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Abstract

Nanomaterials represent a promising and versatile platform for the delivery of therapeutics to the
brain. Treatment of brain tumors has been a long-standing challenge in the field of neuro-
oncology. The current standard of care — a multimodal approach of surgery, radiation and
chemotherapy — yields only a modest therapeutic benefit for patients with malignant gliomas. A
major obstacle for treatment is the failure to achieve sufficient delivery of therapeutics at the tumor
site. Recent advances in local drug delivery techniques, along with the development of highly
effective brain-penetrating nanocarriers, have significantly improved treatment and imaging of
brain tumors in preclinical studies. The major advantage of this combined strategy is the ability to
optimize local therapy, by maintaining an effective and sustained concentration of therapeutics in
the brain with minimal systemic toxicity. This review highlights some of the latest developments,
significant advancements and current challenges in local delivery of nanomaterials for the
treatment of brain tumors.
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Introduction

Despite recent advances in drug delivery, treatment of glioblastoma (GBM), the most
prevalent and aggressive form of high-grade glioma, remains a paramount challenge. The
prognosis for individuals with GBM is poor and has remained essentially unchanged over
the past few decades, with a median survival of 15 months. Hallmarks of GBM include
diffuse infiltration, necrosis, genomic instability, drug resistance, and nearly universal
recurrence [1]. Effective treatment is hindered by the presence of the blood-brain barrier
(BBB), which limits the entry into the brain of most hydrophilic molecules and
chemotherapeutics that are administered systemically. In overcoming these challenges,
various strategies that bypass the BBB have gained momentum in the past 10 years, with an
increasing understanding that enhancing tumor penetration and intracranial distribution of
therapeutics are crucial for improved outcome.

Some studies suggest that BBB in tumors is ‘leaky’ due to increased angiogenesis and
formation of abnormal vessels that result in a dysfunctional blood-brain tumor barrier
(BBTB) [11]. However, outside of the GBM tumor core, the BBB mostly remains intact and
functional, preventing the passage of therapeutics as observed in the healthy brain [11].
These studies suggest that the changes in BBB may not be sufficient to enhance penetration
of into tumors. The failure of systemically delivered agents to provide therapeutic benefit is
likely due to their inability to physically cross the BBB, as well as other complex factors that
contribute to their inefficacy.

Numerous ongoing studies are investigating local delivery strategies to circumvent the BBB
and enhance accumulation at the tumor site. These include implantable or injectable systems
with sustained drug release properties, with the goal of eliminating infiltrative GBM cells
that cannot be surgically resected [1]. Unlike other delivery strategies, such as focused
ultrasound [2], direct intracranial drug delivery is advantageous because it avoids
interference with or disruption of the BBB. Additionally, systemic toxicity or side effects
can be minimized with local drug delivery. Some of the earliest strategies included diffusion-
based delivery mechanisms that involved direct injection of chemotherapeutics into the
tumor resection cavity [3] or implantable polymers such as Gliadel® [4]. While these
approaches provide the advantages of bypassing the BBB and minimizing systemic toxicity,
the depth of distribution that can be achieved is very small, reaching only a few millimeters
beyond the injection site [5] Multiple injections can be performed, but with the increased
risk of neurotoxicity and local side effects such as hemorrhage. Local delivery methods to
overcome the limitation of poor brain penetration have been studied extensively and
evaluated in various clinical trials. The following sections highlight key studies that utilize
local delivery in combination with nanomaterials, and discuss current limitations as well as
potential strategies to improve therapeutic outcome.
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Convection-enhanced delivery

Convection-enhanced delivery (CED) has been shown to produce larger distribution volumes
of agents infused into the brain parenchyma (Figure 1). Unlike diffusion-based methods,
CED utilizes a continuous pressure gradient to drive bulk flow of agents which are infused
directly into the tumor resection cavity, enabling large distribution of high drug
concentrations, while avoiding systemic toxicity [6,7]. Importantly, CED can be used to
distribute agents of various molecular weights and overcome the challenges of poor brain
penetration. Compounds that do not penetrate the BBB, such as large molecular weight
and/or hydrophilic compounds, are better candidates for CED because they remain in the
brain parenchyma for a prolonged period after infusion, whereas small molecular weight
and/or lipophilic agents can be readily eliminated through systemic circulation [8].

The distribution volume that can be achieved with CED depends on several parameters,
including the volume and rate of infusion, physical characteristics of the infusate, and
catheter design. Clinical trials involving CED have been carried out with various agents,
including conventional chemotherapeutics, monoclonal antibodies, targeted ligand-toxin
conjugates, and liposomal formulations [7].

Nanomaterials for local drug delivery

In addition to local delivery strategies, nanomaterials have been proposed as delivery
systems to facilitate transport of therapeutic agents to the brain. These nanocarriers vary
widely in composition, size and shape, with the ability to encapsulate either hydrophobic or
hydrophilic molecules, including drugs, genetic material, radionuclides, and imaging agents
[6]. Common examples of nanocarriers include liposomes, nanoparticles, dendrimers and
micelles (Figure 2), many of which have been evaluated in combination with CED.
Nanoencapsulation of therapeutic agents offers several advantages; it protects active
molecules against degradation, reduces systemic toxicity, enables controlled or prolonged
drug release, and provides the possibility of tumor targeting. The ideal nanocarrier should be
capable of achieving high drug loading, with physicochemical characteristics—such as size,
surface charge, and drug release profile—that are optimized for their intended use.

Systemic delivery of nanocarriers has been investigated to determine its potential for brain
penetration. Ease of administration and the possibility of repeated dosage regimens are its
main benefits. However, even with the best reported strategies to enhance transport across
the BBB, intracranial accumulation of agents has been low, with about 1% of the injected
dose reported to accumulate in the tumor in some cases [9,10]. Furthermore, systemic
administration of nanocarriers inevitably results in abundant delivery to other tissues, such
as the liver and lung, thereby increasing the risk of toxicity and undesired side effects.

For local delivery to the brain, nanocarriers must be less than 100 nm in size to facilitate
penetration through the brain extracellular matrix (ECM) [12,13], neutral or negatively
charged to limit non-specific binding [14] and provide sufficient tissue retention without
undergoing rapid elimination through the blood capillaries. Cationic nanocarriers, which are
widely utilized as gene delivery vectors, are prone to aggregation and poor penetration due
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to interactions with negatively charged brain parenchyma. Size has been shown to be a
critical factor in nanoparticle distribution in the brain [12], while surface properties
significantly affect cellular uptake [15]. The physiological differences between brain tumors
versus normal tissue pose additional challenges for delivery. The increase in extracellular
space, tortuosity, and dense cellular patterns pose significant barriers for diffusion in gliomas
[16]. In addition, tumors exhibit high interstitial fluid pressure, which can result in
inefficient uptake of therapeutics [17], while significant changes in ECM composition,
volume and structure in tumor tissue can impair diffusion [18]. Thus, it is critical to consider
these tumor-specific barriers for optimal nanocarrier design. Nanoparticle penetration in the
brain can be enhanced by co-delivery of osmotic agents or enzymes that alter ECM [19],
although it is not clear that these approaches can be translated into clinical practice.
Bypassing the BBB may not be the only required criteria, as there are additional challenges
to treatment, such as drug resistance, poor retention, and insufficient cellular uptake.

Newer and improved formulations developed within the last few years have often been
described as “brain-penetrating,” with specific features that enhance distribution after CED
or add new functions. Nanoparticles with ‘stealth’ properties, such as those coated with
polyethylene glycol (PEG) or hyperbranched polyglycerol (HPG) have shown to enhance
nanoparticle diffusion [20] or intracranial distribution by reducing interactions with proteins
in the ECM [15,21]. However, despite efficient distribution, therapeutic efficacy of heavily
PEGylated nanoparticles can be hindered; the “stealthy” character of these nanoparticles
prevents uptake into tumor cells [15]. But other surface functionalizations of nanoparticles—
particularly the addition of certain bioadhesive end groups—restores cellular uptake after
CED, while providing a similar volume of distribution. Notably, nanoparticle-cell
association rates measured /n vitro were shown to predict the cellular tropism of
nanoparticles /n vivo, demonstrating that the interactions that occur in the brain environment
can be modeled to some degree using cell culture systems [15].

In developing and evaluating nanomedicines for treatment of brain tumors, multiple criteria
need to be considered. Survival benefits observed in animal models have not been readily
translatable to human GBM patients in clinical trials, suggesting that therapeutic efficacy is
dependent on a combination of different factors. The dose and frequency of treatment
required to achieve therapeutic effect in animal models may not be relevant or feasible in
humans. Importantly, nanocarriers should be designed to minimize toxicity and
inflammation in normal cells in the brain, such as neurons, microglia and astrocytes.
Strategies to enhance cellular specificity and facilitate tumor uptake, for example with the
addition of peptides or surface coatings, are currently being investigated and hold great
potential [15,22].

Nanocarriers encapsulating therapeutic agents

A wide array of nanocarrier formulations for local drug delivery have been investigated
extensively over the past few years (Table 1). Earlier efforts focused on nanoencapsulation
of conventional chemotherapeutics that cannot cross the BBB and exhibit short half-lives
when administered in their free form. For instance, encapsulation of doxorubicin in
liposomes has been shown to enhance its intracranial distribution by reducing its tissue
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affinity [21]. Highly effective combinations of therapeutic agents and nanocarriers include
the encapsulation of hydrophobic, unstable, or toxic agents in polymeric nanoparticles or
liposomes. Nanoencapsulation can protect these molecules from degradation, reduce
toxicity, provide sustained release, and enhance tissue retention. For example, camptothecin
and carboplatin have been loaded in poly(lactic-co-glycolic acid) (PLGA) nanoparticles
[23,24], and irinotecan (CPT-11) in nanoliposomes [25]. These formulations provided
significant anti-tumor effects and survival benefits in animal models. Nanoliposomal
irinotecan, when combined with radiation, resulted in further improvement of survival
benefit [26]. CED of nanodiamonds complexed with doxorubicin enhanced tissue retention,
localized its toxicity and provided prolonged survival in rats with intracranial tumors [27].
Nano-micelles loaded with panobinostat, a strongly hydrophobic drug that is unstable when
delivered in its unmodified form, prolonged survival of tumor-bearing rats [28]. Lipidoid
nanoparticles encapsulating truncated diphtheria toxin were delivered by CED and inhibited
brain tumor growth [29]. PLGA nanoparticles loaded with dithiazanine iodide, a compound
that inhibited proliferation and self-renewal in brain cancer stem cells, produced significant
improvements in median survival of tumor-bearing rats after administration by CED [12].

As described above, the addition of PEG to the surface of nanoparticles reduces adhesive
interactions, thereby improving brain penetration in some cases. PEGylated nanoparticles
loaded with paclitaxel [30], cisplatin [31], and gemcitabine [32] have been demonstrated to
enhance drug distribution, prolong release, and enhance anti-tumor effects in animal models.
CED of PLA-PEG nanoparticles loaded with VE822, a DNA repair inhibitor, provided
effective radiosensitization and survival benefit in animals treated with fractionated radiation
therapy [33]. It is important to note that PEGylation—which can facilitate penetration of
certain nanoparticle compositions—can also diminish cell uptake, so the effect of these
competing factors must be considered.

Cationic polymers are by far the most widely used non-viral gene delivery vectors, due to
their ability to efficiently condense the genetic material, enable intracellular delivery and
facilitate endosomal escape. Poly(p-amino ester) nanoparticles have been utilized for the
delivery of DNA, either alone or in combination with a prodrug that enables tumor-specific
toxicity [34,35]. CED of chitosan-lipid nanocapsules loaded with small interfering RNA
(siRNA) against Galectin-1 and EGFR has been shown to reduce drug resistance and
enhance survival of mice with intracranial tumors [36]. Intratumoral delivery of antisense
miRNAs (anti-miRs) has been described as promising new strategies for treatment of GBM
[37]. Another study described PEGylated poly-L-lysine gene vectors that improve
distribution and transfection efficiency [38].

Radionuclides have been successfully incorporated into nanocarrier formulations. CED of
liposomes loaded with rhenium-186, followed by radiation, provided significant
enhancement in median survival [39]. In a more recent study, rhenium-188-loaded lipid
nanocapsules were utilized for “nanovectorized radiotherapy” which enables internal
radiation as well as monitoring of distribution [40]. Notably, these nanocapsules were
retained in the brain 24 hours after infusion, with no signs of toxicity to healthy tissue, and
resulted in 50% cure rate in tumor-bearing mice, whereas external radiotherapy did not
produce any long-term survivors.
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An approach for combined hyperthermia-chemotherapy was demonstrated using magnetic
Fe(Salen) nanoparticles, which can generate heat with exposure to an alternating magnetic
field [41]. Hyperthermia increases sensitivity of cancer cells to chemotherapeutic agents, but
the difficulty of targeting the exposure only to tumor cells without damaging normal tissue is
a major limitation of this approach. This study demonstrated both /n7 vitro and in vivo anti-
tumor activity of locally delivered Fe(Salen) nanoparticles in combination with alternating
magnetic field exposure.

In addition to injections into the brain parenchyma, CED is also being evaluated for delivery
of therapeutics into the brainstem for treatment of diffuse pontine gliomas (DIPG) [42,43].
Image-guided CED of gadolinium-DTPA (diethylenetriamine penta-acetic acid) and
gemcitabine to the brainstem has been successfully performed [44]. Another study that
evaluated CED of liposomal doxorubicin to the brainstem of mice reported severe toxicity,
resulting in the failure to reach a therapeutic window [45]. Because these tumors are
universally fatal, and in locations that limit surgical options, additional research on
nanomaterial-assisted CED and other local delivery approaches are needed.

Nanocarriers for imaging

Nanocarriers can be loaded with fluorescent markers, radiotracers, or contrast agents that
allow for real-time imaging and/or post-procedural monitoring of infusion [6]. Fluorescent
tracers have been used to evaluate distribution of nanocarriers in animal models, while
radiotracers have been useful for determining the rate of degradation. Perhaps the most
therapeutically relevant approach is the incorporation of magnetic resonance imaging (MRI)
contrast agents, which enables real-time imaging during CED. In earlier studies, liposomes
loaded with gadolinium were administered by CED into the brains of tumor-bearing rats
[46] and non-human primates [47,48]. Used in conjunction with CED, /n vivo MRI enabled
direct and accurate visualization of nanocarrier distribution and tumor coverage in real time.
Nanoparticles with magnetic cores have been widely utilized for MRI. For example,
superparamagnetic iron oxide (SP10)-loaded PLGA nanoparticles were administered by
CED and the distribution detected using MRI, which showed signal retention in the brain for
over one month after infusion [49]. Additionally, PLGA nanoparticles have facilitated non-
invasive, quantitative positron emission tomography (PET) imaging to monitor distribution
after CED [12].

Nanocarriers for multifunctional and combination therapies

Nanomaterials enable the co-delivery of multiple functionalities and different treatment
modalities, which might lead to enhanced treatment effects on tumors [50]. Recently,
multifunctional or theranostic nanocarriers, which combine therapeutic and diagnostic
agents into a single platform, have generated much interest. For example, multifunctional
magnetic iron oxide nanoparticles conjugated to a monoclonal antibody and EGFR inhibitor,
cetuximab, targeted the nanoparticles to GBM cells, inhibited EGFR cell signaling, and
provided therapeutic effect in three rodent GBM models [22]. Another study demonstrated
the efficacy of methotrexate-loaded maghemite nanoparticles in providing large distribution
and slow clearance after CED [51]. Therapeutic efficacy and /7 vivo imaging of infusion
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have been evaluated in animal models with the delivery of nanoparticles co-loaded with
magnetite and temozolomide [52]. While the VVd/Vi was less than one, which may indicate
insufficient tumor coverage, real-time visualization was demonstrated. More recently,
polymeric micelles incorporating SN-38, a biologically active metabolite of irinotecan
hydrochloride, were co-infused with gadolinium by CED. MRI evaluation showed a large
distribution profile, and therapeutic efficacy was achieved in orthotopic brain tumor models
[53].

Tumor-selective therapeutic effects have been demonstrated using boron neutron capture
therapy, in which transferrin-conjugated PEG liposomes encapsulating sodium borocaptate
and lomeprol were administered by CED. Incorporation of real-time computed tomography
(CT) showed targeted delivery of boron to tumor tissue [54]. Intratumoral thermotherapy has
also been evaluated in clinical trials in which iron oxide nanoparticles were administered in
conjunction with fractionated external beam radiotherapy to patients with recurrent GBM
[55]. This study reported a substantial increase in median survival to 23.3 months, compared
to 14.6 months in the reference group.

Nanocarriers loaded with radionuclides serve the dual purpose of targeted radiotherapy and
noninvasive imaging. Rhenium-186-loaded liposomes delivered by CED enabled
visualization and optimization of infusion with single-photon-emission computed
tomography (SPECT) and CT, in addition to providing survival benefit in tumor-bearing rats
[39].

Challenges with convection-enhanced delivery

Although local delivery by CED is a promising strategy that facilitates distribution of agents
in the brain, many clinical trials have yielded disappointing outcomes. The unique
pathological hallmarks of GBM tumors present significant challenges for CED. First, GBM
tumors are often characterized by the presence of necrotic regions, hemorrhage and fibrin
clots, making them naturally heterogeneous structures [56]. Second, the increased vascular
permeability in tumors and surrounding regions can cause rapid clearance of infused drugs.
Additionally, tumors often have increased interstitial pressure and heterogeneous pressure
gradient, caused by elevated fluid and serum protein levels [57]. The high pressure within
brain tumors can lead to reflux or backflow of the infusate up through the catheter. These
features can significantly alter drug distribution, making consistent drug delivery difficult.

Distribution of polymer nanoparticles after CED into brain tumors has been shown to be
affected by the presence of tumors; nanoparticle distribution depends on the size and
properties of the tumor, and appears to be heterogeneous and asymmetric [58]. These
findings suggest that tumor size and characteristics are important criteria that should be
considered when determining infusion site and parameters for CED. Further, since
intracranial distribution is determined by the properties of the infusate, the choice of the
nanomaterial is important for the successful outcome of CED. A variety of properties of
nanoparticle formulations have been shown to influence their penetration through brain
tissues, including size, charge, and extent of PEGylation [12,30,34]. Among the parameters
that affect distribution volume after CED is tissue affinity of the infusate [21].
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There are technical challenges associated with cannula positioning, infusion parameters, and
properties of the infusion catheters. Backflow of infusate can be induced by tissue
disruption, high infusion rates, and large catheter diameter [59]. The disappointing outcome
of the PRECISE trial, which compared the efficacy of CED of citredekin besudotox with
Gliadel® wafers, has been attributed to inadequate distribution likely due to suboptimal
catheter placement [60-62]. Considerable progress is being made in the area of catheter
design, especially the development of multi-port catheters [7] and implantable systems that
can be used for multiple infusions [63]. Most of the current work with nanomaterials has
used catheter systems developed for infusion of drug solutions, and it is possible that
infusion of nanocarrier suspensions might be facilitated by even more specialized catheter
designs. Currently, cannulas with flexible catheters are most often used in clinical trials.
Other proposed designs include rounded-tip cannulas which can decrease tissue pressure,
balloon-tip cannulas which increase surface area, and step cannulas which have smaller
distal tips and can enable higher infusion rates [57,64]. These may be useful in reducing
reflux or backflow during CED, but additional studies are needed for clinical application.

Finally, neurotoxicity is still a concern that warrants further investigation. CED does not
ensure that only tumor cells are exposed to the therapeutic agent. Therefore, even though
systemic toxicity is greatly reduced with CED, the agent must demonstrate an adequate
safety profile against normal brain cells to permit local administration.

Other local drug delivery strategies

Local delivery devices such as drug-loaded gels or polymer-based films, disks, rods, or
wafers can be implanted or injected into the resection cavity. The FDA-approved implant,
Gliadel®, exhibits slow release of bis-chloroethylnitrosourea (BCNU), is well tolerated and
provides a survival benefit in patients with newly diagnosed and recurrent GBM [65]. Other
implant-based drug delivery systems have been developed and evaluated in animal models.
For instance, one study described the controlled-release of a novel small molecule, n-
butylidenephthalide (BP), loaded into a polyanhydride polymer wafer, which was shown to
reduce tumor migration and invasion, and prolong survival of rats with intracerebral tumors
[66]. Also, an injectable matrix scaffold with docetaxel-loaded polylysine-based
nanoparticles exhibited better drug penetration in tumor and prolonged retention, resulting in
inhibition of tumor growth and prolonged survival [67].

Numerous hydrogel formulations, loaded with hydrophilic or hydrophobic drugs, proteins or
DNA, have been utilized as controlled release drug delivery systems for GBM treatment
[68]. Hydrogels are three-dimensional polymeric networks that are capable of absorbing
large amounts of water without dissolution [3]. They can be injected intratumorally or
placed in the resection cavity after craniotomy. For example, an injectable PEG-
dimethacrylate (PEG-DMA) hydrogel, which can be photopolymerized in situ, provided
sustained release of temozolomide [69]. Some hydrogels have incorporated drug-loaded
nanocarriers, including lipid nanocapsules loaded with lauroyl-gemcitabine [68], PLGA-
PEG loaded with paclitaxel [70], and PLGA microspheres encapsulating camtothecin or
vincristine [71].
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Intranasal delivery of nanocarriers has been investigated as a non-invasive approach for drug
delivery to the brain, utilizing the direct pathway from the nasal cavity to the CNS [72]. For
example, chitosan nanoparticles loaded with an siRNA molecule targeting Galectin-1 were
delivered by intranasal administration and showed intratumoral distribution and knockdown
of Gal-1 expression [73]. Reduction of Galectin-1 expression displays synergistic effects
with temozolomide or immunotherapy, suggesting the possibility of combination therapy
[74]. Intraarterial delivery of liposomes has been proposed as a method of reducing
nonspecific uptake. In contrast to nanocarriers delivered by CED, larger (200 nm) cationic
liposomes have been shown to exhibit higher retention and more efficient glioma targeting
compared to smaller (80 nm) neutral formulations [75].

Novel therapeutic agents for treatment of brain tumors

Local delivery of genetic materials such as DNA, siRNA, and microRNA (miRNA) is a
promising strategy for the treatment of brain tumors. Tumor-suppressive miRNA or
inhibitors of oncogenic mMiRNASs have been recognized in recent years for their therapeutic
potential, but there is much debate about their clinical feasibility [76]. One of the most
extensively studied oncomiR known to be overexpressed in GBM is miR-21, whose
downstream protein targets include PTEN, PDCD4 and RECK [77,78]. Inhibition of miR-21
or other oncomiRs can suppress GBM cell viability while sparing normal cells. Other
miRNAs implicated in GBM include miR-221, miR-10b and miR-26a [79]. Some miRNAs
have tumor-suppressive properties. For example, forced expression or restoration of let-7
miRNAs, which are highly expressed in normal tissues and act to inhibit oncogenes such as
K-Ras, has been shown to reduce GBM proliferation [80]. Delivery of siRNA results in the
knockdown of a specific gene target, whereas miRNAs affect multiple genes and pathways.
Thus, a major advantage of miRNA-based therapeutics is the ability to simultaneously target
multiple pathways involved in GBM pathogenesis. However, a potential drawback is that
off-target effects of miRNAs could be higher than siRNA, which can be designed to inhibit
very specific targets.

Questions remain about whether adequate delivery of miRNA inhibitor can be achieved and
whether that will be sufficient to induce a therapeutic effect. Delivery remains the biggest
hurdle for miRNA-based therapies; because of the blood-brain barrier, systemically
administered miRNA therapeutics are unlikely to reach the tumor, making local delivery a
necessity. A recent finding that may have important therapeutic implications is that GBM
cells undergo a process termed “microvesicle transfer” in which cells bud off and deliver
their cytoplasmic contents to nearby cells, effectively sharing their miRNAs, proteins, and
other molecules [81]. This phenomenon may improve chances for success of miRNA-based
therapeutics by reducing the delivery threshold required for therapeutic efficacy.

Other agents are gaining attention as potential drug candidates for treatment of brain tumors.
These include EGFR inhibitors (cetuximab, erlotinib, gefitinib), PI3K/mTOR inhibitors
(everolimus, tacrolimus, sirolimus), pan-histone deacetylase inhibitor (panobinostat), and
monoclonal antibodies such as those against VEGF (bevacizumab) [82]. Panobinostat, a
strongly hydrophobic drug with poor BBB permeability, has been shown to be much more
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effective when loaded into nano-micelles [28]. Nanoencapsulation and local delivery of
these agents could dramatically improve their activity against GBM tumors.

Immunotherapy has the potential to revolutionize cancer therapy, yet so far there are few
published works describing the use of nanomaterials in combination with immunotherapy
for GBM treatment. For treatment of other cancers, nanocarriers have been used to deliver
antigens or adjuvants, either encapsulated or on the surface of the particle, in order to elicit
adaptive immune responses [83]. Most of these have been administered systemically, and
most frequently evaluated in melanoma or lymphoma tumor models. Immunotherapeutics
for GBM treatment face the same physiological barriers that limit the effectiveness of
standard therapy, as well as the added challenge of local immunosuppression present in the
tumor microenvironment [84]. Nanocarriers offer a versatile platform to enhance the benefits
of immunotherapy. For instance, encapsulation in nanocarriers can protect the antigen from
degradation and increase its half-life in vivo, reduce systemic toxicity, and promote specific
delivery to antigen presenting cells [83]. Antigens delivered by nanoparticles have been
shown to trigger much greater immune responses compared to soluble antigens [85].

Key molecules of interest for immunotherapy include immune checkpoint inhibitors, which
are novel immune modulatory agents that can facilitate the anti-tumor immune response
[86]. Specifically, they act by blocking immunosuppressive receptors that inhibit effector T-
cells. Among these receptors is programmed death 1 (PD-1), a cell surface receptor that has
been elucidated as a key molecule involved in immune resistance [87]. Blockade of PD-1
with anti-PD-1 antibody, combined with localized radiation, resulted in improved survival of
mice with intracranial gliomas [88]. Clinical trials involving the use of anti-PD-1 antibody,
nivolumab, either alone or in combination with temozolomide and radiation, are ongoing
[89,90]. Interestingly, the ligand for PD-1, programmed death ligand 1 (PD-L1), has been
shown to be highly expressed in GBM tumors as well as in the tumor-infiltrating
macrophages and microglia [91]. Loss of PTEN, a frequently occurring alteration in GBM,
has been hypothesized to induce PD-L1 expression [92]. Cytotoxic T-lymphocyte-associated
antigen 4 (CTLAA4) is a receptor expressed only on T-cells, and its blockage facilitates T-cell
activation [93]. CTLA4-blocking antibodies, ipilimumab and tremelimumab, have been
evaluated in clinical trials for treatment of metastatic melanoma [93], and highlight the
potential for their utility in treating other cancers including GBM. Another target for
immunotherapy is CD133, a cell surface protein present on GBM stem cells but absent on
normal cells, which can be exploited to facilitate specific delivery of therapeutics to tumors
[94]. Synergistic effects of immunotherapy with chemoradiation [95] suggests that it could
be part of a multi-modal treatment approach using nanocarriers to augment the immune
response.

Future prospects

New approaches and techniques are being investigated to address the causes of failures in
clinical trials and improve the outcome for GBM patients. Emerging evidence suggests
therapeutic efficacy is closely related to, and therefore can be improved by, enhanced drug
distribution and tumor coverage. The feasibility of chronic and continuous CED has been
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demonstrated and may be beneficial, with some studies reporting that larger regions of the
brain can be perfused with prolonged infusion [96].

Use of real-time image-guided CED that allows for visualization of drug distribution during
infusion may enable better catheter placement and optimization of infusion parameters [97].
Reliable computer modeling that can accurately predict drug distribution after CED [98,99]
would also be helpful. Using nanocarriers with contrast agents, MRI-guided catheter
placement can be achieved with real-time image feedback.

Finally, a better understanding of the cellular processes that affect nanoparticle
internalization could help improve design and efficiency. For instance, computational
modeling has been used to quantify rates of various cellular processes involved in
nanoparticle uptake [100]. Combination of CED with nanotechnology and novel targeted
therapies holds great potential for GBM treatment, but the challenges and shortcomings
associated with local delivery should be addressed in order to improve chances for success in
clinical trials.

Conclusions

Failure of most therapeutics in treating GBM results from poor brain penetration and rapid
degradation. Combination of local delivery methods such as CED with nanocarriers can
greatly improve drug distribution and retention in the brain to ensure complete coverage of
the tumor mass and infiltrating cells. The half-life of drugs can be extended by
encapsulation, which prevents drugs from rapid degradation or elimination. As highlighted
above, CED of various nanocarrier formulations has been successfully used to enhance
intracranial distribution and provide therapeutic efficacy with minimal toxicity, though
several challenges remain unresolved. An increasing understanding of the fate of
nanoparticles after CED has highlighted the potential to improve therapeutic efficacy by
optimizing their surface properties and incorporating specific features. The main conclusions
from the studies reviewed here converge on the need for personalized treatment, with
patients receiving individualized therapeutic regimen and drug delivery protocols for
successful outcomes.
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Highlights

Convection-enhanced delivery (CED) of nanocarriers can significantly
enhance intracranial distribution and facilitate sustained delivery of agents for
the treatment of brain tumors.

Nanocarriers are effective delivery platforms for a wide variety of therapeutic
and imaging agents, and enable combinations of multiple functionalities or
different treatment modalities.

Modification of the nanocarrier surface with specific brain-penetrating
features can enhance diffusion, improve cellular uptake, or provide tumor
specificity.

Challenges with CED—including insufficient tumor coverage, backflow and
neurotoxicity—must be addressed to improve therapeutic efficacy and achieve
clinical success.

Several promising nanocarrier formulations are designed to target the
immunological features of GBM.
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Figure 1.
Illustration of the CED method. A) The catheter is inserted into the tumor (shown in red) or

the cavity created after tumor resection, and the therapeutic agent (blue) is continuously
infused using convection. B) Diffusion relies on a concentration gradient, whereas CED
utilizes bulk flow Kinetics, resulting in a larger distribution of agents in the surrounding
tissue.
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Dendrimer Liposome Micelle Polymeric
Nanoparticle

Figure 2.

Schematic of nanocarriers used in combination with CED including dendrimers (A),
liposomes (B), micelles (C), and polymeric nanoparticles (D).
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