting abilities. Cell uptake 
experiments, an in vitro BBB/BBTB model, and in vivo imaging 
separately illustrated that DWSW-CCM-(PTX)NS can be more 
endocytosed by C6 cells, effectively across the BBB/BBTB, and 
target glioma tissues. Cytotoxicity assays and in vivo glioma 
therapy demonstrated that DWSW-CCM-(PTX)NS possessed 
optimal glioma development inhibition effects. Additionally, it 
prolonged the lifespan of mice with glioma and contributed to 
triple targeting (BBB, BBTB, and glioma), which induced 
improved accumulation of nanodrug in glioma cells.   

Two kinds of cell membrane camouflages
   Hao et al. [  132 ] applied C6 CCM and DC membrane (DCm) 
to create a hybrid membrane and used it to cover DTX nano-
suspensions (DNS-[C6&DC]m). The cellular uptake assay 
showed that DNS-[C6&DC]m was obviously more uptaken by 
bEnd.3 (member of BBB), HUVECs (member of the BBTB), 
and C6 glioma cells than single membrane-coated nanosuspen-
sions (DNS-C6m and DNS-DCm). In vitro BBB and BBTB 
models revealed that the BBB/BBTB crossing abilities of DNS-
[C6&DC]m were also markedly stronger than DNS-C6m and 
DNS-DCm. These results demonstrated that hybrid glioma and 
DC membrane could achieve triple-targeting efficacy to the 
BBB, BBTB, and glioma and therefore could further accumulate 
in glioma lesions and help nanodrug achieve combined che-
motherapy and immunotherapy.     

More Targeting Decoration, Better  
Targeting Efficiency?
   As reported in most articles, multi- or dual-targeted modified 
nanodrugs are usually superior to single-targeted ones. The 
current comparison methods for dual-targeted vs. single-
targeted modified nanomedicines can be mainly divided into 
2 forms (Fig. S5).  

Method 1: The cumulative effect of targeting  
group proportion
   Currently, most dual-targeted nanomedicines use a direct addi-
tive approach for the proportion of 2 targeting groups. For 
example, in the study reported in Ref. [ 108 ], when preparing 
the dual-targeted nanodrug Glu-Vc-Lip, the molar ratio of 

Fig. 4. (A) Schematic of preparation of glioma-associated stromal cell (GASC)–glioma cell fusion cell (SG cell) membrane camouflaged PLGA@TMZ nanoparticle (SGNP). 
(B) Schematic of the TME blood vessels created by the transwell co-culture system. (C) Immunofluorescence of CLDN5 and ZO-1 at the junctional regions of HUVEC monolayers. 
(D) The uptake difference of SGNPs by HT22, HMC3, and GL-261 cells. (E) Quantification and distribution of IR-780 encapsulated NPs in an orthotopic glioma model. (F) IVIS 
images of glioma change in the mouse brain under NP treatment. (G) Kaplan–Meier survival curves of mice receiving the different treatments. Reproduced from [117] with 
permission from the Elsevier, Copyright 2023.

https://doi.org/10.34133/bmr.0133


Liu et al. 2025 | https://doi.org/10.34133/bmr.0133 14

Fig. 5. (A) The process of dual NLCs achieving triple-targeting BBB, BBTB, and glioma. Transcytosis efficiency of various NPs loaded with Coumarin 6 in vitro BBB (B) and BBTB 
(C) models. (D) Whole-body fluorescence imaging of glioma-bearing mice after intravenous injection with Cy5-labeled NPs at 2, 4, and 24 h. (E) Ex vivo fluorescence imaging 
of glioma-bearing mice, and (F) average fluorescence intensity of the major organs. Reproduced from [53] with permission from Elsevier, Copyright 2022.

https://doi.org/10.34133/bmr.0133


Liu et al. 2025 | https://doi.org/10.34133/bmr.0133 15

SPC:cholesterol:Glu-Vc-Chol was 62:33:3. Similarly, when pre-
paring the single-targeted nanodrug Glu-Lip or Vc-Lip, the 
molar ratio of SPC:cholesterol:Glu-Chol or Vc-Chol was also 
62:33:3. This indicates that Glu-Vc-Lip contains one more tar-
geting group (Glu or Vc) compared to the single-targeted ver-
sions, thus providing more opportunities for interaction with 
transporters, resulting in higher uptake by cells that highly 
express GLUT1 (Glu transporter) and sodium-dependent vita-
min C transporter 2 (SVCT2, Vc transporter). Similarly, in Ref. 
[ 109 ], the preparation of the dual-targeted nanomedicine 
Bio2 + Glu3-Lip used a molar ratio of SPC:cholesterol:Glu3-
Chol:Bio2-Chol of 65:25:5:5, while the single-targeted 
nanomedicine Bio2-Lip or Glu3-Lip had molar ratios of 
SPC:cholesterol:Bio2-Chol or Glu3-Chol of 65:30:5. This shows 
that Bio2 + Glu3-Lip has twice the total amount of targeting 
groups compared to the single-targeted versions, thus enhanc-
ing its uptake by cells with high expression of SMVTs (Bio2 
transporter) and GLUT1 due to the increased proportion of 
targeting groups.

   However, there is a flaw in this comparison. When a single-
targeted approach is not saturated, increasing the dose of the 
targeting group may achieve similar or even better targeting 
effects than dual-targeted systems. Therefore, comparing nano-
medicines with equal total amounts of targeting groups is more 
meaningful. For example, the comparison should be made 
between Bio2 + Glu3-Lip (SPC:cholesterol:Glu3-Chol:Bio2-
Chol = 65:25:5:5) and Bio2-Lip (SPC:cholesterol:Bio2-Chol = 
65:25:10) or Glu3-Lip (SPC:cholesterol:Glu3-Chol = 65:25:10). 
In such cases, dual-targeted modification may not outperform 
single-targeted modification.   

Method 2: The advantage of targeting diversity
   In Ref. [ 120 ], dual-targeted modified nanodrug (GFP-D) was 
studied, where the proportions of 2 targeting groups (folate-
PEGGM-PDSGM and des-octanoyl ghrelin-PEGGM-PDSGM) 
were each half of the corresponding group in single-targeted 
nanodrugs (FP-D or GP-D). Despite the lower dose of every 
targeting group, GFP-D accumulated significantly more in 
brain tumor sites compared to FP-D and GP-D, suggesting that 
targeting diversity can effectively compensate for the limita-
tions of single-targeted modification. This demonstrates that 
the advantage of targeting diversity lies in the combination of 
multiple targeting groups, remarkably improving the targeting 
ability of nanomedicines and overcoming the limitations of 
single-targeted modification, such as target saturation and off-
target effects.

   In particular, when the increase in accumulation of dual-
targeted nanomedicines at the tumor site is similar between 2 
approaches compared to single-targeted nanomedicines, the 
second approach with dual targets is more advantageous and 
has higher application value. If, in the first approach, the accu-
mulation of dual-targeted nanomedicines at the tumor site is 
only twice that of the single-targeted version, this effect might 
result solely from the dose accumulation of targeting groups, 
meaning that dual-targeted modification does not offer a sig-
nificant advantage over single-targeted modification, and thus, 
its application value is limited. If a second approach employs 
triple or more targeting modifications, the diversity of targets 
can overcome saturation and off-target effects, further enhanc-
ing targeting accuracy and significantly increasing the accu-
mulation of nanomedicines in the tumor site, thereby improving 
therapeutic efficacy.

   In conclusion, whether more targeting decorated nanomedi-
cines are superior depends on the synergistic effects of cumula-
tive targeting group doses and targeting diversity. When the 
targeting group total doses are equal, the second approach’s 
advantage of targeting diversity becomes more evident, while 
the first approach’s effect is more reliant on the cumulative 
doses of targeting groups, although the idea of increasing the 
type or number of targeting modifications to enhance targeting 
efficacy remains viable. However, as the number of modifica-
tions increases, the preparation process becomes more com-
plicated, and the technical requirements may not be met. 
Additionally, an excessive number of external modifications 
may pose safety concerns for the organism.    

Conclusion and Future Perspectives
   In this review, we provide a detailed explanation of the com-
bined strategies for noninvasively overcoming the BBB and 
actively targeting glioma lesions using nanodrug delivery sys-
tems. Whether through a reversible temporary opening of the 
BBB or a nose-to-brain route that bypasses the BBB, once nano-
drugs enter the brain parenchyma, tumor-specific targeting 
modifications on their surface are required to ensure rapid and 
precise accumulation in glioma lesions. These modifications 
can consist of whole cells, ligands, or cell membrane fragments. 
If the strategy involves crossing endothelial cells to overcome 
the BBB, the surface of the nanodrugs must also carry targeting 
modifications specific to BBB endothelial cells, which can simi-
larly be whole cells, ligands, or cell membrane fragments. If a 
single surface modification can both facilitate nanodrug pas-
sage across BBB endothelial cells and recognize glioma lesions, 
this is referred to as a “single decoration-mediated dual-targeting 
system”. Conversely, if 2 different surface modifications are 
needed to achieve BBB penetration and glioma lesion recogni-
tion, this is called a “2 decoration-mediated dual-targeting sys-
tem”. Compared to the “2 decoration-mediated dual-targeting 
system”, the “single decoration-mediated dual-targeting system” 
can achieve dual objectives with simpler modifications. However, 
this does not necessarily guarantee optimal targeting perfor-
mance. Due to differences in receptor or transporter expression 
between endothelial cells and glioma cells [  133 ], a single target-
ing modification often struggles to achieve the best targeting 
effect at both sites. In contrast, dual-targeting modifications 
allow each modification to optimize targeting at its respective 
site. Although the preparation of this combined approach is 
slightly more complex, its targeting efficiency is relatively 
superior [ 115 ].

   In the “2 decorations simultaneously targeting both BBB 
and glioma lesions” system, each targeting modification can 
simultaneously target 2 sites, thus collectively mediating qua-
druple targeting. In contrast, in the “one decoration targeting 
the BBB and another decoration targeting glioma lesions” sys-
tem, each targeting modification can only target one site, result-
ing in dual targeting from the 2 modifications. Theoretically, 
this gives the former an advantage over the latter in the selec-
tion of nanodrugs for glioma treatment, as the increased target-
ing relationships can enhance the accumulation of nanodrugs 
in glioma lesions. However, there is currently a lack of direct 
studies comparing these 2 systems. Furthermore, compared 
to the “2 decoration-mediated dual-targeting system”, the 
“2 decoration-mediated triple-targeting system” can help nano-
drugs overcome more barriers, such as the BBTB, while also 
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potentially exhibiting dual or even triple targeting effects from 
each modification [ 130 ]. This leads to a complex multitargeting 
system that can further increase the probability of nanodrugs 
breaking through barriers to reach glioma lesions.

   Even though the combination of noninvasive BBB overcom-
ing and active glioma lesion targeting strategies has achieved 
good coordination and obtained excellent results in nanodrug-
mediated glioma treatment, there is still room for improve-
ment. The following aspects can be considered to improve 
nanodrug delivery systems, enhance safety, and drive clinical 
translation of nanodrug in glioma treatment: (a) Compared 
to passively passing BBB, nanodrug actively and selectively 
crossing the BBB using targeted decoration can further enhance 
accuracy and safety. However, because of various obstructions 
of nanodrug in blood circulation, there are higher require-
ments for the material of nanocarriers and specificity of target-
ing decoration groups in nanodrug delivery systems. For 
example, surface positively charged nanocarriers are easy to 
accumulate in the kidney to produce toxic side effects, while 
biologically derived nanocarriers have lower side effects [  134 ]. 
In addition to being highly expressed in glioma tissues and 
the BBB, some receptors or transporters also slightly over-
expressed in some organs or tissues to satisfy physiological 
needs, which hence declines the targeted specificity. Therefore, 
further understanding the distribution of targets in vivo and 
discovering new targets with high specificity are continuing 
challenges in the area of targeted drug delivery. (b) The BBTB 
plays a vital role in glioma development and is also a key chal-
lenge (barrier) that needs to be overcome using nanodrug owing 
to its difference from BBB and heterogeneous permeability to 
nanodrug [ 22 ,  135 ]. However, the BBTB is usually ignored in 
many studies. Importantly, new or key targeted sites on the 
BBTB need to be further explored so that there is more chance 
for nanodrug to effectively cross the BBTB. Furthermore, if 
the same target site on the BBB, BBTB, and glioma lesions can 
be applied for a single decorated nanodrug to achieve “one 
decoration-mediated triple targeting”, not only the targeted 
decoration of nanodrug can be simplified, but also the targeted 
efficacy of nanodrug may also be improved, contributing to 
focused targeting of the “3 birds, 1 stone” strategy. (c) The com-
bination of immunotherapy with nanodrug is a promising strat-
egy in glioma therapy because of the activation of immune cells 
and their inherent ability to attack glioma cells [  136 ]. Whether 
using activated immune cells to deliver nanodrugs or using 
ICMs to camouflage nanodrugs, cooperating drug and immune 
therapy can exert synergistic effects to further enhance the 
glioma-killing effect. In the future, new and more effective com-
binations of immunotherapy and drugs are worth exploring.

   Although nanodrugs have undergone several decades of 
preclinical research for the treatment of gliomas, mainly lipid-
based nanodrugs have currently entered clinical trials. Clinical 
studies show that while some lipid nanodrugs, particularly 
PEGylated ones, can prolong progression-free intervals of 
glioma, they cannot extend the survival of glioma patients 
and do not provide a curative effect [  137 ]. In 2014, the clinical 
Phase I/II trials were completed using glutathione-decorated 
PEGylated liposomal Dox, named 2B3-101 [  138 ]. Previous 
studies have shown that glutathione can help nanodrugs cross 
the BBB by targeting the glutathione transporter [  139 ]. The 
clinical result exhibited that compared to PEGylated liposomal 
Dox without glutathione decoration, 2B3-101 significantly 
enhanced the accumulation of Dox in recurrent malignant 

gliomas. However, targeting modified nanodrugs for active 
targeting of the BBB and glioma for glioma treatment are still 
rare in preclinical research. The slow progress of nanodrugs in 
clinical therapy for gliomas can be attributed to several main 
reasons: (a) In preclinical studies, the research on the side effects 
of nanomaterials is insufficient, often relying solely on simple 
characterization to infer their biocompatibility. Nanotoxicology 
is an area that requires deeper exploration, and researchers 
should focus more on the biocompatibility of nanodrugs rather 
than merely pursuing scientific innovation. (b) The target speci-
ficity of active targeting is insufficient, which may lead to off-
target effects, and the associated side effects are still unclear. 
(c) Despite various targeted modifications, the percentage of 
nanodrugs that can effectively reach glioma lesions is quite low. 
(d) Many nanodrugs lack mature large-scale production tech-
nologies, resulting in higher costs.

   In summary, the clinical translation of nanodrugs in the 
treatment of solid gliomas in situ still has a long way to go, but 
continuous optimization and improvement from nanocarriers, 
targeted modifications, and treatment modalities give the field 
constant hope.   
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