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Abstract

Background: Local delivery after glioblastoma (GBM) resection aims to raise intratumoral drug
exposure while limiting systemic toxicity. The only FDA-approved implantable therapy for GBM is
the carmustine (BCNU)-impregnated polyanhydride wafer (Gliadel wafer). More than two decades
of clinical use and randomized data show that intracavitary chemotherapy is feasible and confers a
modest survival benefit in carefully selected patients. Nevertheless, Gliadel wafer has not inherently
altered GBM'’s overall poor prognosis due to biological resistance to nitrosoureas, constrained brain
parenchymal pharmacokinetics, and device-related adverse effects. Objective: To synthesize in-
human and preclinical evidence defining the current limitations of Gliadel wafer and to outline
strategies for next-generation local delivery systems for GBM. Methods: Narrative review of
randomized and observational clinical studies, pharmacokinetic studies, and preclinical models,
drug-investigating Gliadel wafer and potential next-generation local delivery systems in GBM.
Results: The literature delineates key limitations of Gliadel wafer: short diffusion distances and
burst-weighted carmustine release, high tumor cell resistance to carmustine due to its heterogeneity,
and device-related side effects. Emerging approaches to address these limitations include (i)
multidrugs with synergistic effects against GBM cells; (ii) advanced biomaterials that enable
controlled and sustained release; and (iii) targeted agents with minimal off-target effects. Testing
newer generations of local drug-delivery systems in more predictive translational models, such as
patient-derived organoids and spontaneous large-animal glioma models, is essential to maximize the
translatability of preclinical studies to human studies. Conclusions: Next-generation local drug-
delivery systems should include multiple synergistic tumor-selective drugs that can be released in a
controlled, sustained manner deep into the residual tumor. Preclinical testing of these systems can be
conducted in clinically relevant animal models that are more translatable than those used in early
Gliadel wafer studies.
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1. Introduction

Glioblastoma multiforme (GBM), now defined in the WHO CNS5 under adult-type diffuse
gliomas as “Glioblastoma, IDH-wildtype” (CNS WHO grade 4) meeting histologic or molecular
criteria (TERT promoter mutation, EGFR amplification, or +7/-10 signature), [1] remains uniformly
lethal despite maximal multimodal therapy. Standard care since 2005 consists of maximal safe
resection followed by chemoradiation. [2,3] The median overall survival with contemporary therapy
rarely exceeds 15-21 months, underscoring the need for better local control at the resection margin
where most recurrences arise. [4,5] Local drug delivery has gained popularity because it bypasses the
blood-brain barrier (BBB), potentially increasing drug concentrations in the surgical cavity and in the
surrounding infiltrating tumor while minimizing systemic exposure. [6]

Despite ongoing improvements in surgery, radiotherapy, and systemic treatments, studies on
patterns of failure consistently indicate that most recurrences occur within 2 cm of the original tumor
site. [7] This suggests that residual cells at the resection margin are not being effectively treated, even
when dose constraints are met. [7,8] In this setting, the resection cavity serves as a convenient site for
treatment, allowing neurosurgeons to insert implants, catheters, or injectable depots during surgery,
with the goal of maintaining high drug levels around the cavity rim for a prolonged time. [6,9] Local
approaches, including biodegradable wafers, convection-enhanced delivery (CED), brachytherapy,
and in situ—forming depots, are therefore increasingly viewed as complementary to systemic therapy
rather than competitors, aiming to intensify treatment where microscopic disease is densest while
limiting systemic toxicity. [9,10]

The BCNU-polyanhydride wafer (Gliadel wafer) is the first proof-of-concept and the only
currently approved method for local intracranial delivery of chemotherapy, according to the U.S.
Food and Drug Administration (FDA). [11,12] Randomized trials demonstrated modestly improved
outcomes compared to placebo, both in recurrent malignant glioma (median survival 7.1 versus 5.3
months) and in newly diagnosed high-grade glioma (median 13.9 versus 11.6 months; 29% relative
risk reduction in death). [12,13] These trials predated or only partially overlapped the Temozolomide
(TMZ) era, and subsequent observational series in the TMZ era have shown heterogeneity of the
benefit of Gliadel wafer. [14,15]

This review critically examines the limitations of the Gliadel wafer and proposes new design
and translational strategies for next-generation local therapies for GBM. Addressing these limitations
can enhance the efficacy and safety of these local drug-delivery systems for patients with GBM
(Figure 1).
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Figure 1. Graphical Summary of the Concept.

2. Current Limitations of Gliadel Wafer

Despite establishing the feasibility of local chemotherapy, Gliadel wafers provide only
incremental benefit in selected patients because their performance is constrained by tumor biology,
pharmacokinetics, and device limitations. On the biology side, single-agent carmustine is blunted by
MGMT-mediated repair and related DNA-damage responses, so durable control of a heterogeneous,
infiltrative GBM is not achieved. Pharmacokinetically, the polifeprosan-20 matrix delivers a short,
front-loaded burst of BCNU over only a few days, and concentrations fall steeply from the cavity
wall, typically reaching just millimeters into the surrounding brain. Practical coverage is further
limited by irregular cavity geometry and, when present, cerebrospinal fluid (CSF) communications.
Safety profile and adverse events such as edema, seizures, wound-healing problems, CSF leak or
infection, and cyst formation can occur. The wafer is brittle and moisture-sensitive (frozen storage
and careful placement are required), and, therefore, full dosing is not always achievable. Together,
these factors define the ceiling of first-generation wafers and motivate the engineering and
translational strategies outlined in Sections 3 and 4.

2.1. Limited Efficacy of Carmustine as a Single Agent

BCNU (carmustine) is a chloroethylnitrosourea that alkylates DNA at the O"6 position of
guanine; the O"6-chloroethyl adduct can evolve into interstrand cross-links that kill tumor cells.
[16,17] The DNA repair protein MGMT removes O”6 adducts in a single step and is a major
determinant of nitrosourea and other O”6-alkylator resistance. High MGMT activity blunts drug
effect, whereas MGMT promoter methylation correlates with greater alkylator responsiveness.
[18,19] Mismatch repair and broader DNA damage responses further shape sensitivity to
nitrosoureas and TMZ, enabling rapid selection of resistant clones under treatment pressure. [17]

Across pivotal randomized trials, the survival gains with Gliadel wafer were modest, typically
weeks to a few months, underscoring that single-agent BCNU cannot control a heterogeneous, often
MGMT-proficient infiltrative tumor. [13,20] In addition, carmustine has not been shown to have a
significant therapeutic effect on GBM stem cells, which are believed to drive tumor recurrence. [21]

In the TMZ era, benefit appears most plausible in well-selected patients — for example, those
with near-gross-total resection. Yet contemporary series report variable results, and some guidelines
note limited routine use in Europe. [22,23]

At the cellular level, GBM stem-like cells (GSCs) and other treatment-tolerant subpopulations
exhibit high DNA-repair capacity, quiescence, and metabolic plasticity, which collectively reduce
their sensitivity to BCNU and TMZ. [24,25] These cells often reside at the infiltrative margin, around
perivascular niches, and along white-matter tracts — regions that extend beyond the short diffusion
radius of carmustine from the cavity wall. [26,27] Heterogeneous transcriptional programs (e.g.,
proneural, classical, mesenchymal) and dynamic phenotypic switching under treatment pressure
further argue against relying on a single alkylator, and instead support rational local combinations
that simultaneously target DNA damage response, invasion, and stem-cell survival pathways. [28,29]

2.2. Pharmacokinetic Constraints

The polyanhydride matrix (polifeprosan 20) hydrolyzes after implantation, producing an early
burst of carmustine followed by a rapid decline in release; experimental work shows that most of the
drug elutes over several days, while the polymer remnants persist for weeks. [30]

Human pharmacokinetics mirror this behavior: systemic BCNU is detectable for about 24h, with
a maximal blood concentration occurring about 3h after placement, supporting the evidence of
limited, short-lived output from the implant. [31,32]

Drug levels decrease rapidly as they move away from the cavity wall, so significant drug
concentrations are confined to a few millimeters into the surrounding tissue. This leaves any deeper
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invasive disease untreated. Both computer simulations and animal studies support the existence of
this sharp concentration gradient. [33,34]

Reports on diffusion distances differ by model; however, even the more optimistic studies
suggest typical penetration is in the millimeter range. [20]

In real-world practice, these pharmacokinetic challenges are further complicated by the shape
of the resection cavity. [9,20] Surgeons often need to cut wafers into smaller pieces, leave some
surfaces exposed, or avoid placing wafers near sulci, ventricles, or cisterns to minimize migration
and cerebrospinal fluid obstruction. [20,35] Consequently, only a portion of the peri-cavity surface
contacts the drug-eluting polymer directly, creating a steep concentration gradient. [20,36] This
means that cells just a few millimeters away often receive subtherapeutic doses, which explains why
tumors tend to recur just beyond the expected diffusion zone. [7,36] Developing more uniform and
conformal depots remains an important goal for future treatments, and these conceptual
relationships between drug exposure, efficacy, and toxicity for systemic TMZ, Gliadel wafers, and an
idealized local delivery platform are summarized in Figure 2.

Concentration
Efficacy
Toxicity

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (Weeks) Time (Weeks) Time (Weeks)

Systemic TMZ === Carmustine wafers == Ideal local delivery system

Figure 2. Schematic Comparison of Systemic Temozolomide, Carmustine Wafers, and an Ideal Local Drug
Delivery System. Conceptual comparison of drug exposure, therapeutic effect, and toxicity for standard
systemic temozolomide (TMZ) given per the Stupp regimen, carmustine implants, and a proposed optimized
local delivery platform. (a) Local administration can generate substantially higher drug levels at the target site
than systemic TMZ, whose dose is constrained by whole-body exposure; an optimized system would provide
prolonged release with approximately zero- or first-order kinetics. (b) Maintaining elevated local concentrations
over time with such a device is expected to support sustained tumor control and reduce the likelihood of
recurrence. (c) Adverse effects associated with the mechanical stiffness of carmustine wafers could be mitigated
by designing softer, more compliant materials, while systemic toxicity continues to limit further intensification
of TMZ-based regimens. Adapted from Tabet et al. [107].

2.3. Safety, Adverse Effects, and Handling Constraints

Post-implant issues include peri-cavitary edema, seizures, wound-healing problems, CSF
leak/meningitis, cyst formation, and intracranial hypertension. The FDA label reports seizures in up
to 37% of patients with recurrent disease and cautions about edema and wound-healing risks that
warrant close monitoring. [32]

Case series and reviews report instances of peri-cavitary edema that are severe enough to exert
pressure on surrounding structures, sometimes leading to hydrocephalus or displacement of wafers,
especially when the cavities are connected to CSF pathways. [37,38]

Although systemic exposure is minimal and temporary, blood levels can be detected for
approximately 24 hours following placement. As a result, the mutagenic and teratogenic risks
associated with carmustine necessitate precautions related to contraception and breastfeeding. [32]

Each wafer contains 7.7 mg of carmustine embedded in polifeprosan-20, which is a polymer
composed of bis(p-carboxyphenoxy) propane and sebacic acid in a 20:80 ratio. It is recommended to
use up to eight wafers to cover the affected area. [32]
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Labels and technical sheets specify frozen storage (<20 °C) and careful intraoperative handling
due to moisture sensitivity and fragility; in practice, irregular cavity geometry often prevents
achieving the full eight-wafer dose. [32]

Meta-analyses and large retrospective series confirm that these device-related toxicities are not
rare, particularly when wafers are combined with standard postoperative chemoradiation. [39,40]
Higher rates of cerebral edema, wound dehiscence, and intracranial infection have been reported
compared with historical controls, and some series describe cystic degeneration of the cavity that can
necessitate re-operation or long-term CSF diversion. [41,42] In patients with limited performance
status or multiple comorbidities, the clinical impact of such complications may outweigh the modest
survival benefit. [13,40] Consequently, many centers limit Gliadel use to carefully selected patients —
typically those with good functional status (e.g., Karnofsky 270), supratentorial tumors amenable to
near-gross-total resection, and cavities without direct communication to the ventricular system or
basal cisterns. [13,35] Intraoperatively, best practices include gentle placement under direct
visualization, avoiding multilayer stacking in narrow recesses, and striving for watertight dural
closure to minimize CSF leak and wafer migration. [20,35] Even with meticulous technique, however,
the wafer’s brittleness, fixed dimensions, and moisture sensitivity make it challenging to achieve
uniform coverage of complex cavities, underscoring the need for more conformable, robust local
delivery systems. [6,43]

3. Emerging Strategies to Overcome Current Limitations

Local therapy for GBM is evolving from single-agent, fast-eluting wafers toward combination
depots and smarter materials that relatively match the biology and geometry of the disease. The most
promising directions pair rational drug combinations with delivery matrices that release for months,
conform to complex cavities, and spread the drug deeper into the peri-resection cavity parenchyma.

3.1. Multidrug Local Delivery Systems

Given GBM'’s heterogeneity, stem cells, and rapid adaptive resistance, local drug combinations
are more likely to succeed than replicating the first-generation single-agent approach. Numerous
drugs have been discovered or repurposed to target GBM cells and have shown significant
therapeutic efficacy in in vitro and in vivo studies. However, the ideal combination to eradicate the
heterogeneous cell populations in Glioblastoma remains to be identified. [44]

In orthotopic models, co-loaded polymer implants have outperformed single-drug wafers — for
example, TMZ and BCNU released from a single biodegradable wafer produced stronger tumor
control than either agent alone, establishing feasibility for intracavitary combination chemotherapy.
[45]

Similar results have been shown with TMZ and paclitaxel packaged in a photopolymerizable
hydrogel or pellets, which provided sustained release, better conformity to complex margins, and
improved survival compared with one-drug depots. [46-49] Together, these data suggest that, when
used locally, combinations can complement each other mechanistically without increasing surgical
morbidity or systemic toxicity. [20]

A key challenge is carefully choosing which drugs to combine locally rather than empirically
co-loading multiple cytotoxics. [50,51] Modern genomic and transcriptomic profiling reveals
substantial inter- and intra-tumoral variation in pathways such as RTK/RAS/PI3K, cell-cycle
regulation, and DNA repair, suggesting that ideal combinations will pair a DNA-damaging backbone
(e.g., alkylators or topoisomerase inhibitors) with agents targeting compensatory survival pathways,
invasion, or stem-cell maintenance. [52,53] Local depots also offer an opportunity to co-deliver agents
that are poorly tolerated systemically — such as high-dose alkylators or radiosensitizers — while
keeping systemic exposure low, potentially widening the therapeutic window when combined with
radiotherapy and systemic TMZ. [20,54]
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3.2. Engineering Improved Wafer Systems

Modern materials engineering offers several levers to correct the pharmacokinetic and spatial
limits of current wafers. [55] Hydrogels and nanofiber meshes can be tuned for long-lived, low-burst
release and sequential dosing. For example, layered or core-sheath meshes can provide an initial
radiosensitizer treatment followed by extended chemotherapy. Additionally, conformal patches can
increase surface area without increasing cavity pressure. [56-58]

In situ—forming, tissue-adhesive hydrogels improve retention on irregular walls and have
delivered therapeutic proteins and antibodies in primary human GBM models, supporting their use
as conformal depots after resection. To push the drug beyond the millimeter-scale rim, carriers can
be equipped with tumor-penetrating ligands (e.g., RGD/iRGD) or built using layer-by-layer (LbL)
surface chemistry; both approaches increase brain-tissue distribution and glioma-cell uptake in vivo,
with LbL nanoparticles also enabling MRI visualization of local spread. [59,60]

Imaging-visible depots are feasible, MRI-monitored hydrogels have been tracked longitudinally
in the brain, opening the door to noninvasive placement checks and dose-response readouts in early
trials. [61] In addition, triggerable systems (e.g., ultrasound/sonodynamic-responsive formulations)
are being developed to boost release or add orthogonal cytotoxic mechanisms while preserving
intracranial biocompatibility. [62]

Beyond simply prolonging drug release, advanced biomaterials can be designed to actively
influence the surrounding tissue environment. Hydrogels with customizable stiffness, porosity, and
degradation rates can be tailored to facilitate deeper tissue penetration or to align with nearby blood
vessels. [43,63] Electrospun meshes can be layered or patterned to establish spatial drug gradients
that better target infiltrative tumor margins. [57] Thermoresponsive nanocomposite hydrogels,
injected as liquids and solidifying at body temperature, can create soft depots lining surgical cavities,
as shown in orthotopic glioblastoma models, where these hydrogels provide extended intracortical
drug release with minimal initial burst. [64,65] Emerging stimuli-responsive depots can also be
activated by external triggers, such as magnetic fields or focused ultrasound, to control drug release
on demand. [66,67] For instance, hydrogels containing magnetic nanoparticles can generate mild heat
under alternating magnetic fields, speeding up drug diffusion and improving tissue penetration. [66]
Ultrasound-responsive systems may allow noninvasive enhancements of local therapy at specific
times. [67,68] Additionally, nano-engineered hydrogels that co-deliver chemotherapeutic drugs with
immunomodulators or metabolic agents have been shown to remodel the immune and stromal
microenvironment, increasing T-cell infiltration and reducing tumor recurrence in preclinical glioma
models. [63,69] These advances suggest that future drug-delivery wafers could become
programmable, visible reservoirs capable of controlled drug release, rather than passive, degrading
discs. [6,69]

3.3. Targeted Therapeutics

In addition to cytotoxic drugs, local delivery systems can provide targeted therapies like
oncolytic viruses and small-molecule or antibody treatments.

Oncolytic viruses preferentially replicate in cancer cells, sparing normal cells, and induce direct
oncolysis and promote immunogenic cell death. A phase I study of DNX-2401 (Delta-24-RGD), an
oncolytic adenovirus, reported that among 37 patients with malignant glioma (including GBM and
IDH-wildtype), 20% survived longer than 3 years and 12% achieved greater than a 95% reduction in
tumor enhancement. [70] Another phase II trial using intratumoral oncolytic herpes virus G47A in 19
adult patients with residual or recurrent supratentorial GBM demonstrated a 1-year survival rate of
84.2% with a median overall survival of 20.2 months from therapy initiation. [71] Finally, in a
multicenter phase 1/2 study combining oncolytic DNX-2401 virotherapy with pembrolizumab, no
dose-limiting toxicities were observed, and the 12-month overall survival was 52.7%, compared with
only 20% in the control group. [72]

Local or intracavitary administration is particularly appealing for biological agents whose
systemic use is limited by toxicity, immunogenicity, or poor BBB penetration. [73,74] Catheter-based
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CED has already enabled focal infusion of recombinant toxins, radiolabeled antibodies, and immune
agonists deep within the brain, and similar pharmacokinetic principles can be harnessed by
biodegradable depots positioned along the cavity wall. [75,76] By co-localizing oncolytic viruses,
cytokines, or checkpoint modulators with regions of greatest residual tumor burden, future platforms
may amplify intratumoral immune activation while keeping systemic exposure low and reducing the
risk of off-target organ toxicity. [69,77]

Small-molecule/antibody conjugates for local delivery can be engineered as locoregional depots
to release molecularly selective payloads — including small-molecule conjugates, antibody fragments,
or peptide-decorated nanoparticles — so that uptake is driven by tumor-specific ligands while
exposure remains concentrated around the cavity. Integrin-targeted designs (e.g., RGD/iRGD)
improve cellular entry and tissue spread in GBM models, and can be embedded within hydrogels to
sustain release and widen coverage at the infiltrative edge. [78,79]

CD44-directed systems, often built on hyaluronic-acid (HA) backbones, show preferential
uptake by GBM cells versus normal glia and have enhanced antitumor activity in orthotopic studies
— making HA-NP/hydrogel composites attractive for postoperative intracavitary delivery. [80,81]
Hydrogel-nanoparticle matrices have already demonstrated feasibility in in-cavity placement and
survival gains in rodents, supporting the platform concept for conjugated or ligand-guided agents
after resection. [10,64]

That said, translation to patients remains challenging: for example, the EGFR-targeted ADC
depatuxizumab mafodotin (ABT-414) failed to improve overall survival in a phase 3 population
despite biological rationale, underscoring the need to pair smarter targeting with appropriate local
delivery and patient selection. [82] Recent engineering advances (e.g., micro-mesh and conformal
hydrogel depots that carry nanoparticles or antibody fragments) aim to provide sustained, spatially
uniform release compatible with neurosurgical workflow, but clinical validation in GBM is still
pending. [83]

Another emerging direction is cell-based local immunotherapy. Early clinical experience with
dual-targeting CAR-T cells directed against antigens such as EGFR and IL13Ra2 has shown that
intracavitary or intraventricular dosing is feasible, and that organoid-based avatars can help interpret
response patterns and toxicity. [84,85] Embedding CAR-T cells, engineered macrophages, or
dendritic-cell vaccines within supportive hydrogels or porous scaffolds is being explored
preclinically to prolong cell persistence, guide their migration into the infiltrative rim, and shield
them from hostile microenvironmental cues. [86] Although still at a conceptual stage, these strategies
highlight how intracavitary depots could eventually function as multifunctional “immune niches”
that release drugs, living effector cells, and even diagnostic reporters in a coordinated fashion.

4. Translational Path: Beyond Traditional Preclinical Models

The Gliadel wafer was approved many years ago for local chemotherapy treatment of GBM and
served as an early proof-of-concept for delivering drugs directly into the brain. However, its
preclinical testing used 9L gliosarcoma cells in rats, a model now known to poorly predict how
human GBM behaves. These limitations include a lack of tumor diversity, unnatural growth patterns,
and failure to mimic interactions between the tumor and the immune system, all of which contribute
to the high failure rate when translating findings to clinical settings. [87,88] Therefore, next-
generation local drug-delivery platforms require preclinical models that better reflect the molecular,
genetic, and immunological context of human GBM.

4.1. Efficacy Preclinical Studies

Patient-derived xenografts (PDXs) and GBM organoids (GBOs) have emerged as robust tools for
bridging this gap. [89] Derived from patient tumor tissue or short-term cultured cells, these models
preserve tumor heterogeneity and molecular characteristics, allowing realistic assessment of
therapeutic efficacy. [90] Implantation in immunocompetent mice under short-term
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immunosuppression enables evaluation of therapies in the context of an intact immune system,
capturing pro- and anti-tumor immune responses. [91]

Beyond serving as generic efficacy platforms, PDX and organoid systems are increasingly being
used in “functional precision medicine” workflows in which each patient’s tumor generates a small
biobank of models. [92,93] These patient-derived models can be screened ex vivo against panels of
systemic and locally deliverable agents, including potential intracavitary drug combinations, with
results feeding back into clinical decision-making within clinically relevant time frames. [92,94] For
local drug-delivery research, such pipelines enable evaluation of which drug cocktails (e.g., alkylators
plus targeted agents or immunomodulators) are most active against an individual tumor before
embedding them into wafers or hydrogels, thereby de-risking early-phase trials and aligning
intracavitary therapy with patient-specific vulnerabilities. [6,93]

To enhance clinical relevance, standardized rodent tumor resection systems have been
developed. [95] These minimally invasive devices combine suction and a precision cutting blade to
remove tumors through the original burr hole, reducing operative time, blood loss, and postoperative
morbidity, while preserving tissue viability for downstream analyses. This method aids in
researching perioperative biology and intra-cavity drug delivery, providing a more accurate
representation of how surgery affects treatment responses. [95]

Translationally, more predictive biological models must be matched with clinically meaningful
endpoints. Incorporating standardized patient-reported outcomes (PROs) and neurocognitive testing
into trials of local therapies will be essential to ensure that modest survival gains are not offset by
deterioration in function or quality of life (QOL). [96,97] Recent work in glioblastoma shows that even
when overall survival is poor, carefully delivered chemoradiotherapy can still improve specific
dimensions of health-related QOL, such as emotional and social functioning, emphasizing the
importance of capturing patient-centred benefits. [98,99] Contemporary neuro-oncology frameworks
now recognize perceived cognition, communication difficulty, seizures, physical functioning, and
symptomatic adverse events as core PRO domains that should accompany radiographic and survival
endpoints in brain-tumor trials. [96,100] Local delivery platforms that prolong steroid dependence,
increase seizure burden, or impair wound healing could negatively affect these domains even if
progression-free survival improves, whereas technologies that reduce hospitalizations or allow
earlier initiation of systemic therapy may offer net QOL advantages that deserve equal weight in
clinical decision-making. [100,101]

4.2. Safety and Biodistribution Preclinical Studies

For safety and pharmacokinetic considerations, small animals are insufficient because their brain
size, tissue structure, and drug distribution differ significantly from those of humans. Large-animal
models such as dogs allow researchers to optimize implant size, drug payload, and release rates in
conditions that more closely mimic human physiology.

By combining efficacy studies using PDX or GBO models, including those with resected tumors,
with large-animal safety and pharmacokinetic testing, we can create a comprehensive, translational
framework. This approach enhances the evaluation of advanced local drug-delivery systems,
bringing us closer to effective human treatments.

Spontaneous gliomas in pet dogs have become particularly valuable in this context because they
more closely recapitulate the size, microenvironment, and clinical course of human GBM than
induced rodent tumors. [102,103] In a landmark study, CED of CPT-11-loaded liposomes into canine
gliomas achieved robust intratumoral distribution on real-time MRI and produced volumetric
responses that correlated with the volume of distribution, validating both the model and the delivery
technique. [102] Later work using biodegradable TMZ-loaded microcylinders implanted into
partially resected canine tumors demonstrated the feasibility of postsurgical intracavitary
chemotherapy and yielded detailed pharmacokinetic and safety data that would be difficult to obtain
in human subjects. [104] These naturally occurring canine models also capture clinically relevant
variables such as tumor-related seizures, chronic steroid use, and heterogeneous supportive care —
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factors that influence edema, wound healing, and device performance. [103] As such, they are well-
suited to identify device-specific complications (e.g., cyst formation, edema around depots, catheter
malfunction) before first-in-human trials. [102,104] Integrating large-animal studies with rodent
models and patient-derived organoids can create a multi-tiered translational pipeline in which
candidate local therapies are first screened for efficacy, then stress-tested for distribution and safety
in realistic brains, and finally advanced into adaptive early-phase clinical trials. [92,102]

Early-phase human studies also offer an opportunity to refine regulatory science around
intracavitary treatments. [105,106] Unlike purely systemic drugs, local depots and CED systems are
combination products whose performance depends as much on surgical workflow, catheter
positioning, and imaging guidance as on the pharmacology of the payload itself. [9,106] Harmonized
reporting standards for implant placement, intra-operative complications, and longitudinal imaging
changes — analogous to existing RANO and RANO-PRO initiatives for outcome assessment — would
facilitate cross-platform comparison and accelerate the identification of best practices. [96,100] At the
same time, phase I-II trials should incorporate detailed pharmacokinetic and pharmacodynamic
sampling from re-resected tissue whenever ethically feasible, as exemplified by chronic topotecan
CED studies that correlated intratumoral exposure with changes in proliferation and metabolism.
[105,106] Such data help clarify whether disappointing clinical results reflect inadequate drug
delivery, intrinsic resistance, or off-target toxicity, thereby guiding rational iteration of both drug
combinations and device architecture. [105,106]

5. Conclusions

The use of Gliadel wafers after tumor resection has shown that intracavitary chemotherapy is
feasible and can offer modest survival benefits, but overall outcomes in GBM remain poor due to the
limited efficacy of single-agent carmustine, short and localized drug exposure, and device-related
complications. Next-generation locoregional systems must therefore go beyond “more drug for
longer” by combining multiple or targeted agents to overcome resistance, enabling controlled,
sustained, and homogeneous drug delivery, and minimizing toxicity. Practically, ideal intracavitary
platforms should handle multidrug payloads with independently tunable release, conform to
irregular cavity geometries without causing mass effect, degrade predictably with good
biocompatibility in blood and CSF, and remain compatible with repeat surgery, re-irradiation, and
advanced imaging, while features like MRI visibility and externally triggered release could turn them
into true theranostic devices. Progress will depend on integrating robust preclinical testing
(patient-derived xenografts, organoids, large-animal models) with adaptive, biomarker-driven
clinical trials in well-selected surgical candidates, using correlative measures such as cavity-wall
biopsies, advanced MRI, and circulating tumor DNA to link local pharmacokinetics to biological and
clinical effects. Ultimately, improving on Gliadel will require the coordinated advance of materials
science, rational drug combinations, rigorous translational modeling, and carefully designed clinical
implementation.
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