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As the most common primary intracranial brain tumor, glioma is confronted with critical therapeutic
dilemmas characterized by dismal prognosis and restricted treatment modalities. The current standard
treatment for glioma includes maximally safe resection combined with radiotherapy and temozolomide
(TMZ) chemotherapy. However, the presence of the blood-brain barrier (BBB) significantly impedes drug
penetration into the brain, further exacerbating the therapeutic challenges in glioma treatment. Conse-
quently, developing effective strategies to deliver drugs across the BBB remains pivotal for glioma therapy.
Hence, this comprehensive review examines innovative drug delivery strategies designed to overcome
BBB through two principal approaches: in-situ drug depots and advanced systemic delivery systems. The
first section analyzes the fundamental biological and anatomical barriers impeding effective glioma man-
agement. Then, we critically evaluate emerging in-situ delivery modalities, including biodegradable wafer
implants, intratumoral injectable depots, and convection-enhanced delivery (CED) systems. The last sec-
tion explores advanced systemic drug delivery systems (DDS) and summarizes cutting-edge strategies
using functionalized nanoparticles (NPs), biomimetic delivery vectors, and stimulus-responsive DDS for
efficient and safe systemic drug delivery. Challenges and future developments related to the application
of drug-delivery strategies for glioma treatment are also discussed. In summary, this review not only
maps the current landscape of drug delivery strategies but also illuminates transformative research tra-

jectories that can pave the way for precision medicine in glioma treatment.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

[6,7]. Worse still, TMZ can only achieve subtherapeutic brain con-
centrations (<20% plasma levels) owing to ATP-binding cassette

Among various tumors, glioma is the most common and fa-
tal primary tumor in the central nervous system and one of the
most aggressive tumors [1,2]. Standard glioma management in-
volves maximal safe resection followed by radiotherapy and temo-
zolomide (TMZ) chemotherapy [3]. Due to the high heterogene-
ity and invasiveness of glioma, it shows the proliferation of en-
dothelial cells and angiogenesis around the tumor, and the bound-
ary between the tumor and healthy brain tissue is not clear, sur-
rounded by peritumoral edema and inflammatory cells [4,5]. While
this multimodal approach extends survival to a certain extent,
its efficacy remains severely confined: over 90% of gliomas recur
within 2 years postresection due to infiltrative residual tumor cells
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(ABC) transporter-mediated efflux at the blood-brain barrier (BBB).
Moreover, most tumor cells exhibit intrinsic TMZ resistance via
0%-methylguanine-DNA methyltransferase (MGMT) overexpression
[8,9]. For radiotherapy, radiation efficacy is further limited by ra-
dioresistant hypoxic niches and dose-limiting neurotoxicity, which
might be ascribed to the complex tumor microenvironment (TME)
and BBB [10,11]. These anatomical and molecular constraints col-
lectively sustain a median survival of merely 14-16 months for
glioma patients, thereby underscoring the urgency for advanced
drug delivery solutions that can overcome the limitation of BBB
and the TME [12].

Beyond these clinical constraints, intrinsic biological barriers
critically undermine drug delivery efficacy [13]. The BBB and
blood-brain tumor barrier (BBTB) constitute dual gatekeepers that
systematically exclude therapeutics [14,15]. The BBB is composed
of tightly joined endothelial cells (sealing 99 % of paracellular path-
ways), astrocytic end feet, and efflux transporters [16,17]. Hence,
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>98% of small-molecule drugs and virtually all macromolecular
therapeutics are excluded by BBB [18,19]. More critically, in glioma,
the BBTB exhibits pathophysiological duality [20]. More specifi-
cally, the focal hyperpermeability of BBTB in necrotic cores allows
partial drug entry via enhanced permeation and retention effect
(EPR) [21,22]. While aberrant functionality persists with upregu-
lated ABC transporters and heterogeneous pore sizes [23]. And, in-
terstitial fluid pressure surges to 40-60 mmHg, which is >4-fold
higher than the normal brain, creating convective counterflows
that expel 92 % of drugs [24,25]. Furthermore, efflux pumps highly
expressed on various cell membranes, such as P-glycoprotein (P-
gp), actively pump hydrophobic drugs (e.g., paclitaxel (PTX)) back
into the bloodstream using energy-dependent transport mecha-
nisms, drastically reducing drug concentrations in the brain [26].
Additionally, the high expression of cytochrome P450 in endothe-
lial cells leads to the decomposition and inactivation of drugs be-
fore they can enter the brain tissue [27].

Moreover, glioma progression orchestrates a pathologically
evolved microenvironment that actively subverts therapeutic effi-
cacy through multifaceted mechanisms [28]. The immunosuppres-
sive landscape that is dominated by tumor-associated macrophages
(TAMs), constituting 30%-50% of the cellular mass and myeloid-
derived suppressor cells (MDSCs), secretes interleukin (IL)-10
and transforming growth factor-beta (TGF-B) to establish an
immunologically “cold” microenvironment [29-31]. In this im-
munosuppressive microenvironment, cytotoxic T-cell infiltration
is reduced to <5% of the tumor volume while checkpoint lig-
ands are elevated. Concurrently, profound hypoxia upregulates
hypoxia-inducible factor-1ar (HIF-1e), inducing vascular endothe-
lial growth factor (VEGF)-mediated aberrant angiogenesis and en-
hancing MGMT-driven chemoresistance [32,33]. This oxygen depri-
vation synergizes with lactate accumulation to trigger “ion trap-
ping” of weak-base chemotherapeutics [34]. Critically, perivascu-
lar niches enriched with fibronectin and laminin shield therapy-
resistant glioma stem cells (GSCs), exhibit 30-fold higher drug
efflux capacity via ATP-binding cassette subfamily G member 2
(ABCG2) overexpression. This dynamically hostile microenviron-
ment not only compromises conventional chemo-radiotherapy but
also imposes barriers to drug delivery. Moreover, the glioma TME
presents additional obstacles, including severe hypoxia, acidic pH,
and a dense extracellular matrix (ECM), which further diminishes
drug efficacy and limits penetration into the tumor core [35].

For overcoming physiological and pathological barriers, exist-
ing studies have proposed strategies to enhance drug delivery to
brain tumor cells without relying on the circulatory system, com-
pletely bypassing the BBB to improve drug delivery to the brain tu-
mor site [36,37]. These delivery techniques can provide a treatment
plan with high in-situ drug activity concentration and low systemic
concentration, thereby eliminating the limitations imposed by sys-
temic toxicity and providing new tumor-selective large-molecule
delivery strategies. In contrast, systemic delivery of drugs to the
targeted site of glioma is highly challenging. Despite this, systemic
delivery is an optimal approach for patients with tumors that can-
not be surgically removed and can be repeated with more conve-
nient dosing regimens [38,39]. Compared to invasive in-situ deliv-
ery, systemic delivery is easier to use. However, due to its physical
and chemical properties and the heterogeneity of BBB and BBTB,
few drugs can reach the glioma tumor site. These drugs alone are
not sufficient to treat malignant glioma and require concurrent ra-
diotherapy for combined treatment. Overall, existing drug delivery
methods and postoperative rehabilitation treatment strategies for
glioma present significant challenges. Glioma drug delivery therapy
urgently requires more precise and effective approaches.

To overcome the multiple barriers hindering drug penetration
across the BBB, recent research has focused on developing various
novel systemic drug delivery systems (DDS) or local in-situ deliv-
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ery approaches. Among these, local therapies bypass the BBB en-
tirely by delivering drugs directly into the tumor cavity. Systemic
delivery strategies involve loading glioma therapeutics onto carri-
ers that employ “biomimetic” tactics to engage the BBB’s physi-
ological transport pathways and precisely circumvent its defense
systems [40]. Nanoparticle (NP)-based DDS, for instance, leverage
the enhanced permeability and retention (EPR) effect to increase
drug accumulation at the brain tumor site. Furthermore, utilizing
receptor-mediated transcytosis and active brain-targeting drug de-
livery strategies aims to enhance drug penetration across the BBB
and achieve precise localization within the tumor. In summary, the
core mechanisms by which nanocarriers breach the BBB include:
designing carriers with an appropriate size to activate receptor-
mediated transport or mimic the size of natural ligands; modifying
the carrier surface charge to open tight junctions via adsorptive-
mediated transcytosis; and inhibiting drug efflux pumps and pro-
tecting drugs from degradation. Additionally, numerous studies
employ various surface modifications to enhance the drug's abil-
ity to cross the BBB and target tumor tissue, effectively delivering
therapeutics to the diseased site while reducing systemic toxicity.
Surface modification of carriers (e.g., ligand targeting, charge mod-
ulation) is a key strategy for regulating their interaction with the
BBB and exploiting physiological pathways. Moreover, the size of
the carrier is crucial for blood circulation and passive diffusion.

As the most prevalent and lethal primary intracranial malignan-
cies, gliomas persistently defy conventional therapeutic paradigms
of maximal resection, radiotherapy, and TMZ chemotherapy. And,
these approaches are all critically compromised by the BBB and
BBTB. To dismantle these pharmacological fortresses, this review
critically deciphers next-generation delivery strategies through
dual vectors: In-situ delivery modalities and advanced systemic de-
livery systems. By synthesizing advances across biodegradable im-
plants, convection-enhanced delivery (CED), biomimetic NPs, and
stimuli-responsive platforms, we establish a multiscale delivery
framework addressing spatial challenges from macroscopic tumors
to disseminated infiltrates. Furthermore, we delineate underdevel-
oped frontiers for clinical translation, this work ultimately provides
a roadmap for engineered delivery solutions to breach the neuro-
oncological survival plateau.

2. In-situ delivery modalities
2.1. Overview of in-situ delivery modalities

Direct in-situ drug delivery to the brain is a strategy to by-
pass the blood-brain barrier, which can increase the in-situ drug
concentration in the tumor site and reduce or avoid systemic
side effects, opening up new avenues for the precise delivery of
more drug molecules [41]. In-situ delivery strategies include in-
tracavitary implantation of various types of stents after tumor
resection, direct intratumoral injection of active drugs, and in-
situ convection-enhanced drug delivery therapy [42-44]. In recent
years, researchers have drawn lessons from clinical trials and de-
veloped appropriate materials for drug delivery, focusing on the
main factors contributing to tumor recurrence [45,46]. Given that
up to 95% of glioma tumors rapidly recur within 2 cm around the
resection cavity [47], in-situ drug delivery within the resection cav-
ity has become one of the effective treatment options for glioma
after surgery.

Various treatment methods have been developed, such as im-
planting drug-loaded hydrogels, nanofibers, or wafers in the tumor
resection cavity. These DDS should possess features such as facili-
tating clinical translation, being easy to operate in clinical settings,
being suitable for filling the brain microenvironment, having good
biocompatibility, and reasonable dosing. Theoretically, bypassing
BBB for in-situ drug delivery should act on all tumor cells, most
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in-situ delivery systems rely on the diffusion pathways of drugs to
achieve effective drug concentration in the brain parenchyma, and
the diffusion mode only covers a few millimeters around the deliv-
ery site [48]. Moreover, the lower drug diffusion rate may lead to
higher local toxicity at the in-situ administration site [49]. There-
fore, in addition to being able to cross BBB/BBTB, new delivery
strategies should be able to enable drug diffusion in the brain tis-
sue for effective treatment.

Despite its advantages, in-situ delivery modalities pose signif-
icant risks. Considering the metabolism of tumor cells and the
clearance effect of chemotherapy drugs by brain tissue, in-situ
administration requires a higher drug concentration, which may
cause normal cells to be in a high-toxicity environment. This
chapter will introduce the existing in-situ delivery modalities for
glioma, and briefly describe their research status, advantages and
disadvantages, and clinical translation applications from the struc-
tural and functional perspectives.

2.2. In-situ delivery modalities with direct drug injection

In-situ drug injection allows drugs to bypass the BBB and re-
duce systemic side effects. However, to date, most strategies for
direct in-situ injection of drugs are still in clinical trials, primarily
due to the brain’s unique structural constraints and clinical imple-
mentation challenges [50,51]. The viscoelastic parenchyma gener-
ates backflow pressures during infusion, forcing >40% of therapeu-
tics to reflux along the catheter tract, while intraoperative brain
shift exceeds the submillimeter precision required for safe drug
distribution. Clinically, only 15%-20% of gliomas occupy anatom-
ically accessible locations, and heterogeneous drug dispersion (co-
efficient of variation >60%) prevents standardized therapeutic pro-
tocols.

Direct injection into the in-situ tumor cavity requires strict con-
trol of drug release. The special and complex brain structure and
environment greatly affect the efficacy and safety of direct in-situ
injection [52,53]. The glioma tissue area is complex, and drugs
cannot evenly diffuse throughout the entire tumor area, especially
the infiltrative growth edge area [54]. Hence, carriers need to be
developed to enhance the penetration and sustained-release abil-
ity of drugs, or combined with tumor treatment fields to promote
drug diffusion to the tumor edge [55]. Through the design of long-
acting sustained-release preparations and responsive drug-release
systems, drugs are prevented from being rapidly metabolized and
cleared. In conclusion, direct in-situ injection treatment of drugs
requires collaborative innovation through strategies such as opti-
mizing delivery systems and upgrading precise drug delivery tech-
nology to break through the bottleneck of in-situ delivery modal-
ities and ultimately achieve a more efficient and less toxic treat-
ment mode.

2.3. In-situ delivery modalities with implants

Due to the limitations of systemic drugs and the technological
progress in materials science, the research on in-situ drug deliv-
ery to the brain has become one of the promising strategies for
treating glioma. As is well known, glioma cells have high invasive-
ness and infiltration ability and can penetrate brain tissues sev-
eral centimeters away from the tumor tissue. Surgical resection
cannot completely eliminate tumor cells [56]. The recurrence of
glioma occurs at the tumor resection site after surgery, so in-situ
drug delivery in the tumor resection cavity is of vital importance
[57]. Moreover, the main components in the postoperative cavity
are GSCs, reactive astrocytes, tumor-associated macrophages, mi-
croglia, and glioma-associated stromal cells. These different cells
can interact with each other and drive the proliferation and migra-
tion of glioma cells [58].
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High molecular weight biodegradable materials have good bio-
compatibility and can be degraded after implantation in the body
and excreted through normal metabolic pathways, avoiding the
risk of reoperation to remove the implanted materials [59]. And,
high molecular weight biodegradable materials can be modified
to change their surface properties or introduce bioactive sub-
stances to enable them to have specific biological functions [60]. As
drug carriers, high molecular weight biodegradable materials can
achieve controlled and targeted drug delivery, achieving the pur-
pose of efficient and low-toxic drug delivery [61]. Hence, polymer-
based biodegradable materials have been used to deliver drugs to
the tumor resection cavity of glioma surgery to kill tumor cells, ef-
fectively prolonging the effect and duration of action of the drug
at the target site and improving the therapeutic effect.

2.3.1. Wafer implants as localized drug reservoirs

Implantable wafer represents an advanced class of pro-
grammable, long-acting platforms designed for sustained and lo-
calized drug delivery and release [62]. The implantable wafer is a
biodegradable sheet that is surgically implanted into the tumor re-
section cavity. Usually, the polymer is used as the carrier, and the
active drug is evenly dispersed in the polymer matrix to achieve
local sustained release of chemotherapy drugs.

Direct delivery of chemotherapeutic agents into the surgical re-
section cavity of the tumor to achieve high in-situ activity and low
systemic toxicity has become an important method for the treat-
ment of glioma. Carmustine (BCNU) can be used in patients with
newly diagnosed glioma and has been identified as the best candi-
date for local chemotherapy in recurrent glioma. BCNU wafers are
polycarboxyphenoxy propane/sebacic anhydrides (PCPP:SA) wafers
containing 3.85% BCNU that are placed on the surface of the tu-
mor resection cavity to slowly release BCNU [63]. The wafer ar-
chitecture protects carmustine from degradation and controls drug
release, with slow release into the tumor cavity over 3 weeks [64].
Carmustine sheet (Gliadel®), which is implanted into the tumor
cavity after surgery to remove the glioma tissue. Clinical data have
shown that Gliadel® wafers are effective in prolonging the median
survival of patients with glioma compared with placebo and are
well tolerated without serious adverse effects [65,66]. Brem et al.
found that topical delivery of TMZ via PCPP:SA sheets was superior
to oral TMZ in a rodent glioma model, with an improved median
survival [67]. This proves that the chip can provide local sustained
drug delivery that needs further clinical exploration.

As a classic technique for in-situ drug delivery in glioma treat-
ment, wafer implants have seen Gliadel® carmustine slow-release
wafers used clinically for nearly 30 years. However, future clinical
application still faces challenges and opportunities for evolution.
Current therapeutic limitations include the restricted drug diffu-
sion range, reaching only 3-5mm around the implant, and the sig-
nificant rigidity of the wafers, potentially contributing to postop-
erative complication risks. The future clinical application urgently
needs to solve its rigidity problem, which may focus on multi-drug
loaded wafers, stimuli-responsive smart wafers, and customized
implantation using three-dimensional (3D) printing technology for
long-acting drugs [68].

2.3.2. Nanofibers as localized drug reservoirs

Nanofibers are microfibrous materials with a diameter of the
nanometer scale (usually 1-1000nm). They can form thin films
or 3D scaffolds with extremely high specific surface area, control-
lable porosity, and good biomimetic ECM structure. Typically fab-
ricated via electrospinning of biocompatible polymers, nanofiber-
based implantable systems offer a versatile platform for localized
and sustained drug delivery.

The commonly used methods for preparing nanofibers include
the template method, tensile method, direct deposition method,
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and electrospinning [69-71]. Among them, the commonly used
electrospinning technology can be used to produce polymers into
ultrafine fibers with a diameter of nanometers to micrometers,
which has a wide range of applications in biomedicine and drug
delivery [72-74]. Therapeutic agents can be incorporated into elec-
trospun nanofibers by blending, coaxial, and emulsion electrospin-
ning. Studies over the years have shown that nanofiber-based de-
livery of drugs such as TMZ, carmustine, doxorubicin, and PTX can
significantly reduce systemic side effects while delivering sufficient
drug doses to precise tumor sites [75]. Furthermore, the engineer-
ing of nanofibers could allow the co-delivery of multiple therapeu-
tic agents to meet the clinical needs of treating malignant glioma.

Composite nanofiber mesh can achieve safe and sustained
drug release in the in-situ tumor tissue, can efficiently en-
capsulate chemotherapy drugs or active drugs, and simulta-
neously realize chemotherapy, radiotherapy, and molecular tar-
geted therapy [76,77]. Li et al. proposed a biodegradable com-
posite nanofiber (NFM) loaded with TMZ and 17-allylamino-17-
demethoxygeldanamycin (17 AAG) simultaneously for chemother-
apy and radiotherapy sensitization, which showed synergistic cyto-
toxic effects [78]. In addition, in-situ application of NFM could de-
liver drugs to the tumor site multiple times, resulting in long-term
sustained drug release, which was expected to solve the problem
of rapid postoperative recurrence of glioma.

Nanofibers in glioma treatment hold clinical promise due to
their unique biomimetic 3D structure and precise drug release
control, potentially overcoming the diffusion limitations of tradi-
tional implants. Constructed via techniques like electrospinning,
nanofiber scaffolds can mimic the brain’s ECM. Their drug load-
ing capacity is significantly higher than wafers, enabling co-loading
of multiple drugs for synergistic effects or cytokines to remodel
the immune microenvironment, converting “cold tumors” into “hot
tumors”. Future clinical application requires improved operability
during implantation and surface modification to address long-term
inflammatory responses, positioning them as a promising next-
generation local implant delivery technology.

2.3.3. Hydrogel as localized drug reservoirs

Hydrogel implants exploit their tunability and biocompatibil-
ity as versatile drug depots for glioma therapy. The materials for
synthesizing hydrogels mainly include natural materials such as
gelatin, hyaluronic acid (HA), alginate, and dextran, as well as syn-
thetic hydrophilic polymer materials such as polyethylene glycol
(PEG), poloxamers, etc., and polyacrylamide (PAM) [79,80]. Hydro-
gels have pore structures and microchannel structures, enabling
them to transport drugs or deliver cells [81,82]. Hydrogels form
stable networks via chemical cross-linking (covalent bonds) or
non-covalent interactions (e.g., ionic, hydrophobic, hydrogen bond-
ing) [83-85]. Their high-water content mimics brain tissue elastic-
ity, enhancing interfacial integration while enabling sustained re-
lease of chemotherapeutics) and biologics directly to residual tu-
mor beds post-resection [86,87].

Hydrogel grids can be decomposed in response to external
stimuli, as well as internal physiological factors such as glucose, pH
value, enzyme activity, temperature, and redox potential to release
drugs controllably [88-90]. Furthermore, hydrogels offer minimally
invasive injection conforming to irregular margins, TME-triggered
responsive release, and synergistic co-delivery to overcome treat-
ment resistance [91-93].

After the surgery of primary glioma, a hydrogel implant can
be placed in the surgical cavity to inhibit the recurrence of
glioma. Dong et al. developed a hydrogel drug delivery system
encapsulated with intracavitary sprayable nano-regulators (NRs)
for regulating the cholesterol metabolism of glioma-supporting
macrophages (GSMs) [94]. The sprayable hydrogel provided great
application advantages in the postoperative tumor cavity, enabling
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the direct and high-throughput administration of drugs to the un-
even surfaces of the entire target site. This research on the treat-
ment in both in-situ glioma models and post-recurrence models
showed good anti-tumor effects, proposed a novel drug delivery
strategy, and is worthy of further clinical trials. Detailed introduc-
tion and illustrations refer to Section 2.3.3 and Fig. S1 (Supporting
information).

Hydrogels in glioma treatment offer significant clinical poten-
tial primarily because of their “injectable, smart, sustained-release”
properties. Their ability to gel in-situ after injection enables pre-
cise spatiotemporal drug control, potentially solving the diffusion
and rigid-trauma issues of traditional implants. The injectable liq-
uid precursors allow hydrogels to perfectly conform to irregular tu-
mor cavities, greatly improving drug coverage. Hydrogel networks
can also diffuse up to 1cm into the peritumoral area. Key advan-
tages include the design of smart stimuli-responsive release sys-
tems and the capacity for chemo-immunotherapy synergy, signifi-
cantly extending patient survival. Hydrogels already in clinical tri-
als for postoperative cavities suggest utility in treating recurrent
glioma, potentially replacing repeat craniotomies. Hydrogels are
poised to become a highly promising first-choice local therapeutic
strategy for glioma [95].

2.34. Implantable microneedles (MNs) as localized drug reservoirs

MNs are miniaturized biocompatible devices (50-1000pum
length) that enable precise glioma therapy post-resection [96,97].
In recent years, they have received widespread attention in the ap-
plication of in-situ delivery modalities for glioma. By loading drugs
onto biodegradable materials, MNs are implanted into the brain
cavity after tumor resection [98]. Using biodegradable materials
(such as HA, and gelatin methacryloyl hydrogel) can avoid the need
for a second surgery to remove them and reduce the risk of infec-
tion [99,100]. Glioma is a malignant tumor, and a combined treat-
ment strategy can effectively improve the median survival time of
patients.

MNs can serve as multifunctional carriers, simultaneously load-
ing chemotherapy drugs, immune checkpoint inhibitors (such as
anti-programmed cell death 1 antibodies (aPD-1)), and photother-
mal conversion agents (such as gold nanorods), achieving a syner-
gistic effect of chemotherapy-immunotherapy-photothermal ther-
apy [101,102]. Experimental studies have shown that near-infrared
light-activated photothermal MNs can induce in-situ hyperther-
mia ablation of tumors and release immunoadjuvants, activating
tumor-specific T-cell responses.

Wang et al. developed a heterogeneous, heterogeneous, and
biodegradable microneedle patch (SMN) based on silk protein for
the treatment of glioma. This patch could simultaneously carry
three drugs, loading two clinically relevant chemotherapy drugs
(thrombin and TMZ) and a targeted drug (bevacizumab) into the
SMN patch, releasing them directly to the tumor site by bypass-
ing the BBB [96]. The SMN patch has the function of on-demand
multi-drug delivery and has the potential for combined treat-
ment of glioma. Detailed introduction and illustrations refer to
Section 2.3.4 and Fig. S2 (Supporting information).

The MN technology provides new ideas for the treatment of
glioma by offering precise in-situ drug delivery and minimally in-
vasive operation. However, there are still some limitations, such as
the relatively short length of MNs, which makes it difficult to pen-
etrate the blood-brain barrier or reach deeper tumor-infiltrated ar-
eas. There are also hardware technical limitations for treating tu-
mor cavities after surgery, and MNs are difficult to cover all tu-
mor cells, resulting in more tumor cells remaining and leading to
the recurrence of glioma. Although currently mainly laboratory re-
search, its potential in improving efficacy and reducing toxicity has
been preliminarily verified. Future research needs to further opti-
mize its penetration depth and drug loading efficiency and verify
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its long-term safety through clinical translation, potentially becom-
ing an important tool in neuro-oncology.

Implantable MNs for glioma treatment offer minimally inva-
sive barrier penetration and multi-dimensional control capabili-
ties. By penetrating the blood-brain barrier to target deep infiltra-
tive lesions, they achieve precise delivery and real-time monitoring
unattainable with traditional implants. They directly penetrate per-
itumoral tissue to treat deep-seated lesions, and their biodegrad-
able nature avoids the need for secondary removal surgery, offer-
ing distinct advantages for deep and recurrent gliomas [103].

2.3.5. Metal-organic framework (MOF) as localized drug reservoirs

MOF is an extended porous network material composed of
metal nodes (metal ions or metal clusters) and an organic skeleton
from the bottom up [104]. MOF can encapsulate cargo and protect
cargo in the self-assembly process. Or by mesoporous permeation,
covalent or noncovalent processes in mesoporous MOF structures
that bind the cargos to the surface, allowing the cargos to remain
active under denaturant, high temperature, unnatural pH, and or-
ganic solvent conditions [105].

In addition, other materials can be introduced into the cargos-
MOF composite to form a multicomponent composite. Yalaman-
dala et al. investigated and developed an implantable self-cascade
catalytic antigen-capture scaffold (CAS) that combines the catalytic
activity of MOFs with the antigen-capture ability of polyurethane-
polyethylene glycol-polypropylene glycol (PU-EO-PO) [106]. This
implantable self-cascade catalytic antigen capture scaffold was
equivalent to an in-situ-formed personalized vaccine that stimu-
lates the body’s immune response for long-term antigen release
and sustained immune enhancement with excellent therapeutic
potential. Detailed introduction and illustrations refer to Section
2.3.5 and Fig. S3 (Supporting information).

MOFs face rigidity-related technical challenges in glioma treat-
ment, requiring breakthroughs via material design and engineer-
ing strategies. The mismatch between the crystalline brittleness of
MOFs and the extreme softness of brain tissue can cause lattice
fracture during injection, leading to premature drug leakage. Their
rigidity also risks compressing brain tissue and triggering inflam-
mation. Current research focuses on flexibility modification and us-
ing composite materials to improve rigidity, gradually progressing
from the laboratory towards the clinic [107].

24. CED

Based on the aforementioned delivery issues faced by glioma
treatment, various schemes have been proposed to deliver drugs to
brain tissue and tumor sites. Among them, CED is an in-situ drug
delivery technology that directly delivers drugs to the target tissues
[108,109]. CED technology was first proposed by Bobo et al. in 1994
[110]. It bypassed the BBB by inserting a catheter and delivering
drugs directly to the target area without relying on the circulatory
system. It accurately delivered drugs to the target area and used a
hydraulic device for continuous drug delivery. Under the combined
drive of pressure gradient and concentration gradient, the drug dis-
tribution in brain tissue was enhanced [111]. In recent years, stud-
ies have shown that compared with systemic treatment, local CED
significantly enhances the efficacy of drugs, macromolecules, and
nanocarriers delivered to the brain.

In recent years, enhanced perfusion delivery has been applied
in the treatment of glioma with clinical practice protocols. An-
nick et al. evaluated a phase I clinical trial using CED for intra-
tumoral delivery of recombinant immunotoxin D2 C7-IT, and the
results indicated that CED delivery might become a treatment op-
tion that could effectively prolong patients’ survival [112]. In addi-
tion, Sandeep et al. evaluated a CED-based delivery of recombinant
protein cintredekin besudotox (CB) composed of truncated forms
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of IL-13 and Pseudomonas exotoxin (PE 38 QQR) in patients with
recurrent glioma [113]. At the maximum tolerated concentration,
tumor necrosis was observed, and the infusion for up to six days
was well tolerated.

However, there are still obvious side effects in clinical use, such
as headache, brain edema, fever, cerebral hemorrhage, and epilep-
tic seizures [114]. Limitations in catheter design and placement,
real-time delivery imaging, and computational modeling hinder
the clinical research of CED delivery technology for glioma. New
CED technologies need to be developed, catheter designs updated,
reflux obstacles overcome, and adverse reactions from invasive
surgery minimized. More precise imaging methods should be used
to detect the drug delivery process, making CED a potentially ef-
fective delivery technology.

CED holds clinical promise for glioma treatment due to its
ability to achieve broad coverage and infiltrative targeting [115].
By overcoming the physical limitations of passive drug diffusion
through continuous positive-pressure infusion, it directly addresses
the fundamental challenge of gliomas’ infiltrative growth. Using
microcatheters for continuous perfusion, CED delivers drugs to re-
gions larger than 5 cm3. It enables broader, more precise, and con-
trollable delivery of diverse drugs and has the potential to evolve
from a perfusion tool into an advanced platform for infiltrative,
precision drug delivery [116].

The in-situ drug delivery system for the treatment of glioma is
shown in Table S1 (Supporting information).

3. Advanced systemic drug delivery

Systemic drug delivery is a means of drug delivery to the brain
and tumor site through blood circulation [117]. However, the BBB
can protect the brain from foreign substances and maintain the
stability of the intracerebral environment, and most drugs cannot
penetrate the BBB to reach the glioma site to exert good therapeu-
tic effects, which is a major challenge for systemic drug delivery
in glioma. In recent decades, nanotechnology has rapidly devel-
oped and made remarkable progress in site-specific delivery, in-
cluding brain delivery, and a variety of NPs have become carri-
ers for tumor diagnosis and therapy, providing a potential solu-
tion for glioma treatment [118]. Nanocarriers deliver substances,
including small molecules, peptides, proteins, nucleic acids, or mix-
tures of the above. Studies have shown that nanocarriers can pene-
trate the brain through EPR effects and overcome the limitations of
the delivered substances to increase the drug concentration at the
site of glioma and provide a favorable therapeutic effect [119,120].
As shown in Table S2 (Supporting information), we compared the
advantages and disadvantages of non-targeted DDS to facilitate a
more in-depth study of the delivery advantages and limitations of
different nanocarriers. Some of the nano delivery systems for the
diagnosis and treatment of glioma will be highlighted below.

3.1. Polymer nanoparticles (PNPs) for glioma targeting

PNPs are designed from biocompatible and biodegradable nat-
ural or synthetic polymers with diameters ranging from 1nm to
1000 nm. Compared to other nano delivery routes, PNPs have vari-
ous advantages. For example, PNPs share merits in size customiza-
tion and consistency that can be tailored to a precise size range
(1-1000nm) and maintain a very high degree of dimensional con-
sistency, which is critical for the precise regulation of DDS [121].
Then, PNPs possess structural design diversity that can be designed
into a variety of unique structures, including rods and disks, and
such structural innovations can significantly enhance the effective-
ness of drug delivery [122]. PNPs can be designed with stimulus-
responsive to specific endogenous stimuli (e.g., pH, redox state,
enzyme environments, and temperature) to achieve drug release
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at the target site, thereby optimizing therapeutic effects [123].
PNPs can be further functionalized to introduce various sizes of
bioadducts, such as targeting ligands and receptors, to enhance
their targeting ability by using the body’s natural mechanisms to
improve the efficiency of drug delivery. Moreover, PNPs are not
only capable of delivering a variety of different substances but also
have a high drug loading capacity, which makes them more effec-
tive and practical in drug delivery applications [124].

In addition to loading TMZ, the researchers have combined gene
drugs with PNPs for the treatment of gliomas, utilizing the efficient
drug delivery capabilities of PNPs with the specific mechanism of
action of gene drugs to enhance therapeutic effects. This innovative
research idea breaks through the limitations of traditional single-
target therapy and significantly improves the therapeutic effect of
glioma by simultaneously regulating multiple key signaling path-
ways.

Taken together, these studies demonstrate the potential of PNPs
in the treatment of gliomas and the possibility of personalized
therapy through different modifications and loads. Through these
studies, we can see that the use of PNPs in the treatment of
gliomas is moving towards greater precision and efficacy, offering
new therapeutic hope for patients.

3.2. Polymer micelles for glioma targeting

In nanoscale DDS, polymeric micelles, which are one of the
hot topics of discussion due to their good stability and encap-
sulation efficiency, consist of diblock (hydrophilic-hydrophobic) or
triblock (hydrophilic-hydrophobic-hydrophilic) polymers that form
amphiphilic polymers [125]. Polymeric micelles are commonly
used to deliver hydrophobic drugs, the hydrophilic shell in the
structure can prevent the aggregation and precipitation of micelles
and protect the core drug from being recognized and cleared by
the reticuloendothelial system (RES), while the hydrophobic core
can effectively encapsulate water-insoluble drugs in the core of
polymeric micelles, which is a special amphiphilic structure that
can greatly improve the bioavailability of drugs [126-128]. In addi-
tion, the size of polymeric micelles ranges from 10 nm to 100 nm,
which makes them less likely to accumulate in organs [129], and
the small size of polymeric micelles can passively target solid tu-
mors for more effective cellular internalization [130,131]. There-
fore, polymeric micelles can be used as a good delivery vehicle for
drug delivery in biological systems.

In the treatment of gliomas, polymeric micelles are not only
a powerful tool for improving the stability and targeting of
chemotherapeutic agents but also play a key role in the delivery
of proteins or oligonucleotide-based therapeutics such as plasmid
DNA, siRNA, and mRNA. These nucleic acid-based therapeutics are
susceptible to nuclease degradation in vivo and therefore require
an effective delivery system to protect them, maintain their struc-
tural integrity, and ensure that they can safely reach their target
sites.

The cation-free siRNA micelles developed by Jiang et al. not only
prolonged the blood circulation time of siRNAs but also improved
cellular uptake and effective release of siRNAs at the tumor site.
These micelles were formed by self-assembling siRNA-SS-poly(N-
isopropylacrylamide) (PNIPAM) diblock copolymers, which, due to
their non-cationic nature, avoided the toxicity problems associated
with cationic carriers while achieving effective BBB penetration
[132].

Unlike the former which focuses on controlled release mecha-
nisms, Zhang et al.’s study mainly focused on the construction of
multifunctional nanomicellar systems and their immunosynergistic
therapeutic mechanism. They demonstrated an innovative strategy
to integrate antibodies and chemotherapeutic agents into a sin-
gle micelle (angiopep2-aPD-L1@PTX) by crosslinking an immune
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checkpoint inhibitor anti-PD-L1 antibody (aPD-L1) and electrostat-
ically binding PTX to the amino group of PEG-poly-L-lysine (PEG-
PLL) nano micelle (A2-APM) to enhance the immune response
against glioma. This co-encapsulation strategy not only improves
drug delivery efficiency but also enhances the immune response
by PTX-induced immunogenic cell death (ICD) of chemotherapeu-
tic agents, thereby improving therapeutic efficacy [133]. Detailed
introduction and illustrations refer to Section 3.1 and Fig. S4 (Sup-
porting information).

Taken together, these studies provide insight into the diverse
applications of polymeric micelles in the treatment of gliomas,
with the studies by Jiang et al. and Zhang et al. demonstrating the
use of micelles for siRNA delivery and co-encapsulation of immune
checkpoint inhibitors and chemotherapeutic agents. These studies
demonstrate that polymeric micelles not only improve the stability
and targeting of chemotherapeutic agents but also effectively pro-
tect and deliver nucleic acid-based therapeutic agents, providing a
new strategy for the comprehensive treatment of gliomas.

3.3. Dendritic polymers for glioma targeting

In recent decades, nanotechnology has developed rapidly, and
dendritic polymers, with their excellent dispersion properties and
rich and diverse functional groups, have therefore stood out among
the many nanocarriers and attracted much attention [134,135].
Dendrimers are monodispersed spherical macromolecules and
their sizes are usually in the range of 1-100nm. The synthesis
of dendritic polymers can be precisely controlled at each step, so
their structure and size can be precisely controlled at the molec-
ular level to achieve monodispersed molecular weights with ex-
tremely narrow molecular weight distributions. In addition, the
abundance of functional groups inside and outside the dendritic
macromolecules and the designability of their structures make
them promising for drug delivery applications [136-138].

In the therapeutic field of glioma, dendritic polymers, as a new
type of drug carrier, due to their unique structure and function
have received widespread attention and have now been proven to
be the ideal carrier for the treatment of tumors, to improve the ef-
ficiency of drug delivery and achieve targeted therapy [139]. The
most studied dendritic polymer is the dendritic macromolecule
poly(amidoamine) (PAMAM). For example, Zhang et al. found that
dendritic polymers could be rapidly and uniformly distributed
throughout the solid tumor and peritumor regions, and subse-
quently accumulated and retained in TAMs by systemic adminis-
tration of PAMAM dendritic polymers in a glioma model [140]. This
finding suggested that dendritic polymers could selectively target
cells associated with neuroinflammation, providing new opportu-
nities for the treatment of glioma. This study demonstrated the
distribution characteristics of dendritic polymers in tumor tissues
and the ability to target TAMs, providing new perspectives for im-
munomodulatory therapy [141].

The main contribution of this study was to provide a novel
strategy to enhance drug retention and penetration by exploiting
the properties of the TME to improve therapeutic efficacy. They
have leveraged the unique properties of dendritic polymers to im-
prove the treatment of glioma, and demonstrated the potential of
dendrimers to improve drug delivery efficiency, enhance tumor tis-
sue penetration, and enable targeted therapy.

3.4. Nanogels for glioma targeting

Nanogels are polymers with a 3D configuration consisting of
a 3D spherical network formed by chemical or physical crosslink-
ing of polymer rearrangements [142]. The acceptable size range of
nanogels is generally defined in the range of 10-1000 nm, with a
typical range of 20-250 nm. The smaller nanosize gives nanogels
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a larger specific surface area, greater stability of the loaded drug,
and an additional targeting advantage to selectively accumulate in
solid tumors through enhanced penetration and retention effects
[143-145].

Nanogels have been applied in several research areas, such as
disease diagnosis [146] and sensing [147], with the field of drug
delivery being the most affected [148]. Nanogels are capable of re-
leasing drugs from 3D structures through release mechanisms such
as pH response, thermal and volume conversion, photoisomeriza-
tion, or photochemistry [149].

In addition, the systemic delivery of nanogels combined with
immunotherapy is one of the most promising strategies in the
treatment of glioma at present. The virus-mimicking nucleic acid
nanogels provided a versatile and convenient platform to success-
fully treat a wide range of diseases due to their noninvasive nature
and effective delivery capabilities [150].

Nanogels have high water content and excellent biocompatibil-
ity. The above study provides an excellent solution for difficult-to-
treat diseases such as glioma through biomimetic technology, in-
telligent response release, and immune microenvironment modu-
lation, which has the clinical potential to be expanded to multiple
disease types, creating a promising platform for the treatment of
glioma.

3.5. Liposomes for glioma targeting

Liposomes are bilayer lipid vesicles made of lipid materials such
as phospholipids and cholesterol, usually 20nm to 1um in size,
and are ideal and safe DDS [151,152]. The methods used to prepare
liposomes include film dispersion, reverse evaporation, pH gradi-
ent, ammonium sulfate gradient, and other conventional methods.

As an ideal drug delivery system, the preparation techniques
and applications of liposomes have been extensively studied and
developed in recent years. In addition to the conventional prepa-
ration methods and new technologies mentioned above, the func-
tionalized modification of liposomes has also become a research
hotspot. Through surface modification, liposomes can realize more
precise targeted delivery and longer in vivo circulation time. For
example, PEG-modified liposomes (PEGylated liposomes) can ef-
fectively avoid recognition and clearance by the RES, thus pro-
longing their circulation time in the bloodstream and improv-
ing drug bioavailability [153]. In addition, the introduction of tar-
geting ligands (e.g.,, antibodies, peptides, glycans) can enable li-
posomes to specifically recognize diseased cells or tissues for
active targeted delivery [154]. Muhammad Ismail et al. devel-
oped an ApoE-functionalized liposome nanoplatform based on the
co-loading of artesunate-phosphatidylcholine (ARTPC) with TMZ
(ApoE-ARTPC@TMZ) for the targeted treatment of TMZ-resistant
U251-TR glioma. Molecular weight limitations and lack of en-
dogenous transporter recognition restrict ART diffusion across
the BBB. Efflux pumps (e.g., BCRP) further reduce brain concen-
trations. Carrier-mediated targeting is required. In vitro experi-
ments demonstrated that artesunate enhanced the chemosensi-
tivity of glioma to TMZ by impeding DNA repair through inhibi-
tion of the Wnt/B-catenin pathway. In addition, the targeted lipo-
some efficiently penetrated the BBB through low-density lipopro-
tein receptor (LDLR)-mediated transcytosis and achieved deep tu-
mor penetration and retention. In vivo, results showed that ApoE-
ARTPC@TMZ significantly inhibited U251-TR tumor growth and sig-
nificantly prolonged the survival of mice while attenuating the sys-
temic toxicity of TMZ by reducing the dose. This novel combina-
tion strategy has demonstrated preclinical potential in brain tu-
mor therapy [155]. In summary, liposomes are expected to be-
come a pillar delivery tool for the comprehensive treatment of
gliomas through the optimization of targeted modification tech-
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nologies such as ApoE and the combination of chemotherapy, gene
therapy, and other therapies.

3.6. Inorganic NPs for glioma targeting

Inorganic NPs usually refer to nanoscale particles with sizes be-
tween 1nm and 100 nm, consisting of inorganic components such
as metals, metal oxides, semiconductors, or carbon-based materi-
als. Inorganic NPs have unique material and physicochemical prop-
erties, for example, magnetic iron oxide NPs, gold NPs, quantum
dots, and other inorganic NPs have their own unique optical and
electronic properties, which have been widely studied and applied
to disease diagnosis and imaging, and have greatly contributed to
the development of the biomedical field [156,157].

Surface functionalization of inorganic NPs is a crucial step for
their wide application. Through surface modification (e.g., ligand
exchange or biomolecular coupling), the dispersibility, colloidal
stability, and biocompatibility of NPs can be precisely tuned to in-
fluence optical, magnetic, and catalytic properties while conferring
the ability to specifically interact with biological systems [158]. For
example, the blood circulation time of gold NPs modified with PEG
can be extended to >24h, which significantly improves the effi-
ciency of the EPR effect, while quantum dots can be covalently
linked to antibody or nucleic acid probes by carboxyl/amino func-
tionalization to achieve ultrasensitive fluorescent labeling of cell
membrane receptors [159].

For maximal safe surgery, Xie et al. focused on magnetic res-
onance imaging (MRI)/optical imaging, which combines MRI and
optical imaging, to obtain more accurate preoperative diagnostic
information. The team chose DSPE-PEG2000 to modify superpara-
magnetic iron oxide NPs (SPIONs), maintain their colloidal stabil-
ity and monodispersity in aqueous solution, and prolong the in
vivo cycling time of SPIONs. Peptides like PANG cannot passively
cross the BBB due to their size and strong hydrophilicity. The team
coupled the peptides PANG and Cy7 dyes to the end of the PEG
by condensation reaction to obtain the PANG/Cy7 bimodal SPIONs
probe. The experimental results showed that the probe exhibited
excellent tumor homing properties both in vivo and in vitro, and
accumulated at high levels at the margin of gliomas, which could
indicate the tumor margin and provide an important reference for
preoperative diagnosis and intraoperative localization [160]. Inor-
ganic NPs, with their adaptable and diverse physicochemical prop-
erties, provide a multimodal diagnostic platform and a new en-
gine for the treatment of gliomas, despite the remaining limita-
tions, such as poor storage stability and induced immunogenicity.

3.7. MOF for glioma targeting

MOFs are a class of porous crystalline materials formed by the
self-assembly of metal ions or metal clusters with organic lig-
ands, which have the advantages of rich backbone types, large spe-
cific surface area, many functional groups, and stable frameworks
[161-163]. These properties have made researchers extremely in-
terested in MOFs, which have become one of the hotspots for re-
search as they show a wide range of applications in many fields
such as bioimaging, drug delivery, chemical sensing, and cancer
therapy [164-166]. The structure of MOFs can be divided into four
levels. The first level includes metal ions (nodes) and coordina-
tion ligands (junctions) [167]. The second level is a relatively rigid
geometry formed by multiple ligands and coordination points of
metal ions. The third and fourth levels are the internal framework
of the MOF and the external morphology (including size, shape,
and orientation) of the MOF, respectively.

In addition, MOFs can construct nanoplatforms combined with
immunotherapy. Huang et al. developed a copper-based nanoplat-
form BSO-CAT@MOF-199@DDM (BCMD), to mediate cuproptosis
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and enhance immunotherapy for glioma. The process was de-
signed to bypass the BBB through intranasal administration, re-
ducing invasiveness and systemic adverse effects of the drug,
greatly enhancing the immunogenicity of dying cells and induc-
ing tumor immunotherapy. Moreover, in the GL261 glioma tumor
model, the BCMD* «PD-L1 group significantly promoted the mat-
uration of dendritic cells (DC) and had the highest number of
CD8* T cells, indicating that BCMD can also synergize with oPD-L1
to reverse the immunosuppressive TME [168]. Detailed introduc-
tion and illustrations refer to Section 3.7 and Fig. S5 (Supporting
information).

As a novel porous material, MOFs show groundbreaking poten-
tial in the field of glioma therapy: Their designable pore struc-
ture and high drug-carrying capacity provide an innovative solu-
tion to overcome the BBB. Although core challenges such as bio-
compatibility optimization and scale-up preparation still need to
be overcome, the unique advantages of MOFs in terms of synergis-
tic treatment and diagnostic integration make them promising to
be a transformative delivery platform for recurrent gliomas, pro-
viding patients with next-generation therapeutic options that com-
bine precision and efficiency.

3.8. Extracellular vesicles (EVs) for gliomas targeting

EVs are nanosized phospholipid bilayer vesicles that can be se-
creted by a wide range of cells (e.g., tumor cells, immune cells,
and mesenchymal stem cells), and their sizes range from 40 nm to
160 nm. EVs can be classified according to different criteria, such
as size, type, density, or whether they have been artificially modi-
fied. According to their types, they can be categorized as exosomes,
microvesicles (MV), and apoptotic bodies (AB) [169-171].

Exosomes are considered to be a key factor in intercellular
communication. Exosomes have the natural ability to penetrate
the BBB because they can undergo receptor-mediated endocytosis
via transferrin receptors and can also directly fuse with the cell
membrane.

AB is a membrane vesicle secreted from fragmented apoptotic
cells, which is produced efficiently and inexpensively. The high ex-
pression of phosphatidylserine (PS) on its surface allows ABs to be
recognized and endocytosed by monocytes/macrophages (MA) and
deliver drugs to the tumor site via MAs [172,173].

The rapid development of EVs has brought them into the lime-
light in the field of nanodrug delivery. However, the complexity of
the TME, as well as the stability and targeting of EVs in vivo, pose
significant challenges for the effective implementation of EVs. In
addition, the complexity of the isolation and purification process of
EVs and the difficulty of quality control and standardized produc-
tion due to the nature of their natural origin limit the possibility
of their widespread application to some extent. Nevertheless, EVs
remain an effective treatment for gliomas.

3.9. Immune cell-based drug delivery for glioma targeting

Cell-mediated DDS, a therapeutic approach that uses cells as
carriers to deliver drugs directly to the tumor site, have received
widespread attention for their ability to improve drug efficacy and
therapeutic specificity in tumor therapy. Studies have shown that
cell-mediated bionic DDS can actively penetrate the BBB and se-
lectively enrich in the tumor domain, thus achieving precise drug
delivery and increasing drug effectiveness [174]. Among them, im-
mune cells are particularly prominent for their ability to naturally
traverse the BBB and be recognized and recruited to the lesion site
[175].

Neutrophils (NE) have the innate ability to penetrate the BBB/
BBTB and gliomas. When a tumor is surgically resected, it causes
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local inflammation and releases inflammatory factors, which acti-
vate NE to migrate to the inflamed area, thereby effectively en-
hancing targeting of brain tumors [176].

In addition to NE, macrophages have also demonstrated ef-
ficient drug delivery. As a natural immune cell and antigen-
presenting cell, macrophage not only possesses the ability to
phagocytose NPs, but also have a long plasma circulating half-life,
which helps to overcome the metabolic clearance of drugs in the
somatic circulation [177,178].

The advantage of immune cell drug delivery lies in its ability
to utilize the natural targeting ability of immune cells to achieve
precise drug delivery while reducing damage to normal cells. How-
ever, this approach also faces some challenges, such as the limited
loading capacity of immune cells and the possible triggering of an
immune response. Nevertheless, immune cell delivery of drugs has
a promising application in the treatment of gliomas.

The systemic drug delivery system for the treatment of glioma
is shown in Table S3 (Supporting information).

3.10. Differences in DDS and targeting mechanisms

In the treatment of glioma, the development of a drug deliv-
ery system is the key to improving the therapeutic effect. A va-
riety of nanocarriers, with their unique physicochemical and bio-
logical properties, achieve effective drug delivery through different
mechanisms, thus demonstrating their respective advantages and
limitations in glioma therapy.

Each of these carriers has its advantages, but their biocompat-
ibility, drug-carrying capacity, targeting efficiency, and preparation
cost need to be taken into account in order to select the most suit-
able drug delivery system for practical applications.

4. Current limitations and emerging frontiers in delivery
systems for glioma

The therapeutic efficacy for glioma is severely constrained by
the triple core bottlenecks of DDS. The primary obstacle origi-
nates from the barrier mechanisms of the BBB/BBTB, whose tight
junction structures and efflux transporters (e.g., P-glycoprotein)
block over 98% of small-molecule drugs and most macromolec-
ular drugs from entering the brain, resulting in critically insuffi-
cient drug concentrations at invasive tumor margins. Then, inher-
ent limitations exist in current delivery strategies: during systemic
administration, intratumoral drug concentrations are often <0.1%
of plasma concentrations, primarily due to efflux clearance effects,
making it difficult to achieve effective therapeutic drug concen-
trations in the brain. More critically, the clinical absence of real-
time pharmacokinetic monitoring tools prevents precise treatment
adjustments, as conventional imaging cannot reliably distinguish
true tumor progression. These limitations, combined with TME
heterogeneity-including rapid expansion of drug-resistant glioma
stem cells and narrow therapeutic windows causing dose-limiting
systemic toxicities-collectively undermine treatment feasibility. Ex-
isting local and systemic delivery strategies still exhibit significant
limitations.

This review introduces seven local delivery strategies, such as
intraoperative implantable wafers, localized nanocarrier implants,
and CED. While bypassing the BBB to achieve higher drug concen-
trations at tumor sites, their drug distribution is frequently com-
promised by catheter placement inaccuracies, tumor tissue hetero-
geneity, and restricted carrier diffusion, failing to effectively cover
infiltrating tumor cells and distant microsatellite lesions. Repeated
surgical or invasive procedures carry additional risks of inflamma-
tion.

Moreover, this review examines nine systemic nanocarrier sys-
tems for glioma treatment, each possessing distinct characteristics
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Fig. 1. The schematic diagrams summarize the drug loading and release mechanisms of both local and systemic delivery systems.

and promising therapeutic potential. Selection criteria should bal-
ance biocompatibility, drug-loading capacity, and BBB penetration
capability. Among natural carriers, immune cells and EVs offer su-
perior biocompatibility and innate targeting, demonstrating signif-
icant advantages in BBB traversal and tumor targeting, yet their
drug-loading capacity is generally limited by factors like cell via-
bility.

In the treatment of gliomas, the effectiveness of DDS primarily
depends on their drug-loading capacity and release mechanisms.
Different carriers exhibit significant variations in drug-loading ef-
ficiency, release rate, targeting ability, and biocompatibility. Fig. 1
summarizes the drug-loading and release mechanisms of represen-
tative carriers, including hydrogels, liposomes, polymeric NPs, and
exosomes, illustrating their responsive release characteristics under
pathological conditions. This comparison helps clarify the advan-
tages and limitations of each carrier type.

To overcome the multiple barriers of drug penetration across
the BBB, recent research has focused on developing novel systemic
DDS. These carriers employ “biomimetic” strategies to engage BBB
transport pathways while evading its defense systems, leveraging
the EPR effect to augment drug accumulation in brain tumors. Core
mechanisms for nanocarrier BBB penetration include: (1) Design-
ing appropriate carrier sizes to activate receptor-mediated transcy-
tosis or mimic natural ligand dimensions; (2) modifying surface
charge to facilitate adsorptive-mediated transcytosis via transient
tight junction opening; (3) inhibiting drug efflux pumps and pro-
tecting drugs from degradation. Surface functionalization remains
a critical strategy for modulating carrier-BBB interactions and ex-
ploiting physiological pathways to efficiently deliver therapeutics
to lesions while reducing systemic toxicity.

A summary and comparison of the key benefits and limitations
of prominent brain-targeted delivery strategies is presented in Ta-
ble S4 (Supporting information).

Furthermore, cutting-edge research is advancing DDS toward
intelligent delivery, synergistic therapy, and dynamic monitor-
ing paradigms. In carrier engineering, bio-derived nanocarriers
show BBB-penetrating potential: genetically engineered exoso-
mal surface proteins enable high-biocompatibility active targeting,
while mesenchymal stem cells facilitate barrier traversal. Mean-
while, stimuli-responsive nanosystems (e.g., pH/reactive oxygen
species (ROS)-sensitive polymeric micelles) enable spatiotempo-
rally controlled drug release at tumor sites. To overcome tu-
mor heterogeneity, multi-mechanism synergistic platforms co-
deliver chemotherapeutics, immunomodulators (anti-PD-1 antibod-
ies), and epigenetic regulators (MGMT promoter-targeting siRNA)
via liposomal/dendrimer hybrids, achieving multi-pathway combi-
nation therapy. Next-generation glioma DDS hold promise to over-

come traditional therapeutic bottlenecks and fundamentally trans-
form the treatment paradigm.

5. Summary and outlook

As the most common malignant tumor in the central nervous
system, glioma is characterized by high aggressiveness, high recur-
rence rate, and poor prognosis. For the treatment of glioma, tra-
ditional methods such as surgery, radiotherapy, and chemotherapy
are often used in the clinic at present, which can only control the
tumor progression to a certain extent. Due to the existence of BBB
and BBTB as well as the high heterogeneity of the tumor, it is dif-
ficult to ensure that the drugs enter the brain and accumulate at
the tumor site to exert the therapeutic effect. By bypassing the BBB
and using direct brain drug delivery, the drug concentration at the
tumor site can be greatly increased, reducing the toxic side effects
caused by systemic drug delivery and opening up a new way of
drug delivery.

At present, new in-situ therapeutic methods such as the im-
plantation of nanofibers, wafers, hydrogels, and other drug carriers,
convective enhanced delivery, and intratumoral injection libraries
have emerged in the clinic. Among them, the wafer implanta-
tion technology and enhanced convective delivery technology hold
promise in clinical practice. In summary, overcoming the therapeu-
tic impasse in glioma demands disruptive strategies to address the
triad of BBB impermeability, infiltrative recurrence, and immuno-
suppression. While localized implants (e.g., hydrogels, wafers) by-
pass systemic limitations yet suffer from restricted drug diffusion,
and circulating nanocarriers enhance targeting but falter in hetero-
geneous tumor distribution, the next paradigm might lie in har-
nessing the glymphatic network of the brain for deep-penetrating
lymphatic delivery and developing theranostic implants capable of
real-time monitoring and adaptive treatment. To accelerate clini-
cal translation, we advocate: (1) Engineering lymphotropic nano
vectors (e.g., CCL21-functionalized systems) to exploit perivascu-
lar transport; (2) integrating stimuli-responsive drug reservoirs
with imaging agents (e.g., MRI/fluorescence-guided hydrogels) for
closed-loop “diagnose-treat-monitor” cycles; and (3) prioritizing
material-based designs validated in immune-competent orthotopic
organoids. Only through such concerted advances can we trans-
form the stagnant survival landscape of this formidable disease.
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