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ABSTRACT
The prognosis for glioblastoma patients remains poor despite recent advances in neurosurgery, 
chemotherapy, and radiotherapy. One promising treatment strategy lies in the localized delivery of 
therapeutics through drug delivery systems designed to enhance existing clinical treatments by directly 
targeting the tumor site or surrounding area. This review explores the latest advancements in localized 
therapies for glioblastoma, highlighting recent preclinical and clinical studies and examining how we 
can integrate these approaches – including stereotactic techniques such as convection-enhanced 
delivery and therapies targeting the post-surgical resection cavity – with drug delivery systems. We 
describe the features that the drug delivery system should possess for the efficient transport of drugs 
for both inoperable and resectable glioblastoma local treatment. Finally, this review discusses future 
directions that may facilitate the clinical translation of localized treatment strategies for glioblastoma.
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1. Introduction

Patients with glioblastoma (GBM) – the most aggressive and 
deadliest type of brain cancer – suffer from a median survival

time of ~15 months and a five-year median survival rate of 
less than 5% [1]. Despite decades of unrelenting effort by the 
research and medical communities, GBM remains an unmet
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medical need. Classified by the World Health Organization 
(WHO) as a grade 4 astrocytoma, GBM accounts for ~ 50% of 
all gliomas and represents the third leading cause of cancer- 
related deaths [2,3]. GBM can be divided into two genetically 
different subcategories: i) primary GBM (~90% of cases), 
where the tumor arises without previous lower-grade pathol
ogy or symptoms, and ii) secondary GBM (~10% of cases), 
where the tumor develops via the progressive transformation 
of lower-grade gliomas (e.g., anaplastic astrocytoma and low- 
grade oligodendroglioma). These two GBM forms are mor
phologically identical and indistinguishable regarding clinical 
management and outcome. Additional GBM classifications 
rely on genetic and molecular profiles, including information 
regarding mutations in the isocitrate dehydrogenase (IDH), 
epidermal growth factor receptor (EGFR), tumor protein p53 
(TP53), and Phosphatase and TENsin homolog (PTEN) genes 
[4,5]. GBM patients possess an average age at diagnosis of 
~64, with higher incidence observed in male than female 
patients. While the US healthcare system diagnoses more 
than 10,000 new GBM cases each year, disease incidence 
varies from country to country in Europe, with age- 
standardized rates ranging between 3–7 cases per 100,000 
individuals. In China, GBM represents 8.56% of all brain can
cers, with a higher prevalence in male (60.17%) than female 
patients (39.83%) [6]. Notably, the United Kingdom suffers 
one of the highest rates of GBM diagnosis, with an age- 
standardized incidence rate of 7.1 per 100,000 individuals [7].

Currently, GBM treatment remains a challenge for several 
reasons:

(i) GBM is shielded by various inherent central nervous 
system barriers (i.e., the blood-cerebrospinal fluid, ara
chnoid, and blood-brain barriers) and the blood-tumor 
barrier, which represent additional challenges for the 
delivery of chemo-/immuno-therapeutics and the pas
sage of immune cells into the tumor [8]

(ii) The immunosuppressive tumor immune microenviron
ment (TIME) enhances the resistance of GBM to radio
therapies, chemotherapies, and other emerging 
therapies (e.g., immunotherapies and viral therapies) 
by suppressing immune system recognition [9]

(iii) Highly infiltrative GBM cells impede total surgical 
removal without damaging surrounding neurological 
tissues; importantly, ~80% of cases of GBM recurrence 
arise inside or at the GBM margin of the radiation field 
and originate from GBM-associated cancer stem cells, 
while local recurrence associates with substantially 
shortened progression-free survival [10]

(iv) Tumor heterogeneity involves inter- and intra-patient 
variability characterized by a wide variety of signaling 
pathway events even within a single tumor mass; this 
entails significant molecular complexity and, in turn, 
restricts the effectiveness and availability of targeted 
therapies [11]

(v) Post-surgical inflammation drives GBM-associated can
cer stem cell-mediated recurrence [12]

(vi) Developmental, genomic, and epigenetic features ren
der GBM resistant to chemo-/immuno-therapeutics [13]

Unfortunately, the development of a “cure” for GBM in the 
near future remains an unlikely prospect; instead, efforts have 
focused on designing localized treatments for inoperable GBM 
or delaying postoperative GBM recurrence.

Locoregional methods for delivering therapeutics offer 
a promising strategy to overcome the previously mentioned 
challenges hindering successful GBM treatment. By combining 
drug delivery directly into the tumor or the resection cavity 
with existing clinical practices, these approaches hold signifi
cant potential but are often overlooked; here, the need to 
summarize this review work.

This review comprises three main sections. The first section 
provides a concise clinical overview of GBM treatment and 
progress made so far; the second section focuses on strategies 
for the localized treatment of GBM; and the third section 
explores how drug delivery systems (DDSs) for both unre
sected and resected GBM can support the above-described 
treatment approaches through clinically relevant therapeutic 
strategies. After these main sections, we review high-impact 
studies demonstrating strong translational potential as proof 
of concept and present future perspectives to advance the 
clinical translation of GBM treatment strategies.

2. Clinically approved treatments for glioblastoma

2.1. The standard of care for glioblastoma: the Stupp 
protocol

Around 60% of GBM patients undergo the standard of care – 
the Stupp protocol – after diagnosis. The Stupp protocol –

Article highlights

● Glioblastoma (GBM) is an unmet medical need.
● Approximately 60% of GBM patients receive the standard Stupp 

protocol after diagnosis, which has remained unchanged since 
2005. This treatment includes maximal safe tumor resection, followed 
by radiotherapy and concurrent temozolomide (TMZ) chemotherapy; 
however, the median survival for GBM patients is approx. 15 months, 
highlighting the need to find new strategies to treat GBM.

● Locoregional treatments bypass the blood-brain barrier (BBB), allow
ing higher drug concentrations at the tumor site with fewer systemic 
side effects. This approach also enables the use of drugs that are 
ineffective systemically, offering new possibilities for GBM therapy.

● Various drug delivery systems (DDS) have been developed for loca
lized GBM treatment. These DDS use biocompatible and biodegrad
able materials to form adaptable matrices that offer advantages over 
rigid implants. Design must be tailored to the tumor’s characteristics, 
whether resected or unresected.

● For unresected GBM, effective DDS to GBM is hindered by physio
logical barriers such as high interstitial pressure and altered extra
cellular matrix composition. Nanoparticle size (~70 nm) and 
surface charge (neutral to slightly negative) are crucial for optimal 
diffusion and uptake. Additional strategies may aid penetration, 
but challenges like drug resistance, poor retention, GBM’s hetero
geneity, and immunosuppressive microenvironment must also be 
addressed.

● The post-surgical GBM resection cavity offers a unique environment 
for localized drug delivery, marked by irregular shape, fluid dynamics, 
and residual tumor cells. Implanting DDS here enables sustained 
therapeutic release, but requires precise design to ensure controlled, 
prolonged drug delivery within the therapeutic window. Key factors 
include drug loading, solubility, matrix degradation, and biocompat
ibility. DDS must also match brain tissue mechanics to avoid immune 
responses and damage to healthy tissue.
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which has remained unchanged since 2005 - involves the 
maximal safe surgical resection of the accessible tumor, fol
lowed by concurrent radiotherapy (RT; 60 Gy in 30 fractions) 
and chemotherapy with temozolomide (TMZ; 75 mg/m2/day 
for six weeks) and six maintenance cycles of TMZ (150–200  
mg/m2/day) [14–16]. The following sections will analyze the 
distinct components of this protocol.

2.1.1. Neurosurgery
Surgery represents the cornerstone option in the standard of 
care for GBM. Magnetic resonance imaging (MRI) and diffusion 
tensor imaging map critical brain areas and white matter 
tracts to identify eloquent brain regions (those critical for 
cognitive functions) and minimize neurological deficits [17]. 
Maximal safe resection – the primary surgical goal – correlates 
with improved survival and relief of symptoms. While strong 
prognostic factors remain essentially patient-related, the 
extent of resection represents the most important treatment- 
related predictor. A higher extent of resection associates with 
longer life expectancy, with the most extended survival 
observed in those patients undergoing gross total resection 
followed by RT and TMZ treatment [18]. Surgery via craniot
omy can be tailored according to GBM location. Fluorescence- 
guided surgery with 5-aminolevulinic acid (5-ALA) enhances 
visualization of tumor margins, leading to higher resection 
rates and improved median survival rates [19]. For tumors 
located in eloquent brain regions, awake craniotomy or intrao
perative electrical stimulation mapping can maximize the 
extent of resection and preserve neurological functions 
[20,21]. Preoperative conditions such as corticosteroid and 
antiepileptic drug treatment have also been considered. 
Steroids (i.e., dexamethasone and methylprednisolone) can 
control cerebral edema and signs of intracranial hypertension, 
thus improving surgical resection [22]; however, current evi
dence does not strongly support the routine use of prophy
lactic antiepileptic drugs for patients undergoing brain 
surgery [23].

2.1.2. Radiotherapy (RT)
RT targets residual GBM cells after surgery to slow tumor 
progression. Fractionated external beam radiation therapy – 
daily fractions of external beam radiation in the area surround
ing GBM at 2 Gy five times per week (60 Gy over six weeks) – 
represents the standard treatment approach [24,25]. 
Fractionating doses allow healthy brain tissue to repair itself 
during the time between each dose, minimizing side effects 
while maximizing damage to cancer cells, which repair DNA 
damage less efficiently [25]. The maximal advantage of RT use 
occurs when combined with surgical resection and TMZ treat
ment. Stereotactic radiosurgery – a more focused strategy that 
delivers higher doses of radiation to a precise tumor area – 
represents an improvement over traditional RT and the pre
ferred approach for the localized treatment of small GBM 
tumors or well-defined recurrences [26]. Adverse side effects 
of RT – commonly categorized as acute, early-delayed, or late- 
delayed – are based on the onset of symptoms [27]. Acute 
encephalopathy can occur within hours to weeks after RT and 
exacerbates neurological deficits such as nausea, vomiting, 
headache, and confusion [27]. Acute side effects can lead to

herniation and death in patients with large tumors; however, 
these side effects remain treatable. A high radiation dose per 
fraction ( > 20 Gy) represents the primary risk factor for the 
development of acute encephalopathy [28].

2.1.3. Temozolomide (TMZ)
Patients receive treatment involving daily oral TMZ (75 mg/m2) 
during RT and six cycles of TMZ (150–200 mg/m2) as adjuvant 
therapy for five days during each 28-day cycle after RT [15]. 
TMZ – an oral chemotherapeutic drug – alkylates DNA at the 
O6 position of guanine residue, creating DNA damage that 
leads to tumor cell apoptosis. Unfortunately, GBM cells can 
quickly develop TMZ resistance, mainly via the upregulation of 
O6-methylguanine-DNA methyltransferase (MGMT), a DNA 
repair enzyme that removes the methyl group from O6- 
guanine to support DNA replication, overcoming the DNA 
damage induced by TMZ and thus reducing cancer cell sensi
tivity to this drug [29,30]. Under conditions of TMZ treatment, 
MGMT can remove the methyl group in O6-methylguanine 
thereby neutralizing the TMZ-induced DNA damage and redu
cing the efficacy of the drug [31]. This effect is more pro
nounced in unmethylated tumors (with increased MGMT 
activity) that commonly exhibit superior resistance to TMZ 
than methylated GBM [31]. TMZ exhibits linear pharmacoki
netics and high bioavailability, penetrates the cerebrospinal 
fluid effectively, and does not rely on hepatic metabolism for 
activation [32]. In addition, despite glioblastoma stem-like cells 
(GSCs) make up as little as 1% of the total cells in a GBM 
tumor, they play a key role in resistance to TMZ. This is due to 
their capacity to regenerate tumor heterogeneity, which in 
turn fosters resistance to both conventional chemotherapeutic 
agents and targeted treatments [33]. Recently, it has been 
proposed that TMZ can promote GSC differentiation [34]. 
Adverse effects associated with TMZ include hematologic toxi
city, with thrombocytopenia affecting 10–20% of patients. 
Less common non-hematologic toxicities associated with 
TMZ include nausea, anorexia, fatigue, and hepatotoxicity; 
significantly, TMZ suppresses immune responses, which limits 
the use of immunotherapy in the standard of care [35]. Of 
note, TMZ does not provide any benefit beyond that observed 
from RT treatment in IDH wildtype (wt) GBM [36].

2.2. Additional approved treatments for glioblastoma

2.2.1. Gliadel wafers
Developed in the early 1990s, Gliadel wafers were designed to 
overcome the impermeability of the blood-brain barrier to 
drugs to support localized GBM treatment. Each Gliadel 
wafer is impregnated with the alkylating agent carmustine 
(1,3-bis(2-chloroethyl)-1-nitrosourea; BCNU) [37], has 
a cylindrical shape (14.5 mm diameter, 1 mm thickness), and 
weighs ~200 mg (7.7 mg BCNU). Given a recommended dose 
of 61.6 mg BCNU for GBM patients, around eight wafers can be 
placed into the resection cavity during surgery to circumvent 
the blood-brain barrier and achieve high local drug concen
trations within the brain. Gliadel wafers comprise 
a biodegradable random copolymer (polifeprosan 20) formed 
of 1,3-bis-(p-carboxyphenoxy)propane and sebacic acid mono
mers at a 20:80 molar ratio conjugated by anhydride bonds
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that erode over time to release BCNU into the surrounding 
tissue [38,39]. The advantages of Gliadel wafers relate to the 
constant release rate of BCNU over a week; however, convec
tive transport due to the interstitial flow resulting from edema 
augments diffusion in the days immediately following surgery. 
Gliadel wafers biodegrade over three weeks, although poly
mer traces have been found 13–23 weeks post-implantation in 
select patients [40–42]. Studies of Gliadel wafers have demon
strated overall safety (i.e., low systemic toxicities and pro
longed overall survival compared to patients treated with 
placebo wafers) and increased benefit when combined with 
RT and TMZ (NCT02684838); however, the European 
Association of Neuro-Oncology guidelines for GBM treatment 
does not include Gliadel wafers due to inefficacy in providing 
survival benefits and their use in clinical practice remains 
limited [41].

2.2.2. Bevacizumab
The status of GBM as one of the most vascularized tumors 
makes anti-angiogenic therapeutic strategies for GBM an 
attractive option. In 2009, the U.S. Food and Drug 
Administration (FDA) approved bevacizumab – 
a monoclonal antibody that binds to circulating vascular 
endothelial growth factor (VEGF) and inhibits biological 
activity by preventing interactions with its receptor – for 
the first-line treatment of recurrent GBM [43,44]. Blocking 
VEGF signaling and the associated reduction in angiogenesis 
leads to limited blood vessel formation and nutrient/oxygen 
supply to the tumor, thereby slowing tumor growth [45]. 
While not impacting overall survival, bevacizumab treatment 
improves progression-free survival and recent strategies 
have explored extending the median survival rate of GBM 
patients by implementing bevacizumab in the standard of 
care. Bevacizumab treatment also reduces peritumoral 
edema, often improving neurological symptoms and quality 
of life in specific GBM patient subcategories [46].

2.2.3. Tumor-treating field (TTFields)
In 2015, the FDA approved the use of tumor-treating fields 
(TTFields; commercially known as Optune®) – a noninvasive 
portable medical device with transducer arrays placed 
directly on the patient’s scalp that produces low-intensity, 
intermediate-frequency electric fields targeted to the GBM 
site [47,48]. TTFields disrupt cancer cell division by altering 
microtubule formation and causing the abnormal alignment 
of intracellular organelles, leading to cell cycle arrest and 
cancer cell apoptosis [49]. Several trials have established 
the clinical benefits of TTFields combined with the standard 
of care; this included the EF-14 trial (NCT00916409), where 
patients treated with TTFields and TMZ demonstrated 
a significant improvement in survival compared to those 
treated with TMZ only [48,50]. Owing to the localized 
mechanism of action and the general absence of systemic 
adverse effects, TFFields represent a strategy that should be 
explored for novel combination therapies in addition to the 
standard of care [51].

3. Localized treatment strategies for glioblastoma

Despite the TMZ’s ability to cross the BBB, only a small fraction 
of orally administered drug reaches the tumor site, signifi
cantly limiting its therapeutic efficacy [52]. Consequently, loca
lized treatments have emerged as the most straightforward 
and promising strategy to address the challenges associated 
with GBM management [41]; this approach overcomes the 
barriers associated with systemic delivery, bypassing the BBB 
and achieving higher drug concentrations at the tumor site 
with low systemic side effects [53]. Most importantly, localized 
treatments enable the application and repurposing of many 
molecules that cannot be applied systemically (alone or com
bined), thereby opening new perspectives in treating this 
unmet medical need [54]. This section discusses preclinical 
and clinical localized therapeutic strategies for GBM treatment, 
emphasizing their potential to augment the current standard 
of care (Figure 1).

3.1. Intra-arterial delivery (IAD)

Intra-arterial delivery (IAD) involves administering high doses of 
free therapeutics (e.g., small drugs, antibodies, and oncolytic 
viruses) and DDSs directly to the GBM tumor bed via an intra- 
arterial catheter. This approach takes advantage of GBM’s exten
sive capillary network and peritumoral vasculature, limiting the 
volume of distribution to a targeted vascular region; overall, 
drugs diffuse into the tumor and do not enter circulation [55]. 
Maximizing IAD often entails the added implementation of tran
sient blood-brain barrier disruption with osmotic agents such as 
mannitol, which enhance drug passage into the brain [56,57]; 
indeed, osmotic disruption can increase the levels of chemother
apeutics in the brain by up to 90-fold [58]. Although interest in 
IAD has decreased with the advent of advanced neurosurgical 
techniques, the selective IAD of RT and TMZ with transient 
blood-brain barrier opening remains a promising strategy, espe
cially for patients who cannot undergo surgery [53].

3.2. Convection-enhanced delivery (CED)

Convection-enhanced delivery (CED) involves directly injecting 
therapeutics into the brain parenchyma or tumor tissue [59]. 
While primarily used for delivering chemotherapeutics, CED can 
introduce monoclonal antibodies, targeted toxins, proteins, 
viruses, and DDSs into the tumor at preclinically-/clinically- 
relevant levels [60]. CED establishes a positive pressure gradient 
that allows uniform drug distribution up to 2–3 cm, thereby 
improving the spatial distribution of therapeutics that typically 
diffuse poorly (regardless of their molecular weight and hydro
phobicity) [60]. Infusion parameters such as drug concentration, 
volume, flow rate, and duration require careful adjustment to 
optimize treatment efficacy and avoid unwanted side effects. 
Although CED can be applied to patients with inoperable or 
recurrent tumors, enabling the distribution of large volumes of 
drugs at high concentrations while minimizing systemic toxicity, 
this approach has seen more pronounced success in labora
tories than in clinical settings [41,53].
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Several factors that hamper the clinical application of CED 
in GBM patients must be addressed: i) the heterogeneous 
nature of GBM, with varying degrees of necrosis, angiogenesis, 
and metabolic rates (even within the same tumor) that prompt 
widely differing rates of clearance after injection; ii) catheter 
design, which limits diffusion of therapeutics into the GBM 
stroma and the need of DDSs designed for higher penetration, 
and iii) a lack of training, with neurosurgeons often not pla
cing the catheter in the correct position, thus limiting the 
potential of this technique [53,61]. Despite the limits, several 
clinical trials are currently exploring CED’s potential for loca
lized GBM treatment.

3.3. Laser interstitial thermal therapy (LITT)

Laser interstitial thermal therapy (LITT; also known as stereo
tactic laser ablation) relies on the implantation of an optical 
fiber into the tumor through a burr hole. This approach sup
ports tumor heating to 42.5–45.5°C using a laser with 
a wavelength between 1,070–980 nm [62,63] and temperature 
monitoring in real-time using an intraoperative MRI thermo
meter. In general, patients tolerate LITT well, although a small 
patient population experiences adverse side effects such as 
seizures [64]. LITT represents a promising treatment approach 
for patients with GBM tumor volumes of less than 10 cm3 

(corresponding to a radius of 1.33 cm), inoperable GBM, or 

poor functional status and has advantages such as cost- 
effectiveness [64]. Of note, descriptions of LITT´s effectiveness 
have provided contradictory outcomes. Clinical studies have 
reported that LITT extended survival (median: 9.0–11.2  
months) in patients with recurrent GBM refractory to other 
treatments [65]; however, a study of 24 LITT-treated patients 
reported that they experienced permanent neurological symp
toms [66]. Similarly, 15.5% of 54 patients treated with LITT for 
primary or recurrent GBM developed serious adverse events 
(e.g., edema, seizures, and hydrocephalus) without any accom
panying improvements in overall survival [67]. Considering 
these results, we may require additional data to fully assess 
the efficacy of LITT, possibly in combination with other 
strategies.

3.4. Focused ultrasound (FUS)

Focused ultrasound (FUS) – an emerging technology for the 
localized treatment of various neurological diseases – allows 
the transcranial delivery of ultrasound waves to focal volumes 
in GBM, offering a noninvasive and precisely targeted thera
peutic option [68]. FUS allows the transient opening of the 
blood-brain barrier to improve the delivery of therapeutics 
that typically display poor or precluded passage [69]. The 
first clinical trial of FUS for GBM in 15 patients provided only 
a limited perspective due to the obsolete equipment 

Figure 1. Localized treatment for unresected and resected glioblastoma. unresected tumor treatments: A. Intra-arterial delivery (IAD) relies on administering 
nanomedicines to the tumor via intra-arterial catheters. B. Convection-enhanced delivery (CED) involves the direct injection of therapeutics into the tumor tissue 
by establishing a positive pressure that allows selective distribution. C. Laser interstitial thermal therapy (LITT) employs laser-mediated tissue heating. D. Focused 
ultrasound (FUS) comprises the transcranial delivery of ultrasound waves to focal volumes. resected tumor treatments: E. Photodynamic therapy (PDT) employs 
photosensitizers that generate reactive oxygen species when activated by visible light, which disrupts cancer cell metabolism. The placement of (F) implants and (G) 
reservoirs in the resected cavity or under the skin supports the long-term delivery of therapeutics. Cancer cells are represented in purple; green cells represent 
generic cells of the TIME. Created in https://biorender.com.
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employed [70]; however, since the time of this trial (1991), 
more advanced technologies have been developed, opening 
new possibilities for the inclusion of FUS in GBM management. 
We direct the reader to the review of Young et al. for addi
tional information on this approach [71].

3.5. Photodynamic therapy (PDT)

Photodynamic therapy (PDT) involves the use of photosensi
tizing agents activated by visible light and oxygen within 
tissues to generate highly cytotoxic oxygen singlets (1O2) 
and other reactive oxygen species (ROS). ROS disrupts cancer 
cell metabolism and prompts their elimination [72]. GBM treat
ment via PDT involves implanting laser-emitting lights (630–
690 nm) in the resected cavity. Besides eliminating cancer cells 
via ROS production, PDT destroys the microvasculature and 
triggers an immune response to induce immunogenic cell 
death [73]. PDT treatment for GBM currently involves two 
main photosensitizing molecules: 5-ALA, commonly used by 
neurosurgeons to detect GBM margins; and Photofrin, which 
has FDA approval [74,75]. Primary concerns regarding the use 
of PDT relate to the lack of laser penetration into the tissue, as 
biological tissues tend to absorb and scatter light, thereby 
limiting the penetration depth of visible and ultraviolet light. 
The maximum penetration achievable (5 mm, with some 
effects observed up to 9 mm) remains insufficient to reach 
highly infiltrative GBM cells [76]; however, the limited current 
clinical use of 5-ALA, the implementation of the standard of 
care, and the low-risk nature of this therapy warrant further 
studies [76].

3.6. Implants and reservoirs

Implants and drug reservoirs placed into the GBM resected 
cavity have become a preferred strategy for post-surgical 
localized drug delivery following the success of Gliadel wafers 
[53]. The concept of implantable biomaterials (e.g., wafers, 
films, disks, and rods) has been explored for GBM treatment 
since the late 1960s [77]; for example, Ommaya or Rickham 
reservoirs use catheters connected to needle-based implants 
linked to a subdermal implant [78]. These reservoirs can be 
accessed intermittently, offering greater flexibility for patients 
and clinicians during treatment. While wafers and reservoirs 
support the long-term delivery of therapeutics, prolonged 
brain exposure to the external environment through these 
reservoirs can lead to side effects such as inflammation and 
infection [41]. Although the device’s small size (around the 
size of a quarter) minimizes patient discomfort, individuals 
with reservoirs may still experience challenges in their daily 
lives due to the permanent presence of the external device 
[79]. Modifying drug compounds, dosage, and implantation 
techniques could potentially enhance the efficacy and safety 
of implants and reservoirs [41].

4. Drug delivery systems for the localized treatment 
of glioblastoma

Over the past few decades, DDSs with different designs, com
positions, shapes, dimensions, and architectures have been

developed for the localized treatment of GBM [41,80]. Said 
DDSs include hydrogels, polymer-drug conjugates, nanoparti
cles (NPs), fibers, and meshes. The biomaterials employed for 
implantable DDSs typically include biocompatible and biode
gradable polymers, lipids, or inorganic compounds [81,82] that 
form a soft matrix or hydrogel that offer mechanical benefits 
over rigid implants, which often lack adaptability and on-site 
stability. According to the physico-chemical properties of the 
biomaterial, drug release is either controlled by i) diffusion of 
DDSs into the GBM stroma followed by release after cell 
internalization or ii) the biodegradation (erosion) of the DDS 
matrix. These approaches support access into deeper GBM 
sites and sustained drug release; however, each approach 
must be rationally designed/tuned according to the tumor 
type or form (unresected or resected) [80,82]. The following 
sections briefly introduce the distinct types of DDSs employed 
for the localized treatment of unresected and resected GBM.

4.1. Drug delivery systems for unresected glioblastoma

4.1.1. Key approaches for designing drug delivery systems 
for unresected glioblastoma
Physiologically, brain tumors and normal tissue present chal
lenges for effective drug delivery. Increased extracellular 
space, tortuosity, and dense cellular patterns create significant 
barriers to drug and particle diffusion through GBM tumors 
[83]. Furthermore, GBM tumors suffer from high interstitial 
fluid pressure, which can hinder the uptake of various thera
peutics [84], while tumor-associated alterations in extracellular 
matrix composition, volume, and structure can impair diffu
sion [85]; therefore, accounting for these tumor-specific bar
riers remains essential to the design of optimally behaving 
DDSs. From the perspective of a nanoparticle, size significantly 
influences distribution within the brain – particles of ~70 nm 
possesses a better ability to navigate through the extracellular 
matrix. Additionally, the surface charge of nanoparticles plays 
a crucial role in cell uptake and biocompatibility – neutral or 
slightly negative charges minimize nonspecific interaction 
with cerebrospinal fluid and GBM tumor cell membranes 
[86,87]. Moreover, specific strategies, including the co- 
delivery of enzymes or osmotic agents, may help improve 
penetration, although their clinical utility remains uncertain 
[88]. Overcoming the blood-brain barrier may not represent 
the only requirement, as additional challenges (e.g., drug 
resistance, poor retention, and limited cellular uptake) must 
also come into consideration. In addition, it should consider 
that GBM is characterized by intratumoral and intertumoral 
heterogeneity (which makes each tumor unique) and an 
immunosuppressive TIME that promote GBM growth via com
plex interactions with the healthy brain [89,90] (Figure 2).

To address these challenges, the following sections will 
explore the potential use of various DDS types for the loca
lized treatment of GBM designed to overcome multifaceted 
barriers.

4.1.2. Polymer-based nanoparticles
Polymer-based nanoparticles have tremendous potential 
when considering drug delivery to brain tumors such as 
GBM, as they enhance diffusion and penetration in the brain,
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improve tumor cell uptake, and increase drug accumulation at 
the tumor site. The encapsulation of drugs within nanoparti
cles protects drugs from degradation, reduces toxicity, pro
vides sustained release, and improves tissue retention. This 
section reviews those studies showcasing the effectiveness of 
polymeric nanoparticles in delivering anticancer drugs and 
nucleic acid therapeutics, highlighting their potential to 
enhance treatment outcomes for brain tumors (Table 1).

Poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol 
(PEG) represent prominent examples of materials employed in 
polymer-based DDSs due to their beneficial properties. PLGA 
nanoparticles have been extensively studied for the CED of 
chemotherapeutic drugs such as paclitaxel (PTX) [91,92], doc
etaxel (DTX), irinotecan (IRT) [93], camptothecin [94], carbopla
tin [95], and mitoxantrone [96]. While PLGA-based 
nanoformulations of drugs display superior efficacy to free 
drugs, coating PLGA nanoparticles with PEG reduces adhesion 
to cell membranes, potentially enhancing brain penetration. 
For instance, Hanes et al. loaded PTX into PLGA-co-PEG block 
copolymer nanoparticles of 70 nm in diameter and demon
strated that these nanoparticles diffused 100 times faster than 
similarly sized PTX-loaded PLGA nanoparticles not containing 
PEG [91,92]. The densely PEGylated PTX-loaded PLGA nano
particles significantly inhibited tumor growth after CED admin
istration to a rat gliosarcoma model (9 L) compared to non- 
PEGylated PTX-loaded PLGA nanoparticles or free PTX.

Similarly, Mastorakos et al. created a densely PEGylated 
nanoparticle composed of polyethyleneimine (PEI), a cationic 
molecule widely used as a non-viral gene vector [97]. The 
engineered gene vectors rapidly diffused throughout the

brain parenchyma, displaying significantly enhanced vector 
distribution and transgene expression in vivo compared to 
previously published platforms. Another study from 
Mastorakos et al. reported comparable results with PEGylated 
poly(β-amino ester)-plasmid (p)DNA nanocomplexes; although 
spherical, these nanoparticles became homogeneously distrib
uted throughout the rodent striatum and mediated wide
spread, high-level transgene expression [98]. Compared to 
the non-PEGylated formulation, these PEGylated poly(β- 
amino ester)-pDNA nanocomplexes provided two-fold higher 
overall in vivo gene expression, most likely due to improved 
brain distribution.

More interestingly, Saltzmann and colleagues explored the 
impact of nanoparticle decoration on cellular tropism in the 
context of the brain/GBM tumor cell microenvironment [86] 
(Figure 3). Polylactic acid (PLA)-based nanoparticles with dif
fering surface chemistries administered into the rat brain via 
CED revealed that modification with “stealth” surface mole
cules (PEG, forming PLA-PEG nanoparticles) and hyper
branched glycerol (HPG, forming PLA-HPG nanoparticles) 
inhibited nanoparticle internalization by all cell types, includ
ing tumor cells; however, they reestablished and enhanced 
brain penetration by adding bio-adhesive aldehyde end 
groups (CHO, PLA-HPG-CHO nanoparticles). The therapeutic 
assessment of the different nanoparticle formulations loaded 
with the potent cytotoxic agent Epothilone B (EB, 0.1 mg/kg) 
in an orthotopic rat GBM RG2 model highlighted the impor
tance of balancing efficient cellular uptake and minimizing 
toxicity to healthy tissues. Treatment with EB-loaded PLA- 
PEG nanoparticles induced a modest improvement in survival

Figure 2. Challenges and design considerations for local drug delivery in unresected GBM. The design of drug delivery systems for unresected glioblastoma (GBM) 
should address specific challenges, including biocompatibility, drug resistance, and poor drug distribution and retention into the tumor. The different features of 
brain tumors (e.g., increased extracellular space, tortuosity, dense cellular patterns, high interstitial pressure, and alterations in the extracellular matrix, as well as the 
role of the tumor immune microenvironment) must be considered for efficient cell uptake and distribution in the brain. Created in https://BioRender.com.
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compared to saline-treated control animals (21.5 vs. 16 days), 
presumably due to limited tumor cellular uptake; conversely, 
EB-loaded PLA and PLA-HPG-CHO nanoparticles yielded the 
longest survival times (33 and 28 days), which may be attrib
uted to their superior internalization efficiency within tumor 
cells.

Targeting GBM cells with specific moieties can also signifi
cantly enhance cell uptake. The local injection of DTX-loaded 
PLGA nanoparticles decorated with L-histidine (H, to target the 
tumor-overexpressed L-type amino acid transporter 1 [LAT1]), 
forming DTX-H-NPs in orthotopic U87MG GBM-bearing mice 
prompted significantly extended median survival times (46.5  
days) compared to untreated mice (30 days) and those treated 
with DTX-loaded non-functionalized NPs (DTX-NPs; 33.5 days),

and free DTX [99]. DTX-H-NP treatment also prompted 
a higher percentage of long-term survival over 60 days 
(37.5% vs. 0% for DTX-NPs) and 120 days (12.5% vs. 0% for 
DTX-NPs and free DTX, respectively). These results demon
strate that DTX-H-NP treatment significantly outperformed 
DTX-loaded non-functionalized-DTX-NPs, with the enhanced 
effect attributed to L-histidine’s ability to improve GBM cell 
uptake and support higher DTX accumulation at the tumor 
site and a more potent therapeutic response.

Polymer-based nanoparticles have also been frequently 
applied during the development of gene delivery systems for 
localized administration in GBM; for instance, low molecular 
weight protamine (Pr; protein) and dextran sulfate (DEX; poly
saccharide) formulations (Pr-DEX) have been investigated for

Figure 3. Nanoparticle surface properties impact cellular tropism in glioblastoma. (A) Schematic representation of polylactic acid (PLA)-based nanoparticles (NPs) 
with different coatings (polyethylene glycol [PEG], hyperbranched glycerol [HPG], and a bio-adhesive aldehyde end group [CHO]) (upper images) and particle 
morphology via transmission electron microscopy imaging (lower images). (B) Pie charts representing total PLA-based nanoparticle uptake by astrocytes, neurons, 
microglia, and tumor cells after 4 and 24 h. Adding CHO enhanced cell internalization compared to nanoparticles modified with PEG and HPG. (C) Surface 
modifications did not affect drug release in vivo after convection-enhanced delivery, and PLA and PLA-HPG-CHO nanoparticle treatment significantly extended mean 
survival in an orthotopic rat GBM RG2 model. Adapted with permission from song et al. [86], under the terms of a creative commons attribution license (https:// 
creativecommons.Org/licenses/by/4.0/).
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GBM treatment [100]. This study prepared Pr-DEX nanoparti
cles using a microfluidic-assisted ionic cross-linking method 
involving a model sequence of pDNA, micro(mi)RNA, or small- 
interfering (si)RNA assembled by charge-charge interaction. In 
vitro evaluations in 3D spheroids models of human GBM cell 
lines (U87MG, GIN-8, GIN-28, and GCE-28) and in vivo studies 
in zebrafish embryos demonstrated minimal toxicity, efficient 
internalization, and stable expression of fluorescent/lumines
cent proteins, which highlighted this formulation´s potential 
as an effective gene delivery system for GBM.

Polymer-based drug conjugates – as a sub-type of polymeric 
nanocarriers – also represent efficient DDSs; these pharmacolo
gically active macromolecules comprise generally biodegrad
able polymers covalently conjugated to one or more 
therapeutic or diagnostic agents (e.g., small molecules, probe, 
peptides, proteins, or aptamers) via bioresponsive linkers. 
Conjugation offers several advantages over mere encapsulation, 
including improved drug solubility, controlled release, 
enhanced efficacy, and improved pharmacokinetics [101,102]. 
The use of polymer-drug conjugates has also extended to the 
localized treatment of GBM; for example, Zhang et al. prepared 
PEGylated and non-PEGylated poly(aspartic acid) (PAA)-cisplatin 
conjugates that supported controlled drug release at concen
trations that eliminated tumor cells without causing the toxi
city-related death observed following the CED of cisplatin into 
the brain [103]. The authors also employed PEGylation to 
enhance the penetration of conjugates throughout the brain 
parenchyma. The median survival time of rats with 9 L ortho
topic gliosarcoma significantly improved following treatment 
with PEGylated PAA-cisplatin conjugates (median survival not 
reached; 80% long-term survivors) compared to non-PEGylated 
PAA-cisplatin conjugates (40 days), free cisplatin (12 days), or 
saline-treated controls (28 days).

In a related study, Artzi et al. elegantly engineered dual- 
sensitive nanoparticles (Dual-NPs) composed of a DEX nano
particle surface-conjugated with polyamidoamine (PAMAM) 
dendrimers bearing doxorubicin (Dend-NPs) via dual- 
sensitive (matrix metalloproteinase [MMP]- and pH-cleavable) 
linkers [104]. This design allowed Dual-NPs to rapidly disas
semble and gradually release Dend-NPs within the GBM TIME. 
The authors detected Dual-NPs at the tumor site for up to six 
days after a single intratumoral injection in an orthotopic 
mouse GL261-luc GBM model, which significantly delayed 
tumor growth and markedly improved survival (median survi
val: 30 days) compared to untreated mice (18 days) or those 
receiving free doxorubicin (DOX) and Dend-NPs (21 days and 
22 days, respectively). Furthermore, Dual-NPs completely 
eliminated tumor cells in 25% of animals, with no evidence 
of residual tumor growth at two months post-treatment.

The advantages of treatment with polymer-based drug 
conjugates lie in their ability to carry multiple compounds 
with distinct mechanisms of action. For instance, our group 
developed an in situ chemoimmunotherapeutic approach 
comprising bio-responsive hyaluronic acid (HA)-drug conju
gates, enabling the combination of therapeutic agents to 
enhance GBM treatment efficacy compared to free drugs 
[105,106]. We hypothesized that combining DOX, an immuno
genic cell death inducer, with CpG oligodeoxynucleotides (a

Toll-like receptor (TLR)-9 agonist that stimulates the immune 
system) would exert a synergistic anti-cancer effect when 
conjugated to HA (100 kDa). The HA-CpG conjugate reedu
cated alternatively activated M2-like microglia to a classically 
activated pro-inflammatory M1-like phenotype, while the HA- 
DOX conjugate boosted immunogenic cell death induction in 
GL261 GBM cells. In a GL261 GBM orthotopic mouse model, 
the simultaneous CED of the HA-DOX and HA-CpG conjugates 
triggered antitumor CD8+ T cell responses, reduced M2-like 
macrophage and myeloid-derived suppressor cell (MDSC) infil
tration, and prompted long-term survival in over 66% of ani
mals compared to the treatments. These results highlight the 
therapeutic potential of integrating synergistic agents within 
a single HA-based nanocarrier platform. Similarly, we also 
demonstrated that conjugating HA (100 kDa) to DOX (HA- 
DOX)and gemcitabine (GEM; HA-GEM) influenced localized 
tumor-associated myeloid cells, including macrophages and 
MDSCs [107]. Specifically, we observed that HA-DOX + HA- 
GEM treatment induced a reduction in M2-like macrophages 
and monocytic MDSCs and a shift toward a pro-inflammatory 
M1-like phenotype compared to untreated and free DOX +  
GEM treatment, contributing to improved tumor growth con
trol and improved survival in two GBM orthotopic mice mod
els (GL261 and SB28). As these strategies function by 
remodeling the GBM TIME toward a more inflamed, immunos
timulatory state, we also explored the Stimulator of Interferon 
Genes (STING) pathway as a means to recruit innate and 
adaptive immune cells to the GBM TIME [108]. We conjugated 
HA to a non-nucleotide STING agonist (MSA2; HA-MSA2) for 
in situ GBM treatment; the localized delivery of HA-MSA2 in an 
orthotopic SB28 GBM mouse model delayed tumor growth 
and extended survival and markedly shifted in the immune 
landscape (compared to untreated and free MSA2-treated 
mice), which included the increased infiltration of dendritic 
cells, natural killer cells, and CD8+ T cells.

Finally, combining drug-loaded polymeric micelles with 
physical methods to transiently open the blood-brain barrier 
has been explored to improve therapeutic delivery to brain 
tumors. Lammers et al. screened different chemotherapeutic 
combinations in different GBM cell lines (including U87MG, 
GL261, KNS-42, and SF-8628) to identify a synergistic pairing 
of valrubicin (VAL) and panobinostat (PAN) aiming to next 
combine the most promising with FUS [109]. The authors 
encapsulated these two chemotherapeutics drugs within 
poly(ethylene glycol)-b-poly(N-2-benzoyloxypropyl methacry
lamide) (mPEG-b-p(HPMA-Bz) polymeric micelles and intrave
nously injected them with FUS into a mouse GL261 GBM 
model. As the mice tolerated the double drug-loaded micelles 
well and demonstrated a significant reduction in tumor 
growth, they next evaluated this system in a more clinically 
relevant model – orthotopically implanted patient-derived 
HSJD-DIPG-007 diffuse intrinsic pontine gliomas characterized 
by an intact blood-brain barrier and resistance to conventional 
therapies – to further evaluate the platform´s efficacy with 
FUS. In this case, the intravenous delivery of double drug- 
loaded micelles combined with FUS-mediated blood-brain 
barrier disruption displayed enhanced therapeutic efficacy; in 
particular, these mice displayed a 2–3-fold reduction in tumor
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burden by day 50 post-treatment compared to mice treated 
with the free forms of VAL + PAN.

4.1.3. Lipid nanoparticles
Lipid-based nanocarriers have emerged as promising plat
forms for localized drug delivery in GBM treatment. Among 
these, lipid nanocapsules (LNCs), lipid nanoparticles (LNPs), 
and liposomes have been extensively explored for their ability 
to enhance intratumoral drug retention, targeting, and ther
apeutic efficacy (Table 1). These approaches aim to overcome 
the limitations of systemically administered therapies by 
improving drug bioavailability and tumor specificity, with 
encouraging results in preclinical models.

Menei et al. designed sorafenib (SFN; a tyrosine kinase 
inhibitor)-loaded LNCs for CED in an orthotopic U87MG GBM 
mouse model [110]. While both SFN-loaded LNCs and free SFN 
reduced tumor growth compared to controls, SFN-loaded 
LNCs displayed a greater ability to promote early vascular 
normalization (as evidenced by increased perfusion and 
reduced tumor vessel area). GBM tends to possess a leaky 
vasculature and suffer from related blood flow impairments, 
and the potential perfusion increment provided by SFN- 
loaded LNCs might benefit combinational therapies involving, 
for example, TMZ. Moreover, treatment with SFN-loaded LNCs 
reduced the number of proliferative cells (Ki67+) in the tumor, 
an effect also observed after treatment with free SFN, prob
ably due to the more rapid uptake of free SFN by tumor cells 
than endothelial cells; however, SFN-loaded LNCs did not 
significantly alter overall tumor growth despite these biologi
cal improvements, suggesting limited therapeutic impact.

In a similar study, Lollo et al. developed multifunctional 
LNCs to co-deliver PTX and CpG [111]. Coating LNCs with 
chitosan (CS) also facilitated CpG complexation and enabled 
robust interactions with GL261 GBM cells, consequently pro
ducing apoptotic effects; moreover, CED administration of 
PTX-CpG-LNCs in GL261 GBM-bearing mice resulted in pro
longed survival (34 days) compared to saline-treated control 
mice (28 days) or those treated with free PTX (formulated as 
Taxol®, 28 days), the simple injection of PTX LNCs (31 days) or 
PTX LNCs + CpG (31 days).

Kadiyala et al. engineered synthetic high-density lipopro
tein (sHDL)-mimicking nanodiscs composed of 1,2-dimyristoyl- 
sn-glycero-3-phosphocholine (DMPC) and 1-palmitoyl- 
2-oleoyl-glycero-3-phosphocholine (POPC) to locally deliver 
DTX and CpG (DTX-sHDL-CpG) into an orthotopic mouse 
GL261 GBM model, which prompted tumor regression and 
stimulated antitumor CD8+ T cell responses within the TIME 
without significant off-target side effects [112]. Simple RT lead 
to a survival of 43 days, while combining DTX-sHDL-CpG with 
RT resulted in tumor regression and long-term survival in 80% 
of GBM-bearing mice, which remained tumor-free after re- 
challenge with tumor cells in the contralateral hemisphere, 
indicating the development of anti-GBM immunological mem
ory. A study by Halseth et al. obtained similar results when 
delivering GW396 (a Liver-X-Receptor agonist) and CpG within 
synthetic HDL-mimicking (CpG-sHDL) nanodiscs to target cho
lesterol metabolism and induce cancer cell death while pro
moting an immune response [113]. GW396-CpG-sHDL 
nanodiscs enhanced the expression of cholesterol efflux

transporters in murine GL261 cells, which promoted the 
more significant removal of cholesterol. Importantly, GBM 
tumors display a reduced capacity to produce cholesterol 
and instead depend on the uptake of cholesterol produced 
by astrocytes [114]. The authors demonstrated in an orthoto
pic mouse GL261 model that combined GW396-CpG-sHDL +  
RT treatment significantly improved median survival com
pared to GW396-CpG-sHDL (median survival: 33 days) or RT 
alone (median survival: 34 days); additionally, 66% of long- 
term survivors in GW396-CpG-sHDL + RT-treated mice 
remained tumor-free when rechallenged with tumor cells.

Peer et al. functionalized LNPs containing siRNA targeting 
polo-like kinase 1 (PLK1; due to its role in driving cell cycle 
progression) with HA, which specifically binds the CD44 recep
tor expressed by GBM cells [115]. siRNA-containing HA-LNPs 
(HA-LNPs-siPLK1) effectively targeted GBM cell lines and pri
mary neurospheres from GBM patients, while CED of HA-LNPs- 
siPLK1 significantly prolonged survival in an orthotopic mouse 
U87MG model and reduced target mRNA levels by more than 
80% compared with control groups (saline-treated and HA- 
LNPs containing siRNA against luciferase; HA-LNPs-siLuc).

In another related study, Bi et al. employed polysarcosine 
(pSar)-based surface modification as an alternative to PEG to 
improve the stability and circulation of lipoplexes composed 
of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 
dioleoylphosphatidylethanolamine (DOPE) when developing 
DDSs [116]. They synthesized four pSar-lipid conjugates with 
defined pSar average molecular weights (Mw − 2 and 5 kDa; 
2K and 5K) and anchor diacyl chain lengths (14 and 18 carbon 
units; C14 and C18) and incorporated these lipids into cationic 
liposomes, which they complexed with green fluorescent pro
tein (GFP) mRNA to form lipoplexes. While not yet evaluated in 
rodent GBM models, pSar-modified lipoplexes displayed 
enhanced transfection efficiency and biodistribution in zebra
fish brains, particularly the C14-pSar2k formulation, providing 
proof-of-concept for potential applications in GBM.

Another notable strategy to overcome formulation limita
tions involved the encapsulation of topotecan into nanolipo
somes using various components using a modified gradient- 
loading technique with a sterically hindered amine and highly 
charged anionic trapping agents (either polymeric (polypho
sphate) or non-polymeric (sucrose octasulfate) [117–119]. This 
strategy enabled extremely high drug-to-lipid loading ratios (  
> 800 g drug-11/mol phospholipid), addressing a common 
bottleneck in nanoparticle-based chemotherapy (Table 1).

In the context of IAD, Joshi et al. investigated the impact of 
large (200 nm) and small (~60 nm) liposomes and the role of 
surface charge (cationic or neutral) on in vivo biodistribution 
[120]. The authors intra-arterially injected fluorescently labeled 
liposomes with different properties into C6 glioma-bearing 
Sprague Dawley rats after induction of IAD; overall, large 
cationic liposomes display the most significant accumulation 
in GBM tumors.

4.1.4. Inorganic nanoparticles
Inorganic nanoparticles represent a versatile class of nontoxic 
materials (including gold, silver, graphene-based, hydroxyapa
tite, iron, cerium, zinc oxide, and ceramics) that offer a broad 
range of physicochemical, mechanical, magnetic, and optical
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properties [121]. Inorganic nanoparticle surfaces can be func
tionalized with targeting ligands to improve site-specific deliv
ery, making them suitable for DDSs and advanced bio-imaging 
applications. The advantages of inorganic nanoparticles reside 
in their compatibility with multiple imaging modalities (e.g., 
luminescence, magnetic resonance, fluorescence imaging, and 
X-ray computed tomography) that allow extended imaging 
periods with improved signal-to-noise ratios [121].

In the context of GBM, several inorganic nanoparticle for
mulations have been developed to enhance therapeutic effi
cacy and diagnostic precision (Table 1); for instance, 
NanoTherm® - a ferrofluid formulation of amino silane- 
coated superparamagnetic iron oxide nanoparticles (SPIONs) 
of 15 nm in size used for localized thermal ablation – can be 
directly administered into GBM tumors and activated by an 
alternating magnetic field to generate localized hyperthermia 
to damage cancer cells while sparing healthy tissue [122]. 
Beyond direct cytotoxicity, the induced hyperthermia 
enhances tumor sensitivity to radiation and chemotherapy, 
potentially reducing recurrence rates.

Expanding on the theranostic capabilities of inorganic 
nanoparticles, Wu et al. designed a multifunctional nanoplat
form employing hollow mesoporous organosilica nanoparti
cles (HMONs; synthesized employing SiO2 as the hard 
template and bis(3-triethoxysilylproyl)disulfide (BTDS) with 
a disulfide bond group as the organosilica precursor) deco
rated with ultrasmall Cu2−xSe particles and loaded with DOX 
[123] (Figure 4). This multifunctional theranostic nanosystem 
exhibited tumor-triggered programmed destruction facilitated 
by the reduction-responsive cleavage of disulfide bonds incor
porated into the HMON framework. These bonds connect 
HMONs to the Cu2−xSe particles (HMONs-ss-Cu2-xSe; HCu), 
enabling tumor-specific biodegradation that occurs in 
response to elevated intracellular glutathione levels and sup
porting on-demand drug release following CED in orthotopic 
U87 glioma-bearing mice when coupled with FUS. DOX-HCu 
/FUS treatment induces the significant inhibition of tumor 
growth (91.1%) compared to the control group at day 22, 
displaying greater effectiveness than treatment with free 
DOX (35.4%), free DOX with FUS (69.2%), or DOX-HCu 
(52.4%). The study also noted a significantly longer median 
survival time in mice treated with DOX-HCu/FUS (52 days) 
than mice treated with FUS (24 days), free DOX (32 days), 
free DOX with FUS (42 days), and DOX-HCu (35 days). These 
findings underscore the importance of integrating responsive 
drug release mechanisms with targeted activation for precise 
glioma therapy.

Related studies have explored piezoelectric materials for 
sonodynamic therapy (SDT), a technique still undergoing opti
mization due to challenges related to blood-brain barrier 
penetration and unclear mechanisms of action. Wang et al. 
proposed that layered piezoelectric SrBi2Ta2O9 (SBTO) nano
particles covered with 1,2-distearoyl-sn-glycero-3-phos
phoethanolamine-PEG2000-Transferrin (DSPE-PEG2000- 
Transferrin) to further overcome the BBB, could significantly 
depolarize the mitochondria and eliminate human GBM cells 
(U87MG) when exposed to FUS [124]; furthermore, the ultra
sound-induced band bending in SBTO nanoparticles can 

enhance ROS generation. SBTO nanoparticles preferentially
accumulated in mitochondria following FUS, disrupting the 
mitochondrial membrane potential and inducing apoptosis 
in U87MG-Luc cells. Moreover, SBTO nanoparticles crossed 
the blood-brain barrier after CED in orthotopic U87MG 
model mice and accumulated in GBM tumors through 
a combination of FUS-induced microbubbles and protein- 
mediated transport (SBTO nanoparticles + FUS). The study con
firmed therapeutic efficacy via the significantly improved sur
vival in combination with FUS (35 days, + 67%) compared to 
control.

Overall, polymer-based, lipid-based, and inorganic nano
particles offer distinct advantages for localized GBM treat
ment, ranging from controlled drug release and efficient 
cellular uptake to imaging and stimulus-responsive therapies; 
overall, they provide a complementary toolkit for enhancing 
efficacy in localized GBM therapy.

4.2. Drug delivery systems for post-operative 
glioblastoma

4.2.1. Key approaches for designing drug delivery systems 
for resected glioblastoma
The surgical resection cavity left after GBM tumor removal pre
sents a distinct local environment for therapeutic intervention, 
characterized by irregular geometry, dynamic fluid exchange, 
and the presence of residual tumor cells at the margins [125]. 
The localized application of DDSs into the post-operative GBM 
resection cavity represents an appealing approach for the pro
longed and sustained release of GBM therapeutics and the 
resected TIME [80,126]; nevertheless, effective DDSs must satisfy 
multiple critical design criteria. Securing appropriate drug release 
kinetics alone or when combined with other drugs to guarantee 
successful tumor treatment remains the primary goal; ideally, 
applied DDSs should demonstrate an initial burst release followed 
by zero-order controlled release, maintaining a constant drug 
concentration within the therapeutic window at the tumor site 
over an extended period [127,128]. Factors influencing drug 
release kinetics include loading, solubility, diffusion coefficients, 
and matrix degradation rates for biodegradable DDS. In addition, 
DDS should display biocompatibility and cause no harm to 
healthy brain tissue [127,128]; this includes the possession of 
suitable mechanical properties that match brain tissue stiffness, 
thereby preventing a foreign body response [128] (Figure 5).

4.2.2. Hydrogels
Hydrogels have emerged as promising platforms for localized 
drug delivery in GBM therapy, especially in the context of 
post-surgical treatment (Table 2). The ability of hydrogels to 
form implantable depots at the tumor resection site allows for 
the sustained and localized release of therapeutics, minimizing 
toxicity and recurrences while improving drug retention and 
efficacy [129]. Integrating nanoparticles into these hydrogels 
supports the fine-tuning of drug release kinetics and the 
incorporation of multiple functions such as targeting, respon
siveness to tumor-specific enzymes, and combination thera
pies [41,130].
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Figure 4. A biodegradable theranostic nanoplatform: focused ultrasound-mediated delivery of hollow mesoporous organosilica nanoparticles to an orthotopic 
mouse U87MG glioblastoma model. (A) Schematic representation of the synthesis of hollow mesoporous organosilica nanoparticles (HMONs) connected to Cu2−xSe 
particles via disulfide binds (HMONs-ss-Cu2-xSe; HCu). Abbreviations: 3-mercaptopropyltrimeth oxysilane (MPTMS), HMONs modified with sulfhydryl groups via 
MPTMS grafting (HMONs-SH), 2,2′-dipyridyl disulfide (DPDS), HMONs-SH modified with DPDS (HMONs-PS), ultrasmall Cu2−xSe particles (Cu2-xSe-PEG-SH) (B)
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Researchers from the Préat laboratory have worked exten
sively in the development of LNC-based hydrogels loaded with 
drugs such as GEM [131], DOX [132], PTX [133], and salinomy
cin [134] (and their derivatives) to achieve tailored drug 
release in the resection cavity in different GBM models 
(U87MG, 9 L, and GL261); overall, their work has demonstrated 
promising preclinical outcomes.

In a related study, Bastiat et al. functionalized GEM-loaded 
LNCs (GEM-LNCs) with the neurofilament light subunit-tubulin 
-binding-site 40–63 (NFL-TBS) peptide (GEM-NFL-LNCs), which 
binds the tubulin subunits overexpressed by GBM cells [135]. 
The authors decorated LNCs by peptide adsorption onto the 
nanocarrier’s surface. In vivo studies in an orthotopic mouse 
U87MG GBM resection model provided evidence that a GEM- 
NFL-LNC hydrogel targeted non-resected GBM cells and sig
nificantly delayed or inhibited disease recurrence; overall, 
GEM-NFL-LNC hydrogel treatment significantly extended med
ian survival (74 days), outperforming both untreated (38 days) 
and a non-targeted GEM-LNC hydrogel (44 days).

Zhao et al. developed an injectable MMP-responsive trigly
cerol monostearate (Tm) hydrogel loaded with TMZ and O6- 
benzylamine (BG; an MGMT inhibitor) to eradicate residual

post-operative TMZ-resistant GBM cells [136]. The authors 
engineered the Tm hydrogel to release drugs in response to 
the high concentrations of MMP enzymes observed after GBM 
surgery. The localized application of the TMZ-/BG-laden Tm 
hydrogel into the resected cavity following the removal of an 
orthotopic rat C6 TMZ-resistant GBM cell-derived tumor in 
a nude mouse model demonstrated the synergistic activity 
of the two drugs compared to locally administered free TMZ 
inducing an extension of the survival (54.5 vs 39.5 days).

The application of PDT by placing free or DDS-formulated 
photosensitizing agents within a hydrogel situated in the 
resected GBM cavity represents an interesting treatment 
option. For example, Cao et al. developed a DDS for the 
localized treatment of postoperative GBM [137], which com
prised a photosensitizer – Chlorin e6 (Ce6) – conjugated to 
chemiluminescent luminol-loaded PTX prodrug nanoparticles 
and copper peroxide nanodots co-embedded within a 3D 
thermosensitive hydroxypropyl chitin hydrogel framework 
(CP-CL-NPPTX-Gel). After injection into the cavity of the post
operative orthograph mouse U87MG model, CP-CL-NPPTX-Gel 
cross-links into a gel at body temperature to serve as a drug 
reservoir that considerably prolongs the retention time of the

Figure 5. Challenges and design considerations for local drug delivery for resected GBM. The design of drug delivery systems for resected tumors should meet 
several requirements. DDS has to adapt to the irregularities of the brain cavity; moreover, the selection of the therapeutics should be done considering the resected 
TIME that involves different subsets of cells (e.g., astrocytes, stem cells, cancer cells, etc). While achieving appropriate drug release kinetics (preferentially zero-order- 
controlled release) represents the primary goal, other factors that enter into consideration include drug diffusion coefficient, solubility, and loading; furthermore, the 
selected matrix of the drug delivery system should be biodegradable, and mechanical properties must match brain stiffness. Created in https://BioRender.com.

Schematic representation of the composition and biodegradable behavior of HCu nanoparticles loaded with doxorubicin (DOX-HCu). (C) Graphic representation of 
enhanced delivery of DOX-HCu into the brain tumor following focused ultrasound (FUS)-induced blood-brain barrier (BBB) opening and DOX-HCu degradation 
caused by elevated levels of glutathione (GSH) in the tumor microenvironment. (D) in vivo therapeutic scheme of FUS-mediated chemotherapy in an orthotopic 
mouse U87MG glioblastoma model. (E) bioluminescence signal over time and survival curves of model mice receiving various Treatments. Adapted from Wu et al. 
With permission [123], under the terms of a creative commons attribution license (https://creativecommons.Org/licenses/by/4.0/).
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drug in the postoperative cavity and extends the postopera
tive survival time compared to controls (Table 2).

Photopolymerization methods have also been employed to 
create hydrogel-nanostructure composites for GBM treatment. 
Danhier et al. designed TMZ-loaded PEG and poly(ε- 
caprolactone-co-trimethylene carbonate) (PEG750-pCL-co- 
TMC) micelles (M-TMZ) that they then loaded into a hydrogel 
composed of a PEG dimethacrylate (PEG DMA) network cross
linked with an ultraviolet source using a Lucirin-TPO (2,4,6-tri
methylbenzoyldiphenyl phosphine oxide) photoinitiator [138]. 
This approach allowed precise control over hydrogel forma
tion and the creation of a localized drug depot after in situ 
implantation; overall, the M-TMZ PEG-DMA hydrogel signifi
cantly reduced tumor growth and increased apoptosis com
pared to systemic TMZ treatment. Furthermore, tumors 
completely disappeared in two animals. The authors sug
gested potential compatibility with PDT, hinting at 
a modular strategy for combining phototherapy and localized 
chemotherapy.

Theranostic hydrogels represent an innovative evolution of 
localized GBM treatment, offering multifunctionality beyond 
simple drug delivery. These dual systems enable sustained 
therapeutic action at the resection site and real-time treatment 
monitoring. As an example, Lin et al. developed a theranostic 
hydrogel formulation with rapid gelation composed of carbox
ymethyl cellulose-grafted poly(N-isopropylacrylamide-co- 
methacrylic acid) (CMC-g-PNIPAAmMA), gadolinium (MRI 
agent), epirubicin (EPI), and PTX-loaded albumin nanoparticles 
[139]. Gliosarcoma model mice (MBR-614) or GBM (U87MG cells) 
treated with BSA-PTX-EPI hydrogel displayed increased survival 
(from 18 to 63 days for MBR-614; 27 to 69 days for U87MG) 
compared to controls (untreated and free drugs). MRI con
firmed localized retention and gradual degradation of these 
theranostic hydrogels over 21 days, validating their role in treat
ment and imaging.

Chemo-immunotherapy – an innovative cancer treatment – 
stimulates the immune system to target and destroy tumors 
while minimizing damage to healthy tissues. Zhang et al. 
developed an injectable nanoparticle−hydrogel system that 
uses DOX-loaded mesoporous polydopamine (MPDA) nano
particles encapsulated within M1-like macrophage-derived 
nanovesicles (M1NVs) supported by a fibrin gel matrix [140]. 
This chemo-immunotherapeutic platform (MPDA-DOX-M1NV 
hydrogel) triggered robust immune reprogramming at the 
tumor site when in situ implanted and activated by near- 
infrared light (PDT) in an orthotopic mouse GL261 model, 
where it converted immune-suppressive M2-like tumor- 
associated macrophages into a pro-inflammatory M1-like 
state, induced intense T cell infiltration and T cell effector 
function restoration, and reduced the number of suppressive 
immune cells (MDSCs and Tregs), ultimately enhancing tumor 
clearance and immune memory.

In another immune-engineering approach, Jia et al. devel
oped an injectable lipoic acid-Fe3 + hydrogel (LFH) that could 
adapt to the mechanical properties of various brain tissues 
(including those of humans) through the coordination of Fe3 + 

ions within a hybrid network of lipoic acid [141]. When 
injected into the brain resection cavity, LFH undergoes spon

taneous degradation in interstitial fluid, releasing lipoic acid 
and Fe3 + ions, which promote continuous ROS generation, 
ferroptosis, and immunogenic cell death in an orthotopic 
mouse GL261 model. When the team loaded LFH with an αPD- 
L1 (Programmed death-ligand 1) antibody, the resultant LFH- 
αPDL1 hydrogel amplified anti-tumor immune responses and 
enhanced ferroptosis locally, promoting superior CD3+CD8+ 
cytotoxic T cells without toxicity. Interestingly, the LFH form 
engineered to match the stiffness of mouse brain tissue (337  
± 8.06 Pa) effectively maintained normal brain water content 
(77%) and did not trigger astrocyte activation or hypertrophy, 
thereby preventing brain edema and scar formation.

Finally, Wang et al. designed a self-assembling PTX hydro
gel comprising PTX and an iRGD peptide (PTX-RGD) that 
enhanced macrophage-mediated immune responses when 
in situ implanted for the localized treatment of recurrent 
GBM [142]. Aqueous PTX-iRGD solutions can form solid fibrils 
that can be directly applied to tumor resection cavities; addi
tionally, embedding the immune checkpoint inhibitor αCD47 
with the hydrogel provided cavity filling and long-term release 
of PTX and αCD47, which play a crucial role in regulating 
a macrophage-mediated phagocytosis. PTX creates a pro- 
inflammatory TIME, facilitating macrophage phagocytosis and 
stimulating a robust T-cell response. In an orthotopic mouse 
GL261 model, the αCD47-PTX-RGD hydrogel significantly 
delayed tumor recurrence and improved survival (39 days) 
with minimal systemic toxicity compared to mice treated 
with PTX hydrogels (29.5 days).

4.2.3. Scaffolds and implants
To improve localized drug delivery post-resection in GBM 
patients, scaffolds and implants must integrate within brain 
tissue to ensure stable positioning, minimize off-target diffu
sion, and maintain compatibility with the brain’s mechanical 
environment [143]. Given the highly mechanosensitive nature 
of brain cells, DDSs must exhibit viscoelastic properties similar 
to brain parenchyma to prevent inflammatory responses, glio
sis, and increased intracranial pressure [41]. Flexible and con
formable materials such as fibers, molds, and polymeric pastes 
have emerged as ideal candidates; their ability to adapt to the 
complex geometry of the resection cavity maximizes surface 
contact with the surrounding tissue, improving drug distribu
tion and retention.

Acetalated dextran (Ace-DEX) nanofibrous scaffolds have 
been designed for various therapeutic applications, includ
ing the localized delivery of therapeutics into the resected 
GBM cavity [144]. Examples of Ace-DEX scaffolds (prepared 
via electrospinning) display various degradation rates (fast, 
medium, and slow) to support a wide range of drug release 
kinetic profiles. Several studies have reported the entrap
ment of various chemotherapeutics – including DOX [145], 
PTX [146], and everolimus in combination with PTX [147] – 
within Ace-DEX scaffolds. For example, PTX-loaded Ace-DEX 
scaffolds released 14.1%, 2.9%, and 1.3% PTX per day, 
respectively, according to the matrix’s density and degrada
tion rate. In a mouse U87MG GBM resection mouse model, 
the combination of a fast- and a slow-release scaffold (Ace- 
DEX (fast release)-PTX + Ace-DEX (slow release)-PTX) resulted
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in 78% long-term survival, compared to only 20% survival in 
Ace-DEX (mid-release)-PTX group [146]. On the other hand, 
PTX released from Ace-DEX at fast and slow rate induced 
a median survival of 44 and 50%, respectively. This demon
strates the advantage of tailoring release profiles to target 
residual cells and long-term recurrence. The encapsulation of 
PTX and everolimus (EVR) into Ace-DEX (Ace-DEX-PTX-EVR) 
provided 100% survival in orthotopic mouse U87MG and LL- 
229 models compared to free drugs [147] (Table 2).

Rahman et al. developed biodegradable PLGA-PEG micropar
ticles loaded with olaparib (OLA; a poly adenosine diphosphate- 
ribose polymerase-1 [PARP1] inhibitor) and etoposide (ETOP; 
a topoisomerase II inhibitor) [148,149]. The application of the 
PLGA-PEG delivery system as a paste during surgery in the GBM 
resection cavity supported the synergism of OLA + ETOP with 
oral TMZ (further potentiation possible with RT), which induced 
long-term survival in F344 immunocompetent rats bearing 9 L 
high-grade GBM tumors. Results showed that the combination of 
20% olaparib + 50% etoposide (20% OLA + 50% ETOP paste) 
embedded into the paste led to 71% overall survival of rats 
treated compared to the remaining groups (See Table 2).

Grayson et al. designed polymeric microchips with mem
brane-covered reservoirs shaped as flat discs made from PLA 
and PLGA that passively released therapeutics from the reser
voir at a rate dependent on membrane composition [150]. 
A study of microchips designed to deliver carmustine to a 9  
L rat gliosarcoma model revealed 50% drug release within 
12 h, followed by 20% over the next 6.5 days. Although the 
authors did not directly measure survival, carmustine-loaded 
microchips significantly reduced median tumor volume com
pared to controls (1.5 cm3 vs. 15.0 cm3).

Gawley et al. developed IRT-loaded drug-eluting seeds 
(iDES) composed of PLGA and Poloxamer-188 for in situ 
implantation into the margin of the GBM resection cavity to 
deliver sustained highly localized IRT doses while minimizing 
systemic toxicities [151]. iDES production employed a hot melt 
extrusion process, ensuring accurate IRT loading and maintain
ing the same cytotoxicity as free IRT. iDES released IRT in 
a sustained manner over 7 days; however, only the 30%, 
40%, and 50% w/w-loaded iDES formulations released the 
300–1000 μg of drug required for in vivo effectiveness. The 
30% and 40% w/w-loaded iDES formulations significantly 
extended survival from 27 to 70 days in a U87 mCherry-Fluc 
GBM xenograft mouse resection model, with no signs of tumor 
recurrence. Additionally, the 30% w/w-loaded iDES formula
tion induced similar toxicity to placebo in non-tumor-bearing 
mice. These findings underscore the importance of achieving 
the correct dose-release balance and validate the feasibility of 
iDES as a simple yet effective postoperative implant.

Biodegradable DOX-loaded patches of oxidized starch have 
been integrated with magnesium-based wireless electronics to 
allow controlled intracranial drug release by remotely heating 
the system to brain tumors after localized application [152] 
(Figure 6). This bioresorbable electronic patch (BEP) ensured 
complete contact with the GBM resection cavity and featured 
a dual-surface design to prevent drug leakage into the cere
brospinal fluid. The biodegradation of the BEP helps minimize 
potential neurological side effects. In mouse (U87MG) and

canine (J3T–1) GBM models, BEPs induced superior tumor 
suppression and survival compared to Gliadel wafers, high
lighting their potential for clinical translation and individua
lized control.

A conformable polymeric implant (μMESH) for the contin
uous and direct delivery of drugs into the adjacent tumor bed 
has also been developed [153,154]. μMESH synthesis involved 
intercalating PLGA edges over arrays of polyvinyl alcohol (PVA) 
pillars for the sustained delivery of chemotherapeutic drugs 
such as DTX and PTX. The authors engineered four different 
μMESH configurations, encapsulating DTX or PTX within the 
PLGA micro-network (μMESH configurations) and encapsulat
ing the two drugs within the PVA microlayer (nano-μMESH 
configurations). All μMESH configurations provided sustained 
drug release for months, with a simultaneous burst release 
observed within the first four days. In vivo, the peritumoral 
deposition of μMESH 15 days after GBM cell grafting in nude 
mice improved overall animal survival, which increased from 
~30 days for untreated controls to 75 and 90 days for 
nanoPTX-μMESH and PTX-μMESH. Experiments employing 
DTX did not reach median survival, as 80% and 60% of animals 
treated with DTX-μMESH and nanoDTX-μMESH remained alive 
at 90 days. Exposure of a murine U87MG orthotopic GBM and 
of hCSC models to μMESH formulations containing DTX and 
diclofenac (DICL; 0.75 mg kg − 1 of both drugs) abrogated dis
ease recurrence for up to 8 months after tumor resection with 
no appreciable adverse effects. Without tumor resection, 
μMESH increased median overall survival rates (~30 days) as 
compared to the one-time intracranial deposition of DTX- 
loaded μMESH (15 days) or 10 cycles of systemically adminis
tered TMZ (12 days).

Silk microneedle patches – biodegradable implants made 
of silk fibroin – can deliver multiple therapeutic compounds at 
independent dosing amounts [155]. The bioresorbable device 
comprises silk protein mixed with therapeutic agents injected 
into a mold with needlelike projections, allowing different 
compounds to be loaded in specific device regions. Wang 
et al. delivered bevacizumab (BEV), TMZ, and thrombin (THR) 
using a silk microneedle patch into the resection cavity of 
U87MG resected GBM mice. Results showed that silk micro
needle loaded with BEV+TMZ+THR showed a median survival 
of 41 days compared to intravenous administration of BEV 
+TMZ (33 days) and controls (26 days) [156]. Similarly the 
same formulations has been administered in U251MG human 
GBM model) [156]. Mice treated with THR+TMZ+BEV in the silk 
patch displayed a significantly longer median overall survival 
rate (55 days) compared to those treated with intravenous 
TMZ+BEV (39 days).

These studies converge on a common paradigm shift in 
GBM treatment: replacing systemic, high-toxicity chemother
apy with implantable, precision drug delivery platforms that 
offer controlled, localized, and long-term efficacy.

4.3. Localized treatment of glioblastoma with drug 
delivery systems: overview of clinical trials

The impact of the therapeutic approaches discussed above 
highlights advantages/disadvantages regarding efficiency
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and safety. Each DDS strategy has shown some success in 
treating GBM in preclinical studies, and trials assessing their 
use with concurrent pharmacological intervention have shown 
significantly increased concentrations of the utilized agent 
within the desired target. Since the approval of Gliadel, there 
has been an increased interest in developing DDS for the local 
administration of therapeutic agents as a long-term strategy 
to treat GBM. Although numerous DDS have shown promising 
results in preclinical studies in these 25 years, their clinical 
translation remains limited. Although only a handful of studies

have reported on human disease outcomes, early-phase clin
ical evaluations reveal promising but modest improvements in 
overall survival, underscoring the clinical potential and the 
need for further combination of DDS and clinical practice. 
Several recent reviews have comprehensively summarized 
the various DDS approaches and their primary outcomes 
[41]. This section will briefly focus on the few DDSs that 
have progressed to clinical trials in recent years (Table 3). 
Notably, compared to the trials performed at the beginning 
of the 1990s till the early 2000s, current trials have included

Figure 6. Bioresorbable electronic patch for drug delivery to brain tumors. (A) Schematic representation of the bioresorbable electronic patch (BEP) mechanism of 
action. (B) Image of a BEP, including a wireless heater and a temperature sensor on an oxidized starch patch (OST) containing doxorubicin (OST-DOX). (C) 
Therapeutic efficacy of the OST in a BALB/c nude mouse model of GBM regarding mean tumor volume, tumor volume at day 26 after surgery, and survival curves, 
showing significant improvements when applying OST and heating. (D) left: MRI images of the tumor without and with OST treatment in a J3T–1 canine brain tumor 
model. Right: fluorescence images of DOX diffusion from the OST into the tissue of the canine model without and with mild-thermic actuation. Adapted from [152], 
under the terms of a creative commons attribution license (https://creativecommons.Org/licenses/by/4.0/).
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substantial advancements in neurosurgical and imaging tech
nologies, molecular biology (impacting brain tumor classifica
tion and diagnosis), and the establishment of concomitant and 
adjuvant TMZ chemotherapy as the standard of care (Stupp 
protocol). Consequently, comparisons between modern stu
dies and older data should be made cautiously. In this section, 
we will focus exclusively on clinical trials involving DDS. While 
we recognize the significance of other ongoing trials, we have 
chosen to include only those that have progressed using 
nanocarriers.

Several trials have studied the clinical potential and com
plications of CED as an administration route. Two phase I trials 
involved the intratumoral injection of drug-loaded nanoparti
cles in GBM patients have recently been completed: IRT- 
loaded nanoliposomes (NCT02022644) and panobinostat- 
loaded gold nanoparticles (MTX110, NCT03566199).

A Phase I trial investigated the safety and tolerability of 
a nanoliposomal IRT formulation administered via CED with 
real-time MRI guidance in patients with recurrent high-grade 
glioma [157]. The trial findings reveal prolonged patient survi
val; however, future studies must include multiple infusions 
over time using different therapeutic agents and larger drug 
volumes to ensure optimal tumor coverage.

Another trial evaluated the CED of panobinostat-loaded 
gold nanoparticles (MTX110, NCT03566199) in patients (2–21  
years old) with newly diagnosed diffuse intrinsic pontine 
glioma (DIPG) [158]. The study demonstrated the feasibility 
of repeated CED – overall, this approach was well tolerated 
and may contribute to prolonged survival compared to histor
ical outcomes [158].

The use of liposomes has increased in significance in neuro- 
oncology due to the impact on pharmacokinetic profiles of the 
loaded drug and because their distribution within the CNS can 
be monitored through MRI. For example, Brenner et al. reported 
the CED of Rhenium (186Re) Obisbemeda (186RNL), and 
chelated-186Re encapsulated in nanoliposomes to brain tumors 
and the results of a Phase 1 dose escalation trial (NCT01906385) 
[159]. This study offered insight into radio-conjugated nanolipo
some behavior within the CNS, laying the groundwork for 
future trials combining theranostic monitoring.

Grauer et al. developed an intracavitary therapeutic plat
form, NanoPaste, composed of SPIONs – magnetite (Fe3O4) 
cores of around 12 nm in diameter coated with aminosilane – 
that they applied directly to the walls of the resection cavity in 
recurrent GBM patients (NCT06271421) [160]. Patients under
went six 1-h hyperthermia sessions in an alternating magnetic 
field and, if possible, received concurrent fractionated RT at 
a total dose of 39.6 Gy. Results revealed the upregulation of 
Caspase-3 and heat shock protein 70 protein levels and the 
increased infiltration of macrophages with ingested nanopar
ticles and CD3+ T-cells, suggesting that NanoPaste induces an 
immunomodulatory effect on GBM. Flow cytometric analysis 
of freshly prepared tumor cell suspensions revealed increased 
intracellular ratios of interferon-γ to interleukin-4 in CD4+ and 
CD8+ memory T cells and the activation of tumor-associated 
myeloid cells and microglia with upregulation of HLA-DR 
(Human Leukocyte Antigen – DR isotype) and PD-L1. These 
data suggest that NanoPaste promotes a more activated and 
less suppressive GBM TIME. Two patients demonstrated long- 
lasting treatment responses > 23 months without further ther
apy; overall, the study reported a median survival of 8.3  
months.

Jonas et al. developed small (6 mm × 0.7 mm), biocompa
tible intratumoral microdevices (mIMDs) that can be directly 
implanted into the tumor at the onset of surgery 
(NCT04135807) [161]. mIMDs remain in place throughout 
tumor resection but become removed along with the final 
portion of the tumor at the close of the operation. This 
strategy enables a 2–3 h window of localized drug exposure 
within the intact tumor microenvironment. During this per
iod, IMDs release nanodoses of multiple drugs (~1/ 
100,000th of the dose) in a spatially segregated manner, 
ensuring minimal overlap between drug diffusion zones 
but achieving therapeutically relevant concentrations in 
the immediate tissue vicinity (0.5–1 mm from the release 
site). Preliminary evidence suggests that drug effect read
outs from IMDs at intratumoral nanodose levels correlate 
with systemic treatment responses observed in GBM 
patients. Further studies are necessary to understand the 
impact of this treatment.

Table 3. Examples of recent clinical trials utilizing nanocarriers for the localized treatment of glioblastoma.

Trial number Phase
Delivery 

Route Formulation Drug and Dose
Recruitment 

Status Outcome Reference

NCT02022644 I CED Nanoliposomal Irinotecan 
(20–640 mg/mL, infusion 

volume 2–17 mL)

Active, not 
recruiting

Study results not 
submitted

[157]

NCT03566199 I/II CED Gold nanoparticle (MTX110) Panobinostat 
(total volume 3–12 mL)

Completed Overall survival of 
26.1 months

[158]

NCT01906385 I/II CED NanoLiposome Rhenium-186 
(starting absorbed dose is 1 

mCi in a volume of 0.660  
mL)

Recruiting Study results not 
submitted

[159]

NCT06271421 Not applicable Implant SPIONS for cyclic Hyperthermia 
(NanoPaste)

112 or 335 mg/ml of SPIONs Recruiting Study results not 
submitted

[160]

NCT04135807 Early Phase I Implant Implantable microdevice reservoirs 
releasing drugs – in situ 
implantation

Temozolomide 
Lomustine 
Irinotecan 
Carboplatin 
Lapatinib 
Osimertinib

Recruiting Study results not 
submitted

[161]

Abbreviations: CED: convection-enhanced delivery; mCi: millicuries; SPIONs: superparamagnetic iron oxide nanoparticle. 
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Emerging clinical trials demonstrate the potential of loca
lized DDSs for GBM, with some strategies reporting enhanced 
drug targeting and immune activation; however, improve
ments in patient survival remain modest. Continued research 
must optimize delivery methods, enable repeat dosing, and 
integrate these systems with standard therapies in larger, well- 
controlled trials.

5. Conclusion

Despite advancements in neurosurgery, imaging technologies, 
radiation protocols, and therapeutic strategies, long-term solu
tions to prevent GBM recurrence remain much needed. 
Advancements in DDS design – including dimension, surface 
charge, chemistry, and brain tumor-specific targeting ligands – 
have shown tremendous potential for improving brain par
enchyma penetration [41,86]; however, the development of 
novel soft-matter biomaterials capable of infiltrating the GBM 
mass and targeting infiltrative cells remains a crucial need, 
always keeping in mind scalability. These strategies should 
be complemented by advanced models for testing these 
novel DDS, including in vitro, ex vivo, and in vivo approaches, 
along with the exploration of new therapeutics to validate 
their effectiveness. In the next section, we will discuss a few 
challenges of these challenges.

6. Future perspectives

Effective brain penetration strategies remain a significant hur
dle for treating unresectable GBM, where the dense stroma 
hinders DDS diffusion [91,92,103]. In resected GBM, these 
strategies must be coupled with implants and scaffolds; addi
tionally, next-generation localized DDS for GBM must be 
designed with surgical applicability, ensuring ease of use and 
rapid application by neurosurgeons. This highlights the impor
tance of an interdisciplinary team, including surgeons, engi
neers, clinicians, drug delivery and biomaterial scientists, 
pharmacists, and analytical chemists, in designing pre-clinical 
studies to tackle GBM [41].

A significant limitation remains in the currently employed 
rodent pre-clinical models, which may not accurately reflect 
the true infiltrative clinical nature of GBM. Rodent xenograft 
and allograft orthotopic brain tumor models represent the 
most common means of testing DDS for GBM applied via CED 
and surgical resection; however, researchers might consider 
two points. First, humanized GBM models hold more clinical 
relevance; however, most studies have involved immunocom
promised mice or rats, which remain unsuitable for studying 
the TIME and immunotherapeutic treatment strategies. 
Second, the ability of GBM cells to invade and diffuse from 
the tumor mass into the brain parenchyma varies across 
different GBM models [162,163]. In this context, sponta
neously occurring de novo GBM in canines offers a potential 
alternative for evaluating localized drug delivery for infiltra
tive disease treatment; however, these studies tend to lack an 
adequate statistical number of animals and proper compar
ison with the standard of care, which reduces the impact on 
clinical translation. Even with prospective veterinary research, 
significant challenges remain in establishing effective

treatment and control arms. Ultimately, de novo transgenic 
GBM syngeneic rodent models, which better replicate infiltra
tion, may become the most reliable pre-clinical models for 
predicting phase I safety and phase II response in GBM 
clinical trials [163].

Next-generation localized DDS for GBM must also consider 
the rational design or repurposing of molecularly targeted 
drug compounds based on integrative omics of infiltrative 
GBM. Much of the current research focuses on understanding 
the underlying mechanisms of tumor regrowth and treatment 
resistance to identify therapeutic targets for both monothera
pies and combinatory approaches. Emerging technologies, 
such as FUS, are being explored in preclinical in vitro and 
in vivo models to stimulate immune responses and transiently 
disrupt the blood-brain barrier, thereby enhancing the deliv
ery of traditional therapeutics and novel therapies, including 
immunotherapeutics (such as chimeric antigen receptor T-cell 
therapy, immunomodulators, and immune checkpoint inhibi
tors) to the tumor site [9,164]. Although non-chemical thera
pies have significantly advanced GBM treatment, none have 
provided a definitive path to a cure [165]; notably, the post- 
operative interval before initiating RT and chemotherapy 
offers a strategic window for delivering localized, first-line 
therapies directly to the resection cavity, potentially improving 
outcomes by targeting residual tumor cells before systemic 
treatment begins [166]. Personalized genomics may guide 
individualized drug delivery, but they do introduce new chal
lenges for clinical trial design; furthermore, a deeper under
standing of the molecular and cellular aspects of the brain 
microenvironment within the GBM infiltrative margin will 
allow for the creation of more clinically accurate DDS defined 
as “neuro-nanotechnology” [167].

Finally, the scalability of a DDS for clinical applications, 
good manufacturing practice-compliant characterization, and 
early engagement with regulatory agencies should be consid
ered early in the pre-clinical research phase [168]. Many DDSs 
are likely to be regulated as drugs due to the lack of medicinal 
value from a drug-free DDS. If the many challenges discussed 
in this review are addressed in the coming years, there exist 
reasons to be optimistic that localized delivery of high ther
apeutic concentrations of drug combinations could signifi
cantly extend survival while minimizing or avoiding dose- 
limiting systemic toxicities.
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