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A B S T R A C T   

Glioblastoma multiforme (GBM) is a particularly aggressive and malignant type of brain tumor, notorious for its 
high recurrence rate and low survival rate. The treatment of GBM is challenging mainly because several issues 
associated with the GBM microenvironment have not yet been resolved. These obstacles originate from a variety 
of factors such as genetics, anatomy, and cytology, all of which collectively hinder the treatment of GBM. Recent 
advances in materials and device engineering have presented new perspectives with regard to unconventional 
drug administration methods for GBM treatment. Such novel drug delivery approaches, based on the clear 
understanding of the intrinsic properties of GBM, have shown promise in overcoming some of the obstacles. In 
this review, we first recapitulate the first-line therapy and clinical challenges in the current treatment of GBM. 
Afterwards, we introduce the latest technological advances in drug delivery strategies to improve the efficiency 
for GBM treatment, mainly focusing on materials and devices. We describe such efforts by classifying them into 
two categories, systemic and local drug delivery. Finally, we discuss unmet challenges and prospects for the 
clinical translation of these drug delivery technologies.   

1. Introduction 

Glioblastoma multiforme (GBM) is one of the deadliest brain tu
mors, whose prognosis is abysmal. The lethality of this brain tumor, 
classified as a grade IV astrocytoma, is evidenced by its low median 
survival (< 2 years) and 5-year survival rates (< 5%) [1–5]. There are 
many physical and biological barriers in the GBM microenvironment 
[6,7], which hinder the successful treatment of GBM and increase the 
risk of recurrence even after going through the standard treatment 
protocol [8]. Despite many efforts that have been devoted to over
coming such hurdles for precise diagnosis [9] and effective treatment of 
GBM [10], much more progress is still required for complete cure from 
GBM [11]. 

The standard GBM treatment consists of primary resection surgery, 
followed by chemotherapy and radiotherapy [12,13]. This combina
tional therapy showed that the median survival improved nearly 3 
times compared to surgery alone [14]. However, the efficacy of such 
treatments is limited by the intrinsically malignant nature of GBM [15], 

the vascular structure of the brain [16], and the radiation dose toler
ance of brain tissue [17]. For example, infiltrating tumor cells obscure 
the boundary between the normal and tumoral regions within the brain; 
thus, several residual tumor cells survive even after surgical removal. 
These remaining tumor cells contribute to the recurrence of GBM. 
Furthermore, conventional systemic delivery of chemotherapeutic 
agents is often ineffective because the blood-brain-barrier (BBB) blocks 
the anticancer drugs from permeating into the extracellular matrix of 
the brain. Furthermore, the radiation tolerance of brain tissue limits the 
efficacy of radiotherapy. 

Alternative therapeutics, including gene therapy [18,19], angio
genesis inhibition [20,21], and immunotherapy [22,23], have shown 
potential efficacy for the treatment of GBM, but to a limited extent. The 
BBB lowers the efficiency of systemic drug delivery to the target tumor 
in the brain. Increasing the dosage of drugs to enhance their therapeutic 
efficiency would increase toxicity to normal cells and hence, increase 
the risk of adverse effects. Multi-drug administration to counter the 
high level of genetic heterogeneity of GBM in patients is also limited by 
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the same increased risk of adverse effects. 
Considering the limitations in both approaches, i.e., the gold stan

dard and alternative therapies, many recent studies have aimed at a 
dramatic improvement in the efficiency of drug delivery to brain tu
mors. Various drug delivery strategies have been suggested—including 
the systemic drug delivery penetrating through the BBB (e.g., nanos
tructure-induced BBB penetration and external-stimulus-induced BBB 
temporal disruption) and local drug delivery bypassing the BBB (e.g., 
intranasal delivery, solid implant-based delivery, intratumoral delivery, 
and convection-enhanced delivery (CED)). Moreover, several ap
proaches have enhanced the efficiency of drug delivery by integrating 
both the macroscopic strategy of increasing drug permeation through 
the BBB and the microscopic strategy of designing the drug to be readily 
taken up by the tumor. 

Here, we review such advances in drug delivery technology for GBM 
treatment. First, we introduce first-line treatments and their clinical 
challenges stemming from anatomic, cytologic, and genetic properties 
of GBM. Afterwards, we present clinically available treatment methods, 
focusing on relatively novel approaches, with detailed descriptions of 
their advantages and disadvantages. Then, we review the most recent 
innovations in drug delivery technology for GBM treatment. We de
scribe them by classifying their drug administration modes into two 
categories, i.e., systemic drug delivery versus local drug delivery. 
Mainly, we focus on both macro- and micro/nanoscopic strategies to 
overcome obstacles in GBM treatment. Finally, we conclude this review 
by presenting unresolved issues and the outlook of drug delivery 
technology. 

2. Clinical protocols, challenges, and strategies for GBM treatment 

2.1. Clinical protocols for GBM treatment 

The first-line treatment of GBM consists of surgical resection to 
eliminate tumoral tissues as much as possible, and subsequent chemo/ 
radiotherapy to eradicate residual tumor cells and counter recurrence 
[24]. The standard treatment and care for a newly diagnosed GBM 
patient are as follows (Fig. 1A): 

(i) A suspected diagnosis of GBM is made as the patient suffers from 
symptoms such as headache, nausea, and vertigo [25]. (ii) After the 
primary diagnosis of GBM via magnetic resonance imaging (MRI) and 
computed tomography (CT) and further confirmation with pathological 
analysis [26], the patient is diagnosed as GBM, and he/she receives the 
optimized prescription, such as the incision range and dosage, after 
consideration of their age, tumor progression, and tumor location. (iii) 
Surgical resection is implemented first to remove most of the bulk 
tumor at once, with a minimal margin left as determined by diagnostic 
imaging. (iv) Adjuvant therapies, including chemotherapy and radio
therapy, are applied periodically as a complementary therapy to re
move the remaining tumor cells at the surgical margin or as second-line 
therapy if GBM recurs [12,13]. Many anti-cancer agents have been 
developed and are being used in the clinic; temozolomide (TMZ) is a 
standard chemotherapeutic agent for GBM treatment due to its low 
systemic toxicity [27,28] and effective therapeutic performance [29]. 
Such post-surgical treatment options are considered, depending on the 
condition of the patient, and whether the tumor has progressed or re
curred. 

According to clinical studies, the median survival rate of patients 
following the standard treatment for GBM is 64 weeks, which is a four- 
fold increase compared to that of the control group [30]. Despite the 
proven therapeutic effect of the standard treatment, there is still room 
for advances in the clinical strategies of GBM treatment to overcome 
existing challenges and limitations. 

2.2. Clinical challenges for GBM treatment 

Despite the advancement of clinical practice and technology, the 

combinations of therapeutic methods for treating GBM available today 
have yet to overcome the high mortality and recurrence rate. A key 
hurdle in the treatment of GBM arises from the intrinsic nature of this 
malignant tumor. Many distinctive characteristics of GBM at the ge
netic, cytologic, and anatomical levels compromise the efficacy of 
therapy and therefore need to be overcome for the development of 
advanced medicines (Fig. 1B). 

The fundamental problem that limits the efficacy of conventional 
therapeutics against GBM stems from the unique anatomy of the brain. 
As the central processing unit, the brain is the most crucial organ of the 
body; hence, many layers, including the skull, dura mater, and cere
brospinal fluid (CSF), protect the brain from the external environment 
[31–33]. These protective layers, however, make it difficult for che
motherapeutic drugs to enter the brain. In particular, the BBB sig
nificantly inhibits the permeation of drugs from the bloodstream into 
the brain, dramatically reducing the efficiency of systemic delivery of 
chemotherapeutic agents [34,35]. Although the integrity of BBB is 

Fig. 1. Schematic illustration of the clinical strategies and challenges for the 
GBM treatment. A) Schematic illustration of the standard treatment and care for 
a newly diagnosed GBM patient. B) Schematic illustration of the clinical chal
lenges for GBM treatment. A) GBM occurrence, adapted with permission from 
[199]. Diagnosis, adapted with permission from [200]. 
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compromised by the infiltrative GBM, the blood-tumor barrier (BTB) is 
formed following the disrupted site of BBB. The BTB is relatively more 
permeable than BBB, but its heterogeneous permeability and perfusion 
still limit the absolute efficiency of the drug delivery [36]. Additionally, 
metastasis to the core parts of the brain, such as the brainstem and 
cerebellum, can rapidly exacerbate the prognosis [37]. 

At the cellular level, the high proliferation rate and the invasiveness 
of GBM cells contribute to the refractoriness of GBM. The hypoxic en
vironment of GBM attributes largely to this malignancy, by upregu
lating the proteins that facilitate the invasion and adaptation cap
abilities of GBM cells [38,39]. In detail, GBM cells upregulate the 
expression of genes related to angiogenesis and ion channels for rapid 
proliferation and volume increase, respectively [40,41], which en
hances their aggressiveness and invasive properties. In addition, the 
variants of GBM cells that are resistant or are developing resistance to 
the drugs continue to proliferate, impeding the chemotherapeutic era
dication of GBM cells. Cancer stem-like cells with self-renewal prop
erties are major hurdles with respect to drug resistance [42–44]. Driven 
by upregulated factors relating to hypoxia, these cells undergo genetic 
variation that eventually leads to resistance to chemotherapy. As the 
progenitors differentiate into specific types of cells to adapt to the ex
ternal environment, cancer stem-like cells induce high rates of hetero
geneity and mutation among proliferating GBM cells. Therefore, GBM 
exhibits multi-drug chemo-tolerance against many clinical treatments, 
and the difficulty in treating the disease rises dramatically if the ther
apeutic regimen fails to eradicate the tumor and residual cancer cells at 
once. 

2.3. Novel clinical strategies for GBM treatment 

2.3.1. Advanced clinical therapeutic strategies for GBM treatment 
To overcome the clinical challenges in GBM treatment, novel ther

apeutic approaches have been investigated in preclinical studies, and 
several approaches have reached clinical trials. These approaches can 
be classified into symptomatic treatment and radical treatment [45]. 
Symptomatic treatment emphasizes the restoration of the original 
condition of patients by alleviating their symptoms, whereas radical 
treatment focuses on removing the underlying cause of the disease for 
complete cure. However, considering the poor prognosis and high 
mortality of GBM, most research efforts for GBM treatment have 
gravitated toward radical treatment. 

Surgical resection, by far the most popular first-line therapy for 
GBM, is a representative example of radical therapy as it removes most 
of the tumor at once (i.e., average reduction of 99%; Fig. 2A) [46,47]. 
However, invasive GBM cells infiltrate into the normal brain region 
contiguous to the tumor, obscure the boundary between the tumor and 
the normal tissue, and make it difficult to remove the tumor completely. 
As the complete removal of the tumor by resection is critical for im
proving the survival rate of patients, fluorescence-guided surgery using 
5-aminolevulinic acid (5-ALA) was developed to visually distinguish the 
tumor cells from normal cells and enhance the efficiency of surgical 
removal (Fig. 2B) [48–50]. When 5-ALA is administered orally, it me
tabolizes to fluorescent protoporphyrin IX (PpIX), which accumulates 
preferentially in tumor cells because the tumor cells lack ferrochelatase, 
the enzyme that metabolizes PpIX to heme. As a result, a strong 
fluorescent signal of PpIX from the tumor cells guides a surgeon to 
remove them more efficiently, thus increasing the efficiency of tumor 
removal by surgical resection. 

The progression and recurrence of GBM are monitored continuously 
after surgery, and patients receive follow-up adjuvant therapy including 
radiotherapy (Fig. 2C) [51] and oral chemotherapy (Fig. 2D) [52]. In 
radiotherapy, a radiation dose of 60–65 Gy to the target region is 
deemed optimal for treatment [53–55]. However, tumor cells in the 
hypoxic region of the brain tend to resist radiotherapy [56,57]. Besides, 
collateral damage to the normal brain region is unavoidable as the ir
radiation of neighboring normal tissues induces nonspecific cytotoxicity 

[58]. Hence, a moderate level of radiotherapy along with concomitant 
chemotherapy using TMZ (i.e., an orally administrable anti-cancer 
agent) is preferred to improve the overall therapeutic efficiency and 
reduce the risk of side effects from radiotherapy. Studies have shown a 
nearly 20% increase in the median survival rate of patients who receive 
both radiotherapy and chemotherapy compared to the patients who 
receive radiotherapy alone [8,59]. Thus, chemo-radio cocktail therapy 
is considered as the standard treatment for recurrent GBM [12,13]. 

2.3.2. Novel clinical therapies for GBM treatment 
Despite the advanced clinical therapeutic protocols, the combina

tion of classical chemotherapy and radiotherapy fails to cure GBM 
completely, due to frequent recurrence and metastasis. Therefore, al
ternative chemotherapeutic approaches have been investigated to en
hance therapeutic efficacy by utilizing biological agents or modifying 
the mode of administration. One example is the use of antibody for anti- 
angiogenic therapy. Bevacizumab, a monoclonal antibody that inhibits 
angiogenesis, has been administered intravenously for the treatment of 
GBM (Fig. 2E) [52]. Its anti-cancer effect is due to the inhibition of 
vascular endothelial growth factor A (VEGF-A), which is a key mediator 
of the hyperangiogenic behavior of GBM [60]. However, the delivery of 
bevacizumab to the target tumor is inefficient [3,61] as the antibody 
cannot penetrate the BBB. Therefore, the efficacy of systemic treatment 
with bevacizumab is reduced significantly because of which there is no 
improvement in the overall survival of GBM patients treated with 
bevacizumab [62]. The BBB similarly compromises the efficacy of 
symptomatic treatment for GBM, in which anticonvulsants (e.g., phe
nytoin) and corticosteroids (e.g., dexamethasone) used to alleviate the 
accompanying symptoms, such as brain edema and seizure, only show 
limited efficacy [63,64]. 

Therefore, immunotherapy was spotlighted since it promotes the 
patients' spontaneous antitumor immune system unhindered by the 
BBB. Diverse approaches, including monoclonal antibodies, cancer 
vaccines, immune system modulator, adoptive T-cell transfer, and im
mune checkpoint blockade (ICB), have been developed [65]. Among 
them, PD-1/PD-L1 ICB is considered as a relevant strategy because PD- 
L1 is highly expressed on glioblastoma cells. Early studies of combi
national checkpoint blockade immunotherapy showed promising effi
cacy in the preclinical model [66]. However, follow-up clinical results 
indicated limited efficacy because GBM has a low immunogenic re
sponse. Thus, the optimization of therapeutic strategies that stimulate 
antitumor immune response was required. Additionally, ICB can trigger 
a nonspecific immune response which may incur lethal side effects. 
Therefore, it is essential to improve the delivery efficiency of ICB and 
combine the protocols with other therapeutic strategies for maximizing 
the therapeutic outcomes. 

As another solution to overcome the obstacle of BBB penetration, a 
patch-type biodegradable polymeric wafer (Gliadel Wafer®, Arbor 
Pharmaceuticals, USA) for sustained release and local delivery of car
mustine has been proposed (Fig. 2F) [67–69]. It is implanted directly 
into the intracranial cavity after surgical resection, and it releases the 
drug intracranially to enhance the therapeutic effect and prevent tumor 
recurrence. Direct diffusion of the drug from the Gliadel Wafer to the 
residual tumor provides the advantage of bypassing the BBB. In addi
tion, the Gliadel Wafer is biodegradable, which minimizes any potential 
side effects associated with direct implantation in the brain (e.g., sei
zure). Immunotherapy, another noteworthy solution to circumvent the 
BBB, also failed to show any improvement in the treatment efficacy at 
the clinical level [23]. 

Another clinically approved strategy for GBM treatment is the in
jection of stimuli-responsive materials and subsequent actuation by 
external stimuli. This strategy takes advantage of the stimuli-responsive 
materials being injected in a minimally invasive manner, and the ex
ternal stimulus being applied externally, which is easy to counter the 
frequent recurrence of GBM. In addition, the minimally invasive fashion 
would allow repeated treatment with a small risk of inflammation. 
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Various therapies combined with wirelessly controllable stimuli (e.g., 
magnetic field, light, ultrasound) have been tested for the GBM treat
ment at the clinical phase (e.g., magnetic hyperthermia [70–72], pho
todynamic therapy [73,74]) or at the preclinical phase (e.g., photo
thermal therapy [75,76], and sonodynamic therapy [77,78]). One 
example is magnetic hyperthermia that utilizes an external alternating 
magnetic field (AMF) applicator (MFH 300F NanoActivator, MagForce 
Nanotechnologies AG, Berlin, Germany) for actuating injected magnetic 
nanoparticles (MNPs) to generate heat (Fig. 2G). The MNPs are locally 
injected into the tumor region of the brain, and a high-intensity 
(~18 kA/m) and low-frequency (100 kHz) magnetic field provided by 
the AMF applicator to the MNPs increases the local temperature higher 
than 45°C for thermoablation of the tumor [79]. CT and/or MRI can 
visualize the distribution of the MNPs in the brain, and the temperature 
profile at the target site can be estimated. 

As an advancement from minimally invasive approaches, wireless 
electrotherapy has been introduced as a completely non-invasive 
therapy using only a wearable device to address the aversion of GBM 
patients towards intracranial invasion during clinical intervention [80]. 
A tumor-treating field (TTF) device (NOVO TTF-100LTM, St. Helierl, 
USA) wrapped around the scalp (Fig. 2H) delivers a low-frequency, 
alternating electric field (100–300 kHz) to the tumor cells [81–83]. The 
electric energy specifically interferes with proliferating cells by separ
ating tubulin dimers further during mitosis and induces mitotic cell 
death. As the proliferation rates of tumor cells are much higher than 
those of normal cells, the associated side effects are less severe than a 
mild irritation to the skin. The distinctive feature of TTF is its non- 
invasiveness, which has advantages of countering the metastasis and 
minimizing the side effects of treatment. 

2.3.3. Limitations of currently available treatment strategies 
Although these novel approaches have reached the clinical and/or 

preclinical stage, they still do not achieve a complete cure for GBM. 
Conventional therapeutic strategies for GBM have their drawbacks of 
limited therapeutic efficacy and accompanying side effects (Table 1). As 
briefly explained in the previous Section 2.3.2., many novel clinical 
strategies have been proposed to overcome the limitations of conven
tional therapies. However, the clinical outcomes of these novel strate
gies for GBM are also insufficient. 

Polymeric implants are prone to inadvertent burst drug release or 

limited drug penetration into the brain tissue because the delivery 
mechanism of such implants—a simple physical mixture—relies solely 
on the natural diffusion of the drugs [84,85]. Furthermore, the rigid 
nature of the implants manifests a mechanical mismatch to the contour 
of the intracranial cavity [86]. The limited drug delivery from implants 
to the deep region of the brain makes it hard to cope with the metastasis 
of GBM. 

The use of magnetic hyperthermia is prohibited in the case of pa
tients with metallic implants such as pacemakers [87]. Additionally, the 
progression of the tumor in the brain cannot be detected by MRI due to 
signal distortion from the high concentration of MNPs [72,88]. Precise 
control of temperature is required to prevent excessive heating that 
may lead to damage to healthy tissues and to prevent insufficient 
heating that may lead to insufficient treatment of the tumor [89]. 
However, single-point temperature sensing is not accurate for a large 
tumor because of the heterogeneous temperature distribution in the 
tumor, and it is not possible to deploy multiple-point sensing with a 
high spatial resolution at the current technical level [90]. 

The therapeutic efficacy of electrotherapy is not fully proven in 
clinical trials, and burdens of high cost and the need for daily access to 
the medical facility also hinder successful treatment [82]. As the de
tailed treatment mechanism of TTF devices is not fully known, their 
feasibility is still questionable [91]. 

Although many clinical therapeutic approaches have been devel
oped, their therapeutic efficacy remains limited. To overcome these 
limitations, recent studies have introduced promising solutions, most of 
them being novel drug delivery technologies. For example, several 
macroscopic strategies have been described for penetrating the BBB, 
while other microscopic strategies that modify molecules to improve 
treatment efficiency have been attempted. More recently, several ad
vanced approaches have achieved nearly full recovery of GBM patients 
by integrating both macroscopic and microscopic strategies. In the 
following section, we will describe such drug delivery approaches for 
the treatment of GBM, classifying them as systemic drug delivery and 
local drug delivery. 

3. Recent advances in drug delivery strategies for GBM treatment 

Strategies to treat GBM continue to evolve, and such evolution is 
directed towards delivering drugs more efficiently and accurately to the 

Fig. 2. Clinical therapeutic approaches for GBM treatment. A) Optical image of the surgical resection for the removal of GBM and B) fluorescent image of the GBM 
obtained after 5-ALA administration. Schematic illustration for the operation of C) radiotherapy, D) orally-administered chemotherapy, and E) intravenously- 
administered chemotherapy. F) Optical image of the Gliadel wafer at the brain cavity after surgical resection. G) Optical image of the operation of magnetic 
hyperthermia using an MFH 300F Nanoactivator. H) Optical image of the operation of electrotherapy using a NovoTTF. A) Adpated with permission from [46]. B) 
Adapted with permission from [48]. C) Adapted with permission from [51]. D), E) Adapted with permission from [52]. F) Adapted with permission from [67]. G) 
Adapted with permission from [70]. H) Adapted with permission from [83]. 
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target tumor site. Although surgical resection is still a reliable solution 
against GBM, it has limitations, as described in the previous sections. 
Furthermore, improving the treatment efficacy of other clinical 
methods is still a daunting goal. 

However, treating GBM via drug delivery has distinct advantages. 
For instance, the administration of chemical and biological anticancer 
agents is less invasive than surgical resection. Studies on novel drug 
delivery systems (DDS) and their pharmacological assessment have 
helped overcome the shortcomings of chemotherapy. Therefore, many 
recent studies on GBM have focused on the development of efficient 
drug delivery strategies. 

In designing DDS for GBM treatment, a major pathophysiological 
hurdle that compromises efficacy is the BBB, which impedes the pe
netration of anticancer agents into the bloodstream in the tumoral re
gion. Thus, recent investigations have suggested diverse strategies for 
drug delivery to circumvent the BBB. Meanwhile, although drugs are 
delivered to the brain through the BBB, their efficacy is still thwarted by 
certain phenotypic hallmarks of GBM as mentioned in Section 2.2. 
Therefore, many viable solutions have been developed to overcome the 
resistance of GBM to the treatment. 

Some recent studies on drug delivery against GBM have provided an 
all-in-one solution to the multiple problems of GBM through the com
bination of the design of novel materials, devices, and administration 
protocols. This section introduces recent advances in drug delivery 
technologies for the treatment of GBM (Table 2). In the first part, the 
latest studies on optimizing systemic drug administration for effective 
GBM treatment are introduced, followed by the discussion of local 
routes for drug administration including novel protocols and devices to 
facilitate drug delivery into the brain. 

3.1. Systemic drug delivery to GBM 

Systemic administration of anticancer agents is one of the more 
popular treatment options for GBM as it is easily accessible and less 
burdensome to patients. However, the efficacy of systemic drug de
livery is limited due to the low efficiency of drug delivery, which lar
gely stems from the aforementioned BBB conundrum. The pathophy
siological BBB with malignant GBM is considered leaky and 
compromised, and early studies argued that systemic administration for 
GBM treatment would benefit from the EPR effect owing to the com
promised integrity of the BBB. However, systemic treatment of GBM 
with passive targeting only saw limited efficacy, implying that the 
disruption of BBB caused by GBM is indeed a relative term. 
Physicochemical drawbacks of conventional chemotherapeutic drugs, 
such as poor biostability, low circulation, and nonspecificity, also 
compound the limitations of systemic administration in GBM [92,93]. 

To overcome such limitations, the latest studies of systemic drug 
delivery for GBM treatment feature diverse strategies. Nanomaterials 
offer a promising solution to such limitations as their physicochemical 
properties can be tuned with the help of surface ligands to facilitate 
their delivery across the BBB, target cancer cells more specifically, and 
interact with the tumor microenvironment (TME) for enhanced antic
ancer efficacy [94–96]. The efficiency of delivery can be enhanced 
further using nanomaterials because their small size facilitates pene
tration of the BBB to reach the tumor easily. In addition, a wide variety 
of targeting moieties can be incorporated into nano-formulated antic
ancer drugs to accelerate their penetration of the BBB and increase drug 
uptake by brain tumors. In addition to the targeting capability, ad
vanced nano-formulations may also interact with endogenous or exo
genous stimuli to control the delivery of drug payload on-demand [97]. 

Table 1 
Characteristics, advantages, and limitations of currently available treatment strategies for GBM.      

Treatment Characteristic/advantage Limitation  

Surgical resection Mass removal of tumor Hard to remove infiltrative tumor 
Radiotherapy Non-invasive administration Radio-resistance 

High treatment efficiency Side effects 
Chemotherapy Gold standard (TMZ) No procedure requirement Chemo-resistance 

Anti-angiogenic (Bevacizumab) Patient compliance Limited drug penetration in tumor tissue 
Symptomatic treatment (Phenytoin/dexamethasone) Symptom mitigation Little therapeutic efficacy 
Gliadel wafer (Carmustine) Bypass of BBB Mechanical mismatch 

Perisurgical administration Short drug delivery period 
High drug concentrations at target site Limited drug penetration 

Stimuli-responsive therapy Minimally-invasive administration Limited use 
Bypass of BBB Requirement for specialized instrument 
Programmable treatment Low detectability of tumor progression 

Electrotherapy Non-invasive administration Less clinical verification 
Tumor targetability High cost 
Minimal side effect Requirement for specialized instrument 

Table 2 
Advantages and disadvantages of drug delivery strategies for GBM treatment.      

Treatment Advantage Disadvantage  

Systemic delivery Nanocarriers Minimally invasive, simple administration Low efficiency from BBB 
Tunable material design Host reactions (e.g., protein corona) 

Cellular carriers Stealth against host reactions Potential side effect 
Spontaneous homing/surface interaction No consensus on delivery efficiency 

Transient disruption of BBB Minimally invasive Specialized equipment required 
Complementary to first-line therapy Nonspecific diffusion 

Local delivery Intranasal delivery Non-invasive, simple administration method Non-targeted Low delivery efficiency due to mucociliary 
Bypass the BBB Small administration volume 

Solid-based implant delivery Direct delivery from the brain surface Mechanical mismatch 
A large amount of implantable drug reservoir Hard to refill 

Intratumoral delivery The high loading amount of drug Invasive administration 
Bypass the BBB Low penetration depth 

Convection-enhanced delivery Deep pentration depth Invasive administration 
Capability to delivery various types of drug 
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The multifunctional building blocks of the systemic formulation can 
release the payload when exposed to the tumor-specific environment, 
or triggered by external stimuli. In the context of GBM treatment, 
however, stimuli-responsiveness of the systemic anticancer formulation 
is only contingent with high efficiency of targeted delivery because the 
physical barrier of the BBB is still a dominant bottleneck. Therefore, the 
latest studies of systemic DDS on translational GBM models tend to 
feature the stimuli-responsive materials accompanied by active tar
geting agents. 

As the systemic DDS for GBM continues to evolve and diversify from 
PEG-based polymersomes to a comprehensive library of organic and 
inorganic materials, there is still a set of adverse host reactions which 
may compromise the efficiency of systemic formulation during circu
lation. Formation of protein corona is a representative phenomenon 
which may obstruct the targeting moiety, trigger further opsonization 
and related humoral immune response, and induce premature de
gradation and clearance of the injected formulation [98–100]. Coupled 
with robust physical barriers of the BBB, these pharmacokinetic con
siderations impose another obstacle to systemic formulations that even 
the putative stealth polymers such as PEG are not entirely free from this 
hindrance [101]. To overcome this limitation, a rising trend in using the 
components of cellular origin for systemic cargo sheds a light in the 
novel treatment strategy for GBM. 

Alternatively, new strategies to penetrate the BBB using external 
stimuli could also promote the systemic delivery of anticancer agents. 
Ultrasound is by far the most frequently used modality to disrupt the 
BBB temporarily; other modalities to transmit energy for the transient 
opening of the BBB have also been suggested. Biochemical signaling 
molecules are also administered before the drug so that the BBB opens 
transiently during the circulation of chemotherapeutics. To date, var
ious pathways to penetrate the BBB have been elucidated (Fig. 3A), 
which could serve as prospective methods for the systemic delivery of 
drugs to GBM [36]. 

3.1.1. Targeted drug delivery using designed nanoscale carriers 
Nanomaterials, spotlighted as a promising conduit for drug delivery 

across the BBB, have been recently investigated for drug delivery in 
GBM treatment. An early study suggested that nanomaterials can take 
advantage of the enhanced permeability and retention (EPR) effect for 
extravasation into the brain [102]. However, the efficiency of EPR has 
been rendered somewhat dubious as recent studies demonstrate the 
poor efficiency of BBB penetration and EPR-mediated accumulation of 
nanomaterials in solid brain tumors [94]. Therefore, researchers have 
employed diverse targeting agents and designed materials for transcy
tosis across the BBB to target cancer cells during drug delivery for GBM 
treatment. 

Some of the latest studies for drug delivery to GBM still embrace the 
EPR effect, but they have introduced follow-up measures to the EPR- 
mediated drug delivery so that drugs are accumulated at the targeted 
location. Ruan et al. prepared two groups of gold nanoparticles (AuNPs) 
with different functional ligands, namely, Ala-Ala-Asn-Cys-Lys (AuNPs- 
AK) and 2-cyano-6-aminobenzothiazole (AuNPs-CABT) [103]. After 
uptake into the GBM region via the EPR effect, the peptide sequence at 
the surface of AuNPs-AK is spliced by the enzyme legumain, which is 
upregulated in the brain tumor. As the 1,2-thioamino group on Cys is 
exposed due to the proteolysis by legumain, it undergoes a click cy
cloaddition with the cyano groups on AuNPs-CABT. The resultant 
AuNPs that aggregate with one another, namely AuNPs-A&C, are less 
likely to be exocytosed or extravasated out of the BBB (Fig. 3B). The 
click-reactive aggregation of AuNPs depends on legumain and a mildly 
acidic pH, which favors tumor-specific accumulation of the AuNPs. 
Furthermore, doxorubicin (DOX) was conjugated to a separate pH- 
sensitive linker on the AuNPs for tumor-microenvironment-dependent 
chemotherapy. Such preferential uptake and retention of the AuNP 
aggregates to enhance the efficiency of drug delivery to GBM have been 
confirmed both in vitro and in vivo. 

In a more sophisticated approach than the EPR effect, active tar
geting elements have been tested, using a wide range of moieties with 
different motifs including peptides, saccharide derivatives, targets for 
transporter proteins, and antibodies [104–106]. Since a GBM-specific 
systemic administration requires targeting both the BBB and the tumor, 
designating the moieties for dual targeting capability is a key concern 
for drug delivery in neuro-oncology. Peptides are popular targeting 
agents in systemic drug delivery for GBM treatment because of their 
small size, reduced systemic toxicity, and high targetability to tumor 
cells [107]. Especially, novel peptides with simultaneous dual-targeting 
of the BBB and the tumor are featured in latest drug delivery for GBM 
treatment. Thus, recent investigations of targeted drug delivery against 
GBM adhere to the dual-targeting principle with different directions: 
targeting the BBB and the tumor by two different moieties; dual-tar
geting by single motif; and multiple targeting of heterogeneous com
position in tumor cells by different ligands [108–111]. 

The latest report features the combination of brain tumor-targeting 
peptides and cell-membrane-targeting peptides (CPPs) for a synergistic 
effect [112,113]. Zhu et al. designed tandem nanomicelles functiona
lized with angiopep-2 (ANG) and TAT peptide (Fig. 3C) [114]; ANG is 
the tumor-targeting agent as it specifically targets lipoprotein receptor- 
related protein-1 (LRP1) upregulated in glioma cells, whereas TAT is a 
putative CPP to facilitate the transcytosis across the BBB. These moi
eties were dual-functionalized at the copolymer backbone of dithiolane 
trimethylene carbonate (DTC) and PEGylated for enhanced circulation. 
The micelles with an optimized conjugation ratio of ANG and TAT 
demonstrated a markedly increased uptake by glioma cells in vitro. In
creased permeation through the BBB and subsequent penetration/ac
cumulation at the tumor have also been confirmed in an orthotopic 
tumor model in mice. The infiltrative property of micelles into the 
tumor also promoted the anticancer efficacy of docetaxel (DTX), which 
was incorporated into the micelles (Fig. 3D). 

In the study by Wu et al., the formulation demonstrates the synergy 
between active BBB-targeting ligands and stimuli-responsive capability 
to distinctive microenvironments within the tumor. Sequential tar
geting in crosslinking (STICK) nanoparticles have the building blocks 
which feature both receptor-mediated targeting capability and re
sponsiveness to the endogenous stimulus in TME (Fig. 3E) The PEG 
backbones of STICK nanoparticles were functionalized with excess 
maltobionic acid (MA), and the 4-carboxyphenylboronic acid (CBA). 
MA is the primary brain-targeting moiety for the nanoparticles to cross 
the BBB via GLUT1-mediated transcytosis, and CBA is the secondary 
tumor-targeting moiety against the overexpressed sialic acid on glioma 
cells. The presence of MA and CBA also gives the STICK nanoparticles 
with responsiveness to endogenously low pH in intratumoral micro
environment. At neutral pH, the CBA terminals formed a covalent 
boronate-ester bond with the MA, giving the STICK nanoparticles the 
additional integrity and stability during circulation. After MA-mediated 
extravasation across the BBB, the covalent bond between MA and CBA 
is broken due to the low pH of the intratumoral microenvironment. The 
penetration and the increased tumor penetration of STICK nano
particles have been experimentally verified and was found to sy
nergistically increase the treatment efficacy of anticancer agents for
mulated with these STICK nanoparticles (Fig. 3F). 

In a recent study by Zheng et al., the putative dual-targeting agent of 
angiopep-2 for both the BBB and the GBM tumor is employed is in
corporated into tumor ROS-responsive polymeric cargo to maximize the 
efficiency of systemic delivery for their siRNA-based cancer therapy 
[115]. In this study, the PEG backbones copolymerized with RNA- 
binding guanidinium - poly(ethylene glycol)-block-poly[(N-(3-metha
crylamidopropyl) guanidinium-co-4-(4,4,5,5-tetramethyl-1,3,2-dioxa
borolan-2-yl)benzyl acrylate)] (PEG-b-P(Gu/Hb)); Angiopep-2-poly 
(ethylene glycol)-block-poly(N-(3-methacrylamidopropyl) guanidi
nium) (Ang-PEG-b-PGu) – are self-assembled with siRNA to yield 3I- 
NM@siRNA nanoformulation. In this system, angiopep-2 (Ang), whose 
cognate low-density lipoprotein receptor-related protein is upregulated 
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at both the BBB and the glioma cells, serves as the targeting agent. At 
physiological environment, the siRNA cargo is stabilized with hydrogen 
bond and electrostatic force between guanidinium and siRNA, and 
hydrophobic interactions from phenylboronic esters. However, upon 
the Ang-mediated delivery across the BBB and to the tumor, the high 
level of intratumoral ROS triggers the disintegration of ROS-sensitive 
phenylboronic ester groups within the 3I-NM@siRNA, and the sub
sequent dissociation of the cargo releases the anticancer siRNA at the 
target site. The dual-targeting capability of angiopep-2 is validated with 
enhanced uptake by U87MG glioma cells and higher penetration across 
the model BBB in vitro, and enhanced intratumoral localization and 
therapeutic efficacy of orthotopic U87MG-Luc glioma models with 3I- 
NM@siRNA in vivo. ROS-mediated dissociation of 3I-NM@siRNA was 
demonstrated in vitro. Although the extent of ROS-responsiveness to 
therapeutic efficacy in vivo was not shown with extensive control 
groups, this study serves as another representative proof-of-concept 
study in which specific-targeting strategy may be further enhanced with 
stimuli-responsiveness. 

3.1.2. Targeted delivery using cellular carriers 
Cell-mediated delivery of anticancer drugs and nanomaterials 

represent the latest progress of actively targeted DDS for GBM. Drugs 
are spontaneously taken up by cells or encapsulated by membranes, and 
they are extravasated and targeted easily to the brain tumor. While 
classical tumor targeting involves the integration of specific antibodies 
or proteins with limited diversity, cell-mediated targeting exploits 
collective interactions of the BBB or the tumor with various surface 
proteins on the outer membranes [116,117]. Furthermore, the biomi
metic nature of cell-derived cargo gives the novel anticancer formula
tion with stealth effect, particularly upon its exposure to the systemic 
circulation [118]. Given that a majority of synthetic formulations for 
systemic DDS are susceptible to host reactions (e.g., protein corona 
formation, and premature clearance or degradation), cellular cargos 
may evade such adverse reactions. With the anticipated advantages, 
various cell types and components of cellular origin have been em
ployed in the latest studies of novel DDS for cancer therapy: leukocytes 
[119], erythrocytes [120], platelets [121], stem cells [122], and ex
tracellular vesicles [123]. In the context of GBM treatment, the fol
lowing studies are representative cases in which cell-mediated delivery 
of anticancer drugs demonstrates a translational potential in GBM 
models. 

Xue et al. designed cell-mediated delivery of anticancer drugs 

Fig. 3. Systemic drug delivery using nano-/cell-carriers. A) Schematic illustration of the representative cellular, molecular, and physicochemical mechanisms of drug 
delivery across BBB. B) Schematic illustration of the legumain-mediated aggregation of gold nanoparticles as an ensemble nanoplatform (AuNPs-A&C) and increased 
accumulation at brain tumor by the inhibition of exocytosis. C) Self-assembly of tandem nanomicelles with tumor-targeting ANG and cell-penetrating TAT. D) De- 
crosslinking and drug release of tandem nanomicelles triggered by GSH. E) Synthesis of STICK NPs and F) the mechanism of sequential activation, transcytosis across 
BBB, and tumor targeting. G) Schematic illustration of neutrophils carrying docetaxel-loaded liposomes (PTX-CL/NEs), the postoperative protocol, and the me
chanism of cell-mediated delivery of PTX-CL/NEs. H) Penetration profile of Cou6 dye into 3-dimensional G422 tumor spheroids with different carrier formulations. I) 
Schematic illustration of the fabrication process for cell membrane-coated biomimetic nanocarriers (B16-PCL-ICG or 4T1-PCL-ICG). A) Adpated with permission from 
[36]. B) Adapted with permission from [103]. C), D) Adapted with permission from [114]. E), F) Adapted with permission from [201]. G), H) Adapted with 
permission from [124]. I) Adapted with permission from [125]. 
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applicable as a postoperative treatment against recurrent malignant 
glioma (Fig. 3G) [124]. Inspired by the inherent ability of neutrophils 
to traverse BBB, they internalized the paclitaxel-loaded cationic lipo
somes (PTX-CL) within isolated neutrophils. The neutrophils bearing 
the docetaxel liposomes (PTX-CL/NEs) chemotax to the inflammatory 
milieu in the postsurgical region of the brain. After extravasation, the 
PTX-CL/NEs respond to inflammatory factors, release their DTX pay
load, and form neutrophil extracellular traps. Besides the sustained 
stability of the PTX-CL within the carrier cells, the significance of this 
novel drug delivery system lies in the Trojan-horse anticancer drug 
delivery as a synergistic element to the endogenous response of immune 
cells to the recurrent tumor. In the same study, neutrophils effectively 
carried coumarin-6 (Cou6)-loaded liposomes (Cou6-CL/NEs) into the 
deep tumor tissue, whereas free Cou6 solution or the liposome alone 
(Cou6-CL) remained at the periphery of the tumor (Fig. 3H). The effi
cacy of this cell-mediated drug delivery was proved by the slower re
currence of tumor growth and the significant improvement in survival 
rate in vivo. 

Wang et al. presented an ingenious strategy of applying the prop
erties of metastatic cancer cells to penetration of the BBB [125]. As 
metastatic cells can penetrate the BBB via concerted interactions be
tween their surface proteins and the receptors of vascular endothelial 
cells, they hypothesized that nanomaterials masked with metastatic cell 
membranes would also cross the BBB easily. Membranes extracted from 
metastatic B16F10 and 4T1 cell lines were used to encapsulate poly
caprolactone (PCL) nanoparticles loaded with indocyanine green (ICG) 
for the fabrication of biomimetic nanocarriers, B16-PCL-ICG and 4T1- 
PCL-ICG (Fig. 3I). B16-/4T1-PCL-ICG serve as both an imaging probe 
and a photothermal therapy (PTT) agent, and the BBB penetrability of 
these membrane-coated nanomaterials was validated in vitro and in 
vivo. These membrane-coated nanoparticles administered to orthotopic 
glioma-bearing mice emit fluorescent signals that are 11-fold higher 
than those of nanoparticles without a membrane coating. 

3.1.3. Transient disruption of the BBB for enhanced drug delivery 
An alternative strategy to penetrate the BBB for improving the ef

ficiency of drug delivery to the brain tumor is to disrupt the integrity of 
the BBB temporarily. An external force can stimulate the vascular en
dothelial cells of BBB and loosen the junctions between the en
ergetically stimulated cells to allow the infiltration of therapeutic 
agents into the brain. Biologic anticancer agents such as antibodies are 
often coupled with stimuli-induced BBB opening due to their inherent 
size, but nanomaterials can also synergize with the preconditioning of 
the BBB for their enhanced uptake within the tumoral region 
[126,127]. 

Ultrasound, widely applied in clinical settings, has proven its ef
fectiveness to disrupt the BBB transiently. A combination of ultrasound- 
induced preconditioning of the BBB with drug delivery is a prospective 
candidate for next-generation drug delivery for GBM treatment. 
Papachristdoulou et al. demonstrated that the application of ultrasound 
concomitant with the systemic delivery of chemotherapeutic nanoli
posomes leads to enhanced chemotherapeutic efficacy [128]. Low-in
tensity focused ultrasound (LIFU) induces reversible disruption of cel
lular tight junctions in the BBB. Consequently, intravenously 
administered liposomes loaded with TMZ could be delivered through 
the disrupted sites of the BBB and accumulated throughout the brain 
glioma region (Fig. 4A). LIFU-induced opening of the BBB for efficient 
drug delivery was confirmed in a dual-modal fashion by the high signal 
intensities of the MR contrast (Gd-DOTA) and the infrared dye (DiD) in 
the brain (Fig. 4B). LIFU-mediated delivery of TMZ also successfully 
reduced tumoral O6-methylguanine-DNA methyltransferase (MGMT) 
levels, confirming the efficacy of the ultrasound-assisted systemic drug 
delivery. 

The enhanced uptake of molecules facilitated by ultrasound-induced 
BBB disruption was further confirmed by Alli et al [129]. In their study, 
MRI was employed to pinpoint the tumoral region in the brain where 

ultrasound was to be applied. MR-guided focused ultrasound 
(MRgFUS), along with the concomitant injection of microbubbles (μB), 
induced a marked increase in the accumulation of Evans Blue dye in the 
brain (Fig. 4C). A similar enhancement in intracerebral accumulation of 
DOX has also been demonstrated; however, the increase in cumulative 
DOX in the brain with the MRgFUS and μB treatment (431.5 ng/g) 
compared to the control groups (7.6 ng/g) did not have any drastic 
effect on anticancer efficacy. Nevertheless, the feasibility of ultrasound- 
mediated BBB opening was demonstrated along with enhanced drug 
delivery. Similarly, Drean et al. investigated the effect of low-intensity 
pulsed ultrasound (LIPU) on the enhancement of intracerebral delivery 
of the anticancer drug, carboplatin [130]. Ultrasound-mediated uptake 
of carboplatin induced a 4.2-fold increase in the accumulation of car
boplatin in the ipsilateral region of a brain tumor in vivo. 

The osmotic opening of the BBB using mannitol, a hyperosmolar 
agent, increases the penetration efficiency of antibodies across the BBB. 
Lesniak et al. demonstrated that preconditioning of glioma-bearing 
mice with administration of 25% mannitol opens the BBB transiently 
and promotes the intraarterial delivery of therapeutic antibodies 
against GBM [131]. Bevacizumab, a representative anti-GBM antibody, 
was conjugated with deferoxamine, which contained the PET agent 89Zr 
for further tracking (Fig. 4D). Compared with the intraarterial delivery 
without hyperosmolar preconditioning, the proposed drug delivery 
method resulted in a markedly higher accumulation of PET-tagged 
antibodies in the ipsilateral hemisphere of the brain. The efficiency of 
intravenous delivery, which is a more common systemic administration 
method than intraarterial delivery, was also improved by the hyper
osmolar opening of the BBB. However, the differences in the efficiencies 
of antibody delivery via the intraarterial and intravenous routes war
rant further study. 

Administering biochemical signaling molecules to stimulate the BBB 
and open the barrier transiently is another viable method to facilitate 
drug delivery for GBM treatment. Wen et al. utilized SC79, a small- 
molecule protein kinase B agonist, to stimulate the BBB in a glioma 
model, open the barrier, and facilitate the delivery of therapeutic na
noparticles to the glioma [132]. The therapeutic nanoparticles, loaded 
with paclitaxel, were functionalized with ANG for additional LRP1- 
mediated transcytosis and intrapolymer disulfide bonds for subsequent 
release of drugs responding to the TME (Fig. 4E). The BBB, disrupted by 
the preconditioning with SC79, allowed a markedly increased uptake of 
therapeutic nanoparticles into the brain, and this increased drug de
livery via BBB opening could be further visualized with the co-loaded 
infrared dye DiR (Fig. 4F). 

However, the clinical application of this strategy can be limited for 
some reasons. First, specialized equipment (e.g., focused ultrasound) is 
required to provide sufficient external stimulation at the GBM site 
[133]. Second, transient BBB opening strategy using internal stimuli- 
responsive materials usually requires preemptive invasive administra
tion of chemicals. In addition, side effects related to the non-specific 
release of the drug in the brain can also occur [134]. Therefore, recent 
studies have been focused on securing the safety of the technique and 
improving delivery efficacy. 

3.2. Localized drug delivery to GBM 

Despite the use of advanced technologies to deliver drugs across the 
BBB, systemic drug delivery methods need further improvement. Along 
the long delivery route between the site of administration and the target 
region, drugs may be cleared out of the body or taken up by other or
gans and tissues nonspecifically [92,93]. Furthermore, such systemic 
drug delivery also involves the risk of systemic toxicity, especially in 
organs with active blood circulation, such as heart, liver, and kidney 
[135,136]. 

To address these challenges associated with systemic administration 
of drugs, advanced materials and device technologies have been 
adopted to shorten the pathway of drugs and/or directly deliver the 
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drugs to the brain. These include various types of localized drug de
livery methods including intranasal drug delivery, solid implant-based 
drug delivery, intratumoral drug delivery, and convection-enhanced 
drug delivery. In this section, we focus on such local drug delivery 
methods for GBM treatment. 

3.2.1. Intranasal drug delivery 
Intranasal drug administration has been proposed as an effective 

and non-invasive method to deliver therapeutic molecules to the brain. 
Therapeutic agents are locally transported across the olfactory mucosa 
and connected tissues, thereby bypassing the BBB and minimizing 
systemic side effects (Fig. 5A) [96]. Besides, intranasal delivery pos
sesses advantages such as simplicity of administration with fewer bur
dens on patients. This method does not require invasive surgical pro
cedures and/or accessories such as syringe needles and catheters; 
hence, it can avoid the potential side effects of surgeries and procedures 
such as neurotoxicity, inflammation, and edema [137–139]. Further
more, repetitive and programmed administration of drugs is easy with 
the nasal route, which is highly suitable for GBM with its high recur
rence rate. 

Recently, the intranasal delivery of nanoparticles to the brain has 
been spotlighted to address the problems associated with conventional 
intranasal drug administration methods such as limited penetration 
through the nasal mucosa, high mucociliary clearance, and enzymatic 
degradation during the transportation of drugs into the brain 
[140–142]. Various kinds of nanoparticles, including polymeric nano
particles, inorganic nanoparticles, chitosan nanoparticles, and solid 
lipid nanoparticles, have been employed. As an example, Sousa et al. 
designed a nano-formulation of bevacizumab encapsulated with PLGA, 
which was administered intranasally to enhance the anti-angiogenic 
effects of bevacizumab [20]. These nanoparticles showed higher bioa
vailability, increased penetration depth, and extended retention while 
minimizing systemic toxicity compared to free bevacizumab. After 14 
days of administration, the residence of bevacizumab in the brain could 
be confirmed only in the group treated with the bevacizumab-loaded 
nanoparticles. The increased retention was consistent with the sig
nificant decrease in VEGF gene expression in vivo (Fig. 5B). 

Intranasal gene delivery using nanoparticles can be an attractive 
candidate for GBM treatment. Woensel et al. reported the delivery of 
chitosan nanoparticles loaded with small interfering RNAs (siRNAs) by 
targeting galectin-1 [143]. Such receptors and proteins are over
expressed in GBM and serve as crucial mediators for GBM progression 
as well as immune suppressors in the GBM microenvironment. Al
though the interference with siRNAs has been shown to downregulate 
galectin-1 expression, achieving a critical concentration at the GBM site 
has not been demonstrated due to the lack of delivery technology. 
Woensel et al. synthesized anti-galectin-1 siRNA-loaded, chitosan- 
based, polymeric nanoparticles by harnessing the electrostatic interac
tions between the positively charged amine groups on the chitosan and 
the negatively charged phosphate groups on the siRNAs. The electro
static attraction stabilizes the siRNA payload, and the encapsulation 
protects the siRNA cargo from degradation by ribonuclease. Upon in
tranasal administration, the spread of siRNAs in the tumor micro
environment was observed in vivo (Fig. 5C). The significant decrease of 
galectin-1 expression in the TME was confirmed in a nanoparticle- 
treated, tumor-bearing mouse model (Fig. 5C, D). 

Recently, Sukumar et al. integrated the theranostic multimodality 
with RNA delivery [144]. They synthesized core-shell type gold-iron 
oxide nanostars with β-cyclodextrin-chitosan hybrid polymer shells 
loaded with therapeutic microRNAs (miR-100 and antimiR-21). Then, 
PEG-T7 peptide was anchored on the surface of the nanostars via cy
clodextrin-adamantane host-guest reactions for the active targeting of 
GBM cells. Overexpression of miR-100 can suppress cell proliferation 
and induce apoptosis in tumor cells, whereas miR-21 is a primary on
comiR that is overexpressed in the majority of GBM cells. Thus, the 
combined delivery of miR-100 and antimiR-21 synergized with TMZ 
therapy (Fig. 5E). The activation of the apoptotic signaling pathway in 
GBM cells was confirmed by TMZ therapy combined with the antimiR- 
21 and MiR-100 co-treatment (Fig. 5F). The nanostars could protect 
their payload from premature degradation in the plasma and improve 
the efficiency of delivery to the GBM. They also offered multimodal 
imaging capability to visualize the delivery, trafficking, and treatment 
effects of the nanostars by using Cy5-labelled miRNAs and by MRI. 
Upon intranasal administration, the efficient accumulation of Cy5- 

Fig. 4. Systemic drug delivery with transient disruption of BBB. A) Schematic illustration of transient BBB disruption via low-intensity pulsed focused ultrasound 
(LIFU) and influx of liposomes to tumor region. B) Fluorescence signal from DiD-loaded liposomes, and 3-dimensionally reconstructed T1-weighted MRI by Gd- 
DOTA-loaded liposomes accumulated at LIFU-treated region. C) Enhanced distribution of Evans Blue at the rodent brainsteming treated with concomitant MR guided 
focused ultrasound (MRgFUS) and microbubble (μB). D) Time-resolved profile of 89Zr-bevacizumab deferoxamine accumulation dependent on BBB opening. E) 
Schematic illustration of SC79-mediated opening of pathological BBB and subsequent delivery of therapeutic nanoparticles. F) Enhanced fluorescence signal from DiR 
dye-loaded nanoparticles facilitated by SC79-mediated BBB opening. A), B) Adpated with permission from [128]. C) Adapted with permission from [129]. D) 
Adapted with permission from [131]. E), F) Adapted with permission from [132]. 
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miRNAs was detected in an orthotopic xenograft mouse brain model via 
fluorescence and MR imaging (Fig. 5G, H). When co-treated with na
nostars and systemic TMZ, the mice demonstrated significant suppres
sion of tumor growth and an increased survival rate compared to those 
treated with TMZ only or non-targeting nanostars only. 

3.2.2. Solid implant-based drug delivery 
Despite the advantages offered by intranasal administration, this 

method is still limited by the low volume of drugs that can be sprayed 
into the nasal cavity and the mucosal damage induced by frequent use 
of this method. Consequently, direct implantation of the drug delivery 
reservoir into the brain has been spotlighted, although there are po
tential side effects regarding this invasive approach to the brain. Solid 
implant-based delivery was conceived as a complementary follow-up to 
resection surgery that involves the incision of the skull/dura and leaves 
a surgical cavity in the brain (Fig. 6A) [145]. Hence, poor accessibility 
inside the brain does not matter, and the perisurgical implant can be 
installed in the cavity without additional medical procedures. There
fore, this approach has the advantage of high efficiency of drug de
livery, while avoiding excessive surgical burden. 

The representative example of a solid implant for intracranial drug 
delivery to GBM is the Gliadel Wafer. However, drawbacks (e.g., limited 
penetration, rapid drug release, intracavity migration, drug resistance, 
and local side effects) of the wafer prevent it from being an effective 
option to treat GBM [6,84]. In terms of drugs, several groups have 
suggested switching from alkylating agents (e.g., TMZ and carmustine) 
to nonspecific cytotoxic agents (e.g., doxorubicin and paclitaxel) be
cause local drug delivery can eliminate the high systemic toxicity of 
such drugs [146–148]. However, other challenges demand further in
novations in the drug delivery platform, leading to the development of 
various novel implants. 

For example, a polyester nanofiber composite, i.e., poly lactic-co- 
glycolic acid-poly lactic acid-polycaprolactone, was suggested as an 
implantable polymeric drug reservoir that exhibits an extended drug 
delivery period (Fig. 6B) [149]. Drugs can be physically encapsulated 
by the three-dimensional network of nanofibers, leading to a sustained 

release profile. The extended duration of drug release can be modulated 
by the molecular weight, fiber diameter, and drug payload ratio 
(Fig. 6C). The target composition of the nanofiber-based reservoir for a 
specific duration of drug delivery can be predicted based on drug re
lease profiles and the combinatorial compositions of the nanofibers. 
Fabricated by co-electrospinning of the nanofibers of a tailored com
position, this system can provide a personalized implant with an opti
mized drug release profile, which is clinically important for accom
modating the vast heterogeneity of GBM patients [150]. 

The mechanical mismatch between the rigid implant and the soft 
brain tissue can induce neurological side effects and preclude tight 
contact between them [151–154]. Hydrogels, a quasi-solid polymeric 
matrix that can carry drugs, have been considered as a promising al
ternative to solid implants due to their softness and biofriendly prop
erties [155–157]. For example, a scaffold based on a polymer nanofibril 
hydrogel was proposed to effectively eliminate infiltrating tumor cells 
(Fig. 6D left) [158]. This scaffold was made of bacterial cellulose, 
whose structure resembles that of commercial cellulose-based hemostat 
(Surgicel), so that its gelatinous surface anchors cells on the scaffold to 
facilitate cell adhesion. Furthermore, the hydrogel scaffold can be 
combined with chemoattractants to specifically attract tumor cells, thus 
showing its potential for GBM treatment by targeting and trapping the 
infiltrating tumor cells (Fig. 6D right). 

Although these examples represent progress in solid implant-based 
drug delivery, most of the challenges related to conventional solid 
implant-based therapy still exist. The application of electronics can be a 
promising solution [159–163]. For example, Lee et al. developed a 
novel implantable device that is composed of wireless electronics in
tegrated with a drug-polymer reservoir [164]. The proposed device, a 
bioresorbable electronic patch (BEP), is highly optimized for solid im
plant-based drug delivery for the treatment of GBM (Fig. 6E). The 
flexible, soft, and sticky nature of the proposed device facilitate its 
seamless integration into the curved brain tissues without any me
chanical mismatch. Chemical conjugation of drugs to the polymer re
servoir and an additional polymer encapsulation layer on top of the BEP 
reduces premature drug release into the CSF and enables prolonged 

Fig. 5. Intranasal drug delivery. A) Schematic illustration of intranasal delivery. B) Quantitative analysis of the expression levels of VEGF in the brain (top) and 
bevacizumab in the brain, lung, and liver (bottom), after 2 weeks of treatment. C) Confocal images of the sectioned tumor areas obtained from (i) untreated, and anti- 
Gal-1 siRNA-loaded chitosan nanoparticle-treated mice after (ii) 4 and (iii) 8 h of intransal delievery (blue: BFP-GL261 tumors, red: vessels, and green: fluorescein- 
siRNA). D) Quantification of the expression level of Gal-1 in the tumor micro-environment of the treated mice. E) Schematic illustration of the therapeutic effects of 
gold-iron oxide nanostars with β-cyclodextrin-chitosan hybrid polymer shells co-loading therapeutic microRNAs (polyGION-miRNAs) for GBM treatment. F) 
Immunoblot of target protein expression for antimiR-21 and miR-100. G) In vivo MR images of mice treated with PolyGION-miRNAs and TMZ. H) Ex vivo fluorescence 
images of miRNA distribution in various organs of PolyGION-miRNAs treated mice. A) Adpated with permission from [96]. B) Adapted with permission from [20]. 
C), D) Adapted with permission from [143]. E)-H) Adapted with permission from [144]. 
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drug release to the tumor tissues. The wireless electronic device in
tegrated on the patch generates heat in response to an external mag
netic field, promoting drug release with an enhanced penetration depth 
(Fig. 6F). The combined features of BEP synergized to increase ther
apeutic efficiency, which was confirmed in mouse xenograft and canine 
tumor models in vivo. 

Meanwhile, Jain et al. proposed a novel strategy against deeply lo
cated GBM cells using a solid implant, which was composed of aligned 
PCL nanofibers and a drug-conjugated hydrogel (Fig. 6G) [165]. The 
aligned PCL nanofibers in a PCL/polyurethane carrier conduit were 
directly implanted into the vicinity of GBM cells, and their opposite 
ends were connected to an extracortical, drug-incorporating hydrogel 
sink. Compared to the smooth PCL film, the aligned structure of the PCL 
nanofibers provided a pre-specified escape route for the GBM cells, 
leading to controlled tumor relocation (Fig. 6H). The GBM cells mi
grated to the extracortical hydrogel and were induced to undergo 
apoptosis by cyclopamine, an antagonist to the sonic hedgehog 
pathway, that is overexpressed in brain tumors. 

3.2.3. Direct intratumoral injection of drug-loaded vehicles 
Intratumoral drug delivery in GBM treatment refers to the local 

administration of therapeutic molecules by direct injection into the 
tumor site (Fig. 7A) [166]. This method has gained scientific and 
clinical attention because it possesses superior advantages such as high 
drug concentration at the site of action and minimized toxicity and side 
effects by reducing the drug exposure of normal cells. However, the 
clinical results of this method have been limited due to the invasiveness 
of the administration method which can cause various associated side 
effects such as infections, bleeding, and neural damage. Additionally, 
the drug does not diffuse much from the target site in GBM because its 
penetration depends only on the concentration gradient of the drug. 
Therefore, increase in penetration depth, decreased damage, and better 
biocompatibility of materials should be achieved for better results 
[167–169]. 

To increase the amounts and prolong the half-life of drugs within 
the brain, several nanomaterials have been employed as intratumoral 
formulations for GBM treatment. For example, Nance et al. developed 
brain-penetrating nanoparticles loaded with paclitaxel to treat GBM by 

intratumoral injection (Fig. 7B) [170]. The 70-nm-sized nanoparticles 
with dense PEG coating exhibited 100-fold faster diffusion rates within 
an ex vivo glioma tissue compared to similarly sized nanoparticles 
without PEG coating (Fig. 7C). After intratumoral injection, the PEG- 
coated, paclitaxel-loaded nanoparticles (PTX-PLGA-PEG) significantly 
inhibited tumor growth compared to uncoated paclitaxel-loaded na
noparticles (PTX/PLGA) and bare paclitaxel in vivo. These results de
monstrate that PEG-coated nanoparticles could improve the drug dis
tribution within GBM tissue and thus enhance therapeutic efficacy 
(Fig. 7D). 

An injectable hydrogel is another prospective candidate for in
tratumoral delivery. Drugs incorporated in injectable hydrogels can be 
injected into the brain via a needle and gelated for sustained release 
near the injection site. Recently, several studies have reported the use of 
injectable lipid nanocapsules, such as the hydrogel loaded with 4-(N)- 
lauroyl-Gemcitabine (GemC12) by Bastiancich et al. GemC12 was syn
thesized by encapsulating modified gemcitabine in lipid nanocapsules; 
the hydrogel formed spontaneously depending on the concentration of 
the GemC12-loaded lipid nanocapsules (Fig. 7E) [171]. This hydrogel 
did not require any gelling agent or external stimuli and demonstrated 
sustained release of drug for a month in vitro. These advantages were 
verified using various in vivo GBM models, including a subcutaneous 
human GBM model and an orthotopic xenograft mouse model (Fig. 7F) 
[172]. The results show the promising therapeutic potential of lipid 
nanocapsules loaded with GemC12 for tumor removal and prevention of 
recurrence [173]. 

Meanwhile, Chao et al. investigated chemoimmunotherapy with 
reduced systemic toxicity and enhanced therapeutic efficacy by devel
oping a hydrogel composite with the property of in situ gelation [174]. 
The formulation consisted of the chemotherapeutic drug, immune ad
juvant (R837), and alginate, each of which was added for immunogenic 
cancer cell death, immune response boosting, and as a backbone 
polymer of the hydrogel for in situ gelation, respectively. After in
tratumoral injection, the alginate readily formed a hydrogel in the 
presence of calcium ions within the tumor tissue. Hence, chemo- and 
immuno- agents can be physically encapsulated in the hydrogel net
work, which serves as a reservoir for their sustained release. This re
servoir can be further applied in versatile therapeutic approaches by 

Fig. 6. Solid implant-based local drug delivery. A) Schematic illustration of the surgical resection (left) and implantation of the solid drug reservoir on the cavity 
(right). B) Optical image of a polyester nanofiber composite and C) its drug release behavior according to the composition. D) Optical (left) and scanning electron 
microscope (right) images of a polymer nanofibril hydrogel. E) Optical image of a bioresorbable electronic patch and F) the drug diffusion depth from the patch 
without (left) and with external magnetic actuation (right). G) Schematic illustration of a solid implant composed of a drug-incorporating hydrogel and aligned 
nanofibers, and H) the distance of tumor cell migration along the aligned nanofibers and on a smooth film. A) Adpated with permission from [145]. B), C) Adapted 
with permission from [149]. D) Adapted with permission from [158]. E), F) Adapted with permission from [164]. G), H) Adapted with permission from [165]. 
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including additional elements for immune checkpoint blockade. The 
local delivery of chemo-drug and immune adjuvant trigger tumor-spe
cific immune responses, which could be augmented by immune 
checkpoint blockade to enhance the systemic immune responses for 
removing local tumor and metastases and preventing tumor recurrence. 
These researchers demonstrated that the proposed cocktail therapy 
showed an increased survival rate with strong antitumor immune re
sponses in an orthotopic brain tumor model in vivo. Furthermore, the 
potent immune memory effect was verified by the inhibition of the 
growth of secondarily injected glioma cells in vivo (Fig. 7G). 

3.2.4. Convection-enhanced delivery of liquid-state drugs 
Convection-enhanced delivery (CED) is another local therapeutic 

approach that has been extensively explored to enhance intracerebral 
drug diffusion (Fig. 8A) [175]. CED utilizes a microcatheter to deliver a 
drug and a motor-driven pump to generate an external pressure gra
dient for inducing fluid convection in the brain [175–177]. Therefore, 
compared to the conventional direct injection, deeper penetration of 
drugs can be achieved at the target tissue. Additionally, CED is in
dependent of the molecular weight of the therapeutic agent, and the 
diffusion depends primarily on the pressure gradient. Therefore, var
ious drugs including proteins, antibodies, nucleic acids, and chemical 
toxins can be easily delivered via CED. The pressure gradient also helps 
to avoid the backflow of the drug during delivery. 

Several clinical trials have reported that CED is safe and feasible, 
but fails to improve the survival rate significantly. For example, Kunwar 
et al. compared the CED of cintredekin besudotox with Gliadel Wafers 
for the treatment of recurrent GBM [178]. However, no significant 
difference was found in the survival rates, which may be due to tech
nical factors such as catheter placement, improper flow rate, and the 
pathological condition. However, more importantly, the low stability of 
the drug in the brain and the low efficiency of delivery toward the GBM 
site should be addressed for better therapeutic efficacy. 

Encapsulation of drugs in nano-sized carriers can be a viable solu
tion, which can increase the efficiency of delivery by the programmed 
release of the payload at the target site while minimizing premature 
release or side effects during CED [179–181]. Zhang et al. developed 
cisplatin-loaded brain-penetrating nanoparticles for administration by 

CED [182]. Although cisplatin is a potent antitumor agent, its systemic 
administration often causes severe nephrotoxicity and neurotoxicity. To 
reduce its systemic toxicity and enhance the efficiency of delivery, these 
researchers synthesized cisplatin-loaded nanoparticles with surface 
functionalization with a dense PEG corona for preventing their adhe
sion to the extracellular matrix. Owing to their small size and surface 
functionalization, these nanoparticles could penetrate deeper into the 
GBM tissue compared to those without the PEG corona (Fig. 8B). Such 
advantages of the nanoparticles created synergetic effects when com
bined with the advantages of CED injection; the nanoparticles could be 
delivered within the striatum with a higher distribution homogeneity 
and reduced leakage to the white matter tracts (Fig. 8C). These cis
platin-loaded nanoparticles administered via CED injection sig
nificantly increased the survival rate in a GBM rat brain tumor model. 

Stimuli-responsive theranostic nanoparticles could also be delivered 
via CED. Zhang et al. developed magnetic nanoparticles coated with a 
redox-responsive and biocompatible chitosan-PEG copolymer to deliver 
O6-benzylguanine, an MGMT inhibitor [183]. O6-benzylguanine is an 
effective drug for overcoming the resistance of GBM to TMZ, but its 
effect has been limited because of its short half-life in blood and low 
BBB permeability. Therefore, these researchers hypothesized that the 
encapsulation of the drug with a redox-responsive ligand and sub
sequent administration by CED could offer a more controlled and ef
fective treatment with less systemic toxicity when combined with the 
oral administration of TMZ. The results showed that ROS-triggered 
degradation of the nanoparticles enabled an enhanced release of O6- 
benzylguanine under intracellular conditions (e.g., acetate buffer pH 5 
and 100 mM glutathione) (Fig. 8D). In vivo investigation revealed that 
these nanoparticles, administered by CED, showed excellent distribu
tion within the mouse brain, which was confirmed by T2-weighted MRI 
(Fig. 8E). Additionally, a 3-fold increase in median survival rate relative 
to the untreated group was achieved in the concurrent treatment with 
TMZ. 

Gene therapy via CED has also been studied as a potential ther
apeutic approach against GBM for its excellent therapeutic effect 
compared to conventional chemotherapy. The local delivery of a nano- 
sized carrier loaded with genetic biomaterials can remove tumor cells 
by inducing overexpression of a specific gene or by replacing a gene 

Fig. 7. Direct intratumoral injection for drug delivery. A) Schematic illustration of intratumoral delivery. B) Schematic illustration of brain-penetrating nanoparticles 
in GBM. C) Effect of PEG coating of nanoparticles on the diffusivity at 1 second. D) Distribution of PTX/PLGA nanoparticles (green) and PTX-PLGA-PEG (red) in 
intracranial 9L gliosarcomas at 1 and 24 h after intratumoral injection to the tumor core. E) Schematic illustration of GemC12- lipid nanocapsule hydrogel. F) Optical 
image of an injected GemC12-lipid nanocapsule hydrogel at the resected tumor site. G) Quantitative analysis of IFN-γ (left) and TNF-α (middle) in mouse sera 
obtained 5 days after the treatment. Number of CD8+ cells in the tumor slices of the brains (right). (Groups 1: blank, 2: TMZ, 3: R837/αPDL1/alginate (it), 4: Dox/ 
alginate, 5: Dox/R837/αPDL1, 6: Dox/R837/alginate, 7: Dox/αPDL1/alginate, 8: Dox/R837/αPDL1/alginate, 9: Dox/R837/alginate (it) and αPDL1 (iv); it: in
tratumoral injection, iv: intravenous injection). A) Adapted with permission from [166]. B)-D) Adapted with permission from [170]. E) Adapted with permission from 
[171]. F), G) Adapted with permission from [172]. 
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that is missing or underexpressed [184,185]. Gene therapy can be more 
effective in combination with CED. Mangraviti et al. reported biode
gradable polymeric nanoparticles for the delivery of herpes simplex 
virus type I thymidine kinase (HSVtk) DNA combined with the prodrug 
ganciclovir [186]. They designed a poly(β-aminoester)-based polymer 
to form DNA-incorporating nanoparticles to increase binding affinity 
and enhance intracellular toxicity (Fig. 8F) and distribution in the 
brain. Because of these favorable factors for intrabrain drug diffusion, 
excellent distribution of the nanoparticles throughout the GBM was 
demonstrated with a single CED infusion (Fig. 8G). Moreover, tumor- 
bearing rats treated with the nanoparticles via CED in combination with 
the systemic administration of ganciclovir showed increased survival 
rates. 

4. Remaining challenges and future outlook 

Although the aforementioned methods represent remarkable pro
gress in GBM treatment, many issues still remain. For example, artificial 
polymersomes and inorganic materials are particularly susceptible to 
the host reactions regardless of their administration route, and mea
sures to prolong the circulation and evade the protein corona must be 
taken into account. Although cell-mediated delivery is deemed as a 
viable solution to many problems, rigorous studies to corroborate 
whether the stealth carriers made of cellular components do evade the 
set of host reactions during circulation are required for the final verdict. 
Compared to live cells, membrane or exosomal extracts may not si
mulate the collective physicochemical interactions in the physiological 
environment. 

In addition to the material issues related to carriers, there are many 
unpredictable variables to potentially aggravate the disease such as 
administration protocol, type of drug, and prognosis of large deviation. 
The future strategies, no matter how it's organized, must comprehen
sively consider such issues. Hence, more advanced strategies supported 
by a deeper understanding of GBM must be developed to increase 
therapeutic efficacy. Improving the efficiency of drug delivery and 

exploiting the macroscopic and microscopic hallmarks can generate 
viable solutions to overcome the formidable obstacles of GBM. 

Novel strategies to treat GBM, however, still face many hurdles for 
their successful clinical translation. First, the development of animal 
GBM models that reflect the complexity of human GBM is a crucial 
requirement. In most studies, rodent GBM models are predominantly 
used and are generated by using diverse methods such as carcinogen 
exposure, xenograft, and genetic engineering. However, they suffer 
from either a lack of reproducibility or a phenotypic/genotypic devia
tion stemming from pathway differences during growth. In vivo GBM 
models in large mammals, which is considered more relevant to clinical 
applications owing to their similar brain size as that of humans, are 
rarely reported. Although a canine GBM model has been reported, it 
exhibits a significant difference in the microenvironment compared to 
humans. Thus, it is imperative to establish a preclinical animal model 
that is more relevant to human GBM. 

In addition to establishing preclinical models, the combination of 
various therapies is necessary because no single treatment approach can 
counter the high rate of mutation and heterogeneity of GBM. There 
have been many approaches to combining various clinical therapies for 
GBM treatment, and some of them showed an enhanced therapeutic 
efficacy (e.g., standard treatment for GBM). However, there is still room 
for further progress [187]. Therefore, there is an urgent need for the 
convergence of diverse fields (e.g., soft electronics [188–191], nano
composites [192–195] and hydrogels [196–198]) for GBM treatment. 
However, an in-depth understanding of each therapy is required prior 
to the implementation of the combination therapy to achieve as many 
potential positive/negative effects originating from such combinations 
as possible. Breakthroughs in each type of therapy must be incorporated 
for successful combinatorial therapy. In terms of chemotherapy, for 
example, progress in pharmacology should be taken into account to 
increase the therapeutic efficacy and decrease potential side effects 
[93]. Fundamental research in materials, devices, and their application 
methods should be also harnessed. Despite the many challenges listed 
above, these advances could take us a step further towards the complete 

Fig. 8. Convection-enhanced drug delivery. A) Schematic illustration of convection-enhanced delivery compared to the bare injection. B) Mean squared displacement 
(MSD) of cisplatin-loaded brain penetrating nanoparticles (CDDP-BPN) and cisplatin-loaded un-PEGylated nanoparticles (CDDP-UPN) in healthy or tumor-bearing rat 
brain tissues ex vivo. C) In vivo confocal images of CDDP-UPN (green) and CDDP-BPN (red) administered by (i) manual injection or (ii) CED. (iii) Volume of 
distribution for CDDP-UPN and CDDP-BPN administered by manual injection or CED. D) Drug release profiles of redox-responsive nanoparticles in blood (pH 7.4 and 
no glutathione) and intracellular condition (pH 5.0 and 100 mM glutathione). E) (i) Prussian blue and (ii) H&E staining of the excised tumor tissues of an untreated or 
nanoparticle-treated animal performed immediately after CED or 48 h after CED. F) GCV-mediated glioma cell death (9L rat gliosarcoma) with pretreatment of 
plasmid DNAs encoding either HSVtk or GFP. G) Fluorescence images of (i) GFP+ transfected cells in the tumor area and (ii)-(iv) colocalization of GFP and Cy5 
which shows the successful penetration into the tumor and transfection of the cells (Cy5: red, GFP: green, DAPI: blue). A) Adapted with permission from [175]. B), C) 
Adapted with permission from [182]. D), E) Adapted with permission from [183]. F), G) Adapted with permission from [186]. 
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recovery of GBM patients and must be investigated further. 

Declaration of Competing Interest 

The authors declare no conflict of interests. 

Acknowledgements 

G. D. Cha., T. Kang. and S. Baik contributed equally to this work. 
This work was supported by the Institute for Basic Science (IBS-R001- 
A1 and IBS-R001-D1). We acknowledge the support from the Institute 
of Engineering Research at Seoul National University. 

References 

[1] M. Das, Iniparib for newly diagnosed glioblastoma, Lancet Oncol. 19 (2018) e514, 
, https://doi.org/10.1016/S1470-2045(18)30665-X. 

[2] B. Tran, M.A. Rosenthal, Survival comparison between glioblastoma multiforme 
and other incurable cancers, J. Clin. Neurosci. 17 (2010) 417–421, https://doi. 
org/10.1016/j.jocn.2009.09.004. 

[3] M.R. Gilbert, J.J. Dignam, T.S. Armstrong, J.S. Wefel, D.T. Blumenthal, 
M.A. Vogelbaum, H. Colman, A. Chakravarti, S. Pugh, M. Won, R. Jeraj, 
P.D. Brown, K.A. Jaeckle, D. Schiff, V.W. Stieber, D.G. Brachman, M. Werner- 
Wasik, I.W. Tremont-Lukats, E.P. Sulman, K.D. Aldape, W.J. Curran, M.P. Mehta, 
A randomized trial of Bevacizumab for newly diagnosed glioblastoma, N. Engl. J. 
Med. 370 (2014) 699–708, https://doi.org/10.1056/NEJMoa1308573. 

[4] H. Ohgaki, P. Kleihues, Population-based studies on incidence, survival rates, and 
genetic alterations in astrocytic and oligodendroglial gliomas, J. Neuropathol. 
Exp. Neurol. 64 (2005) 479–489, https://doi.org/10.1093/jnen/64.6.479. 

[5] J.G. Scott, L. Bauchet, T.J. Fraum, L. Nayak, A.R. Cooper, S.T. Chao, J.H. Suh, 
M.A. Vogelbaum, D.M. Peereboom, S. Zouaoui, H. Mathieu-Daudé, P. Fabbro- 
Peray, V. Rigau, L. Taillandier, L.E. Abrey, L.M. DeAngelis, J.H. Shih, 
F.M. Iwamoto, Recursive partitioning analysis of prognostic factors for glio
blastoma patients aged 70 years or older, Cancer. 118 (2012) 5595–5600, https:// 
doi.org/10.1002/cncr.27570. 

[6] C. Bastiancich, P. Danhier, V. Préat, F. Danhier, Anticancer drug-loaded hydrogels 
as drug delivery systems for the local treatment of glioblastoma, J. Control. 
Release 243 (2016) 29–42, https://doi.org/10.1016/j.jconrel.2016.09.034. 

[7] L.P. Ganipineni, F. Danhier, V. Préat, Drug delivery challenges and future of 
chemotherapeutic nanomedicine for glioblastoma treatment, J. Control. Release 
281 (2018) 42–57, https://doi.org/10.1016/j.jconrel.2018.05.008. 

[8] R. Stupp, W.P. Mason, M.J. van den Bent, M. Weller, B. Fisher, M.J.B. Taphoorn, 
K. Belanger, A.A. Brandes, C. Marosi, U. Bogdahn, J. Curschmann, R.C. Janzer, 
S.K. Ludwin, T. Gorlia, A. Allgeier, D. Lacombe, J.G. Cairncross, E. Eisenhauer, 
R.O. Mirimanoff, Radiotherapy plus concomitant and adjuvant temozolomide for 
glioblastoma, N. Engl. J. Med. 352 (2005) 987–996, https://doi.org/10.1056/ 
NEJMoa043330. 

[9] H.G. Yi, Y.H. Jeong, Y. Kim, Y.J. Choi, H.E. Moon, S.H. Park, K.S. Kang, M. Bae, 
J. Jang, H. Youn, S.H. Paek, D.W. Cho, A bioprinted human-glioblastoma-on-a- 
chip for the identification of patient-specific responses to chemoradiotherapy, Nat. 
Biomed. Eng. 3 (2019) 509–519, https://doi.org/10.1038/s41551-019-0363-x. 

[10] G. Seano, H.T. Nia, K.E. Emblem, M. Datta, J. Ren, S. Krishnan, J. Kloepper, 
M.C. Pinho, W.W. Ho, M. Ghosh, V. Askoxylakis, G.B. Ferraro, L. Riedemann, 
E.R. Gerstner, T.T. Batchelor, P.Y. Wen, N.U. Lin, A.J. Grodzinsky, D. Fukumura, 
P. Huang, J.W. Baish, T.P. Padera, L.L. Munn, R.K. Jain, Solid stress in brain tu
mours causes neuronal loss and neurological dysfunction and can be reversed by 
lithium, Nat. Biomed. Eng. 3 (2019) 230–245, https://doi.org/10.1038/s41551- 
018-0334-7. 

[11] I. Baldi, H. Loiseau, Epidemiology of primary brain tumors, Tumors Central 
Nervous System Volume 4 Brain Tumors (Part 2), 2012, pp. 3–13, , https://doi. 
org/10.1007/978-94-007-1706-0_1. 

[12] Y.Z. Kim, C.-Y. Kim, J. Lim, K.S. Sung, J. Lee, H.-J. Oh, S.-G. Kang, S.-H. Kang, D.- 
S. Kong, S.H. Kim, S.-H. Kim, S.H. Kim, Y.J. Kim, E.H. Kim, I.A. Kim, H.S. Kim, 
T.H. Roh, J.-S. Park, H.J. Park, S.W. Song, S.H. Yang, W.-S. Yoon, H.I. Yoon, S.- 
T. Lee, S.-W. Lee, Y.S. Lee, C.W. Wee, J.H. Chang, T.-Y. Jung, H.L. Jung, J.H. Cho, 
S.H. Choi, H.S. Choi, J.B. Hong, D.H. Lim, D.-S. Chung, The Korean Society for 
Neuro-Oncology (KSNO) guideline for glioblastomas: version 2018.01, Brain 
Tumor Res. Treat. 7 (2019) 1, https://doi.org/10.14791/btrt.2019.7.e25. 

[13] R. Stupp, M. Brada, M.J. van den Bent, J.C. Tonn, G. Pentheroudakis, High-grade 
glioma: ESMO clinical practice guidelines for diagnosis, treatment and follow-up, 
Ann. Oncol. 25 (2014) 93–101, https://doi.org/10.1093/annonc/mdu050. 

[14] A. Brodbelt, D. Greenberg, T. Winters, M. Williams, S. Vernon, V.P. Collins, 
Glioblastoma in England: 2007–2011, Eur. J. Cancer 51 (2015) 533–542, https:// 
doi.org/10.1016/j.ejca.2014.12.014. 

[15] F.B. Furnari, T. Fenton, R.M. Bachoo, A. Mukasa, J.M. Stommel, A. Stegh, 
W.C. Hahn, K.L. Ligon, D.N. Louis, C. Brennan, L. Chin, R.A. DePinho, 
W.K. Cavenee, Malignant astrocytic glioma: genetics, biology, and paths to 
treatment, Genes Dev. 21 (2007) 2683–2710, https://doi.org/10.1101/gad. 
1596707. 

[16] N.J. Abbott, L. Rönnbäck, E. Hansson, Astrocyte–endothelial interactions at the 
blood–brain barrier, Nat. Rev. Neurosci. 7 (2006) 41–53, https://doi.org/10. 

1038/nrn1824. 
[17] T. Yamahara, Y. Numa, T. Oishi, T. Kawaguchi, T. Seno, A. Asai, K. Kawamoto, 

Morphological and flow cytometric analysis of cell infiltration in glioblastoma: a 
comparison of autopsy brain and neuroimaging, Brain Tumor Pathol. 27 (2010) 
81–87, https://doi.org/10.1007/s10014-010-0275-7. 

[18] K.J. Pulkkanen, S. Yla-Herttuala, Gene therapy for malignant glioma: current 
clinical status, Mol. Ther. 12 (2005) 585–598, https://doi.org/10.1016/j.ymthe. 
2005.07.357. 

[19] A.M. Puumalainen, M. Vapalahti, S. Ylä-Herttuala, Gene therapy for malignant 
glioma patients, Adv. Exp. Med. Biol. 451 (1998) 505–509, https://doi.org/10. 
1007/978-1-4615-5357-1_78. 

[20] F. Sousa, H.K. Dhaliwal, F. Gattacceca, B. Sarmento, M.M. Amiji, Enhanced anti- 
angiogenic effects of bevacizumab in glioblastoma treatment upon intranasal ad
ministration in polymeric nanoparticles, J. Control. Release 309 (2019) 37–47, 
https://doi.org/10.1016/j.jconrel.2019.07.033. 

[21] O.L. Chinot, W. Wick, W. Mason, R. Henriksson, F. Saran, R. Nishikawa, 
A.F. Carpentier, K. Hoang-Xuan, P. Kavan, D. Cernea, A.A. Brandes, M. Hilton, 
L. Abrey, T. Cloughesy, Bevacizumab plus radiotherapy–temozolomide for newly 
diagnosed glioblastoma, N. Engl. J. Med. 370 (2014) 709–722, https://doi.org/10. 
1056/NEJMoa1308345. 

[22] A.S. Initial, T. For, H. Risk, L.O.W. Grade, Os11 gliomas, Neuro-Oncology (2017) 
94–95. 

[23] T. McGranahan, K.E. Therkelsen, S. Ahmad, S. Nagpal, Current state of im
munotherapy for treatment of glioblastoma, Curr. Treat. Options in Oncol. 20 
(2019), https://doi.org/10.1007/s11864-019-0619-4. 

[24] E.A. Maher, R.M. Bachoo, Glioblastoma, (2014), https://doi.org/10.1016/B978-0- 
12-410529-4.00078-4. 

[25] C. Alifieris, D.T. Trafalis, Glioblastoma multiforme: pathogenesis and treatment, 
Pharmacol. Ther. 152 (2015) 63–82, https://doi.org/10.1016/j.pharmthera.2015. 
05.005. 

[26] R.G.W. Verhaak, K.A. Hoadley, E. Purdom, V. Wang, Y. Qi, M.D. Wilkerson, 
C.R. Miller, L. Ding, T. Golub, J.P. Mesirov, G. Alexe, M. Lawrence, M. O’Kelly, 
P. Tamayo, B.A. Weir, S. Gabriel, W. Winckler, S. Gupta, L. Jakkula, H.S. Feiler, 
J.G. Hodgson, C.D. James, J.N. Sarkaria, C. Brennan, A. Kahn, P.T. Spellman, 
R.K. Wilson, T.P. Speed, J.W. Gray, M. Meyerson, G. Getz, C.M. Perou, D.N. Hayes, 
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma 
characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1, Cancer Cell 17 
(2010) 98–110, https://doi.org/10.1016/j.ccr.2009.12.020. 

[27] A.I. Omar, W.P. Mason, Temozolomide: the evidence for its therapeutic efficacy in 
malignant astrocytomas, Core Evid. 4 (2009) 93–111, https://doi.org/10.2147/ce. 
s6010. 

[28] S. Dall'Oglio, A. D'Amico, F. Pioli, M. Gabbani, F. Pasini, M.G. Passarin, 
A. Talacchi, S. Turazzi, S. Maluta, Dose-intensity temozolomide after concurrent 
chemoradiotherapy in operated high-grade gliomas, J. Neuro-Oncol. 90 (2008) 
315–319, https://doi.org/10.1007/s11060-008-9663-9. 

[29] M.E. Hegi, A.-C. Diserens, T. Gorlia, M.-F. Hamou, N. de Tribolet, M. Weller, 
J.M. Kros, J.A. Hainfellner, W. Mason, L. Mariani, J.E.C. Bromberg, P. Hau, 
R.O. Mirimanoff, J.G. Cairncross, R.C. Janzer, R. Stupp, MGMT gene silencing and 
benefit from temozolomide in glioblastoma, N. Engl. J. Med. 352 (2005) 
997–1003, https://doi.org/10.1056/NEJMoa043331. 

[30] J. Gil-Salú, P. Román, E. Benítez, E. Maestro, J. Pérez-Requena, M. López-Escobar, 
Survival analysis following the addition of temozolomide to surgery and radio
therapy in patients with glioblastoma multiforme, Neurocirugia (Astur) 15 (2004) 
144–150. 

[31] A. Bhowmik, R. Khan, M.K. Ghosh, Blood brain barrier: a challenge for effectual 
therapy of brain tumors, Biomed. Res. Int. 2015 (2015), https://doi.org/10.1155/ 
2015/320941. 

[32] J. Zwirner, M. Scholze, J.N. Waddell, B. Ondruschka, N. Hammer, Mechanical 
properties of human dura mater in tension – an analysis at an age range of 2 to 94 
years, Sci. Rep. 9 (2019) 1–11, https://doi.org/10.1038/s41598-019-52836-9. 

[33] B. Hong, M. Polemikos, H.E. Heissler, C. Hartmann, M. Nakamura, J.K. Krauss, 
Challenges in cerebrospinal fluid shunting in patients with glioblastoma, Fluids 
Barriers CNS 15 (2018) 16, https://doi.org/10.1186/s12987-018-0101-x. 

[34] B. Obermeier, R. Daneman, R.M. Ransohoff, Development, maintenance and dis
ruption of the blood-brain barrier, Nat. Med. 19 (2013) 1584–1596, https://doi. 
org/10.1038/nm.3407. 

[35] A.F. Hottinger, R. Stupp, K. Homicsko, Standards of care and novel approaches in 
the management of glioblastoma multiforme, Chin. J. Cancer 33 (2014) 32–39, 
https://doi.org/10.5732/cjc.013.10207. 

[36] C.D. Arvanitis, G.B. Ferraro, R.K. Jain, The blood–brain barrier and blood–tumour 
barrier in brain tumours and metastases, Nat. Rev. Cancer 20 (2020) 26–41, 
https://doi.org/10.1038/s41568-019-0205-x. 

[37] H. Adams, K.L. Chaichana, J. Avendaño, B. Liu, S.M. Raza, A. Quiñones-Hinojosa, 
Adult cerebellar glioblastoma: understanding survival and prognostic factors using 
a population-based database from 1973 to 2009, World Neurosurg. 80 (2013) 
e237–e243, https://doi.org/10.1016/j.wneu.2013.02.010. 

[38] A.R. Monteiro, R. Hill, G.J. Pilkington, P.A. Madureira, The role of hypoxia in 
glioblastoma invasion, Cells 6 (2017), https://doi.org/10.3390/cells6040045. 

[39] W.-J. Huang, W.-W. Chen, X. Zhang, Glioblastoma multiforme: effect of hypoxia 
and hypoxia inducible factors on therapeutic approaches, Oncol. Lett. 12 (2016) 
2283–2288, https://doi.org/10.3892/ol.2016.4952. 

[40] S.A.M. Van Lith, R. Molenaar, C.J.F. Van Noorden, W.P.J. Leenders, Tumor cells in 
search for glutamate: an alternative explanation for increased invasiveness of 
IDH1 mutant gliomas, Neuro-Oncology 16 (2014) 1669–1670, https://doi.org/10. 
1093/neuonc/nou152. 

[41] R.J. Molenaar, Ion channels in glioblastoma, ISRN Neurol. 2011 (2011) 1–7, 

G.D. Cha, et al.   Journal of Controlled Release 328 (2020) 350–367

363

https://doi.org/10.1016/S1470-2045(18)30665-X
https://doi.org/10.1016/j.jocn.2009.09.004
https://doi.org/10.1016/j.jocn.2009.09.004
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1093/jnen/64.6.479
https://doi.org/10.1002/cncr.27570
https://doi.org/10.1002/cncr.27570
https://doi.org/10.1016/j.jconrel.2016.09.034
https://doi.org/10.1016/j.jconrel.2018.05.008
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1038/s41551-019-0363-x
https://doi.org/10.1038/s41551-018-0334-7
https://doi.org/10.1038/s41551-018-0334-7
https://doi.org/10.1007/978-94-007-1706-0_1
https://doi.org/10.1007/978-94-007-1706-0_1
https://doi.org/10.14791/btrt.2019.7.e25
https://doi.org/10.1093/annonc/mdu050
https://doi.org/10.1016/j.ejca.2014.12.014
https://doi.org/10.1016/j.ejca.2014.12.014
https://doi.org/10.1101/gad.1596707
https://doi.org/10.1101/gad.1596707
https://doi.org/10.1038/nrn1824
https://doi.org/10.1038/nrn1824
https://doi.org/10.1007/s10014-010-0275-7
https://doi.org/10.1016/j.ymthe.2005.07.357
https://doi.org/10.1016/j.ymthe.2005.07.357
https://doi.org/10.1007/978-1-4615-5357-1_78
https://doi.org/10.1007/978-1-4615-5357-1_78
https://doi.org/10.1016/j.jconrel.2019.07.033
https://doi.org/10.1056/NEJMoa1308345
https://doi.org/10.1056/NEJMoa1308345
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0110
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0110
https://doi.org/10.1007/s11864-019-0619-4
https://doi.org/10.1016/B978-0-12-410529-4.00078-4
https://doi.org/10.1016/B978-0-12-410529-4.00078-4
https://doi.org/10.1016/j.pharmthera.2015.05.005
https://doi.org/10.1016/j.pharmthera.2015.05.005
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.2147/ce.s6010
https://doi.org/10.2147/ce.s6010
https://doi.org/10.1007/s11060-008-9663-9
https://doi.org/10.1056/NEJMoa043331
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0150
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0150
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0150
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0150
https://doi.org/10.1155/2015/320941
https://doi.org/10.1155/2015/320941
https://doi.org/10.1038/s41598-019-52836-9
https://doi.org/10.1186/s12987-018-0101-x
https://doi.org/10.1038/nm.3407
https://doi.org/10.1038/nm.3407
https://doi.org/10.5732/cjc.013.10207
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1016/j.wneu.2013.02.010
https://doi.org/10.3390/cells6040045
https://doi.org/10.3892/ol.2016.4952
https://doi.org/10.1093/neuonc/nou152
https://doi.org/10.1093/neuonc/nou152


https://doi.org/10.5402/2011/590249. 
[42] A. Murat, E. Migliavacca, T. Gorlia, W.L. Lambiv, T. Shay, M.-F. Hamou, N. de 

Tribolet, L. Regli, W. Wick, M.C.M. Kouwenhoven, J.A. Hainfellner, F.L. Heppner, 
P.-Y. Dietrich, Y. Zimmer, J.G. Cairncross, R.-C. Janzer, E. Domany, M. Delorenzi, 
R. Stupp, M.E. Hegi, Stem cell–related “Self-Renewal” signature and high epi
dermal growth factor receptor expression associated with resistance to con
comitant chemoradiotherapy in glioblastoma, J. Clin. Oncol. 26 (2008) 
3015–3024, https://doi.org/10.1200/JCO.2007.15.7164. 

[43] S. Osuka, E.G. Van Meir, S. Osuka, E.G. Van Meir, Overcoming therapeutic re
sistance in glioblastoma: the way forward Find the latest version: overcoming 
therapeutic resistance in glioblastoma: the way forward, J. Clin. Invest. 127 
(2017) 415–426. 

[44] S. Bao, Q. Wu, R.E. McLendon, Y. Hao, Q. Shi, A.B. Hjelmeland, M.W. Dewhirst, 
D.D. Bigner, J.N. Rich, Glioma stem cells promote radioresistance by preferential 
activation of the DNA damage response, Nature. 444 (2006) 756–760, https://doi. 
org/10.1038/nature05236. 

[45] M. Davis, Glioblastoma: overview of disease and treatment, Clin. J. Oncol. Nurs. 
20 (2016) S2–S8, https://doi.org/10.1188/16.CJON.S1.2-8. 

[46] P. Schucht, M. Murek, A. Jilch, K. Seidel, E. Hewer, R. Wiest, A. Raabe, J. Beck, 
Early re-do surgery for glioblastoma is a feasible and safe strategy to achieve 
complete resection of enhancing tumor, PLoS One 8 (2013) 3–9, https://doi.org/ 
10.1371/journal.pone.0079846. 

[47] M. Lacroix, D. Abi-Said, D.R. Fourney, Z.L. Gokaslan, W. Shi, F. DeMonte, 
F.F. Lang, I.E. McCutcheon, S.J. Hassenbusch, E. Holland, K. Hess, C. Michael, 
D. Miller, R. Sawaya, A multivariate analysis of 416 patients with glioblastoma 
multiforme: prognosis, extent of resection, and survival, J. Neurosurg. 95 (2001) 
190–198, https://doi.org/10.3171/jns.2001.95.2.0190. 

[48] D.C. Adamson, S. Halani, Clinical utility of 5-aminolevulinic acid HCl to better 
visualize and more completely remove gliomas, Onco. Targets Ther. 9 (2016) 
5629–5642, https://doi.org/10.2147/OTT.S97030. 

[49] W. Stummer, A. Novotny, H. Stepp, C. Goetz, K. Bise, H.J. Reulen, Fluorescence- 
guided resection of glioblastoma multiforme by using 5-aminolevulinic acid-in
duced porphyrins: a prospective study in 52 consecutive patients, J. Neurosurg. 93 
(2000) 1003–1013, https://doi.org/10.3171/jns.2000.93.6.1003. 

[50] W. Stummer, U. Pichlmeier, T. Meinel, O.D. Wiestler, F. Zanella, H.J. Reulen, 
Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant 
glioma: a randomised controlled multicentre phase III trial, Lancet Oncol. 7 (2006) 
392–401, https://doi.org/10.1016/S1470-2045(06)70665-9. 

[51] D.A. Jaffray, Image-guided radiotherapy: from current concept to future per
spectives, Nat. Rev. Clin. Oncol. 9 (2012) 688–699, https://doi.org/10.1038/ 
nrclinonc.2012.194. 

[52] G.R. Doyle, J.A. McCutcheon, Clinical Procedures for Safer Patient Care, Br. 
Columbia Inst. Technol., 2015, pp. 260–281 https://opentextbc.ca/clinicalskills/. 

[53] D.S. Fulton, R.C. Urtasun, I. Scott-Brown, E.S. Johnson, B. Mielke, B. Curry, 
D. Huyser-Wierenga, J. Hanson, M. Feldstein, Increasing radiation dose intensity 
using hyperfractionation in patients with malignant glioma, J. Neuro-Oncol. 14 
(1992) 63–72, https://doi.org/10.1007/BF00170946. 

[54] R.E. Wegner, S. Abel, Z.D. Horne, S. Hasan, V. Verma, T. Ranjan, R.W. Williamson, 
S.M. Karlovits, National trends in radiation dose escalation for glioblastoma, 
Radiat. Oncol. J. 37 (2019) 13–21, https://doi.org/10.3857/roj.2019.00017. 

[55] B. Fazeny-Dörner, A. Gyries, K. Rössler, K. Ungersböck, T. Czech, A. Budinsky, 
M. Killer, K. Dieckmann, M. Piribauer, G. Baumgartner, D. Prayer, M. Veitl, 
M. Muhm, C. Marosi, Survival improvement in patients with glioblastoma multi
forme during the last 20 years in a single tertiary-care center, Wien. Klin. 
Wochenschr. 115 (2003) 389–397, https://doi.org/10.1007/BF03040358. 

[56] J.P. Sheehan, M.E. Shaffrey, B. Gupta, J. Larner, J.N. Rich, D.M. Park, Improving 
the radiosensitivity of radioresistant and hypoxic glioblastoma, Future Oncol. 6 
(2010) 1591–1601, https://doi.org/10.2217/fon.10.123. 

[57] A.M. Spence, M. Muzi, K.R. Swanson, F. O’Sullivan, J.K. Rockhill, J.G. Rajendran, 
T.C.H. Adamsen, J.M. Link, P.E. Swanson, K.J. Yagle, R.C. Rostomily, 
D.L. Silbergeld, K.A. Krohn, Regional hypoxia in glioblastoma multiforme quan
tified with [18F] fluoromisonidazole positron emission tomography before 
radiotherapy: correlation with time to progression and survival, Clin. Cancer Res. 
14 (2008) 2623–2630, https://doi.org/10.1158/1078-0432.CCR-07-4995. 

[58] T.N. Showalter, J. Andrel, D.W. Andrews, W.J. Curran, C. Daskalakis, M. Werner- 
Wasik, Multifocal glioblastoma multiforme: prognostic factors and patterns of 
progression, Int. J. Radiat. Oncol. Biol. Phys. 69 (2007) 820–824, https://doi.org/ 
10.1016/j.ijrobp.2007.03.045. 

[59] R. Stupp, M.E. Hegi, W.P. Mason, M.J. van den Bent, M.J. Taphoorn, R.C. Janzer, 
S.K. Ludwin, A. Allgeier, B. Fisher, K. Belanger, P. Hau, A.A. Brandes, 
J. Gijtenbeek, C. Marosi, C.J. Vecht, K. Mokhtari, P. Wesseling, S. Villa, 
E. Eisenhauer, T. Gorlia, M. Weller, D. Lacombe, J.G. Cairncross, R.-O. Mirimanoff, 
Effects of radiotherapy with concomitant and adjuvant temozolomide versus 
radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5- 
year analysis of the EORTC-NCIC trial, Lancet Oncol. 10 (2009) 459–466, https:// 
doi.org/10.1016/S1470-2045(09)70025-7. 

[60] R.J. Gilbertson, J.N. Rich, Making a tumour’s bed: glioblastoma stem cells and the 
vascular niche, Nat. Rev. Cancer 7 (2007) 733–736, https://doi.org/10.1038/ 
nrc2246. 

[61] M. Ameratunga, N. Pavlakis, H. Wheeler, R. Grant, J. Simes, M. Khasraw, Anti- 
angiogenic therapy for high-grade glioma, Cochrane Database Syst. Rev. 11 (2018) 
CD008218, , https://doi.org/10.1002/14651858.CD008218.pub4. 

[62] K.J. Wenger, M. Wagner, S.-J. You, K. Franz, P.N. Harter, M.C. Burger, M. Voss, 
M.W. Ronellenfitsch, E. Fokas, J.P. Steinbach, O. Bähr, Bevacizumab as a last-line 
treatment for glioblastoma following failure of radiotherapy, temozolomide and 
lomustine, Oncol. Lett. 14 (2017) 1141–1146, https://doi.org/10.3892/ol.2017. 

6251. 
[63] O.C. Meijer, E.C.M. De Lange, D.D. Breimer, A.G. De Boer, J.O. Workel, E.R. De 

Kloet, Penetration of dexamethasone into brain glucocorticoid targets is enhanced 
in mdr1A P-glycoprotein knockout mice, Endocrinology. 139 (1998) 1789–1793, 
https://doi.org/10.1210/endo.139.4.5917. 

[64] N. Marchi, G. Betto, V. Fazio, Q. Fan, C. Ghosh, A. Machado, D. Janigro, Blood- 
brain barrier damage and brain penetration of antiepileptic drugs: role of serum 
proteins and brain edema, Epilepsia. 50 (2009) 664–677, https://doi.org/10. 
1111/j.1528-1167.2008.01989.x. 

[65] V.A. Boussiotis, A. Charest, Immunotherapies for malignant glioma, Oncogene. 37 
(2018) 1121–1141, https://doi.org/10.1038/s41388-017-0024-z. 

[66] X. Wang, G. Guo, H. Guan, Y. Yu, J. Lu, J. Yu, Challenges and potential of PD-1/ 
PD-L1 checkpoint blockade immunotherapy for glioblastoma, J. Exp. Clin. Cancer 
Res. 38 (2019) 87, https://doi.org/10.1186/s13046-019-1085-3. 

[67] L. Kleinberg, Polifeprosan 20, 3.85% carmustine slow release wafer in malignant 
glioma: patient selection and perspectives on a low-burden therapy, Patient Prefer, 
Adherence 10 (2016) 2397–2406, https://doi.org/10.2147/PPA.S93020. 

[68] M. Westphal, D.C. Hilt, E. Bortey, P. Delavault, R. Olivares, P.C. Warnke, 
I.R. Whittle, J. Jääskeläinen, Z. Ram, A phase 3 trial of local chemotherapy with 
biodegradable carmustine (BCNU) wafers (Gliadel wafers) in patients with pri
mary malignant glioma, Neuro-Oncology 5 (2003) 79–88, https://doi.org/10. 
1215/S1522851702000236. 

[69] T.A. Juratli, G. Schackert, D. Krex, Current status of local therapy in malignant 
gliomas - a clinical review of three selected approaches, Pharmacol. Ther. 139 
(2013) 341–358, https://doi.org/10.1016/j.pharmthera.2013.05.003. 

[70] B. Thiesen, A. Jordan, Clinical applications of magnetic nanoparticles for hy
perthermia, Int. J. Hyperth. 24 (2008) 467–474, https://doi.org/10.1080/ 
02656730802104757. 

[71] R. Gupta, D. Sharma, Evolution of magnetic hyperthermia for glioblastoma mul
tiforme therapy, ACS Chem. Neurosci. 10 (2019) 1157–1172, https://doi.org/10. 
1021/acschemneuro.8b00652. 

[72] K. Mahmoudi, A. Bouras, D. Bozec, R. Ivkov, C. Hadjipanayis, Magnetic hy
perthermia therapy for the treatment of glioblastoma: a review of the therapy's 
history, efficacy and application in humans, Int. J. Hyperth. 34 (2018) 1316–1328, 
https://doi.org/10.1080/02656736.2018.1430867. 

[73] S.W. Cramer, C.C. Chen, Photodynamic therapy for the treatment of glioblastoma, 
Front. Surg. 6 (2020) 81, https://doi.org/10.3389/fsurg.2019.00081. 

[74] S. Kaneko, S. Fujimoto, H. Yamaguchi, T. Yamauchi, T. Yoshimoto, K. Tokuda, 
Photodynamic therapy of malignant gliomas, Prog. Neurol. Surg. 32 (2018) 1–13, 
https://doi.org/10.1159/000469675. 

[75] B.N. Eldridge, B.W. Bernish, C.D. Fahrenholtz, R. Singh, Photothermal therapy of 
glioblastoma multiforme using multiwalled carbon nanotubes optimized for dif
fusion in extracellular space, ACS Biomater. Sci. Eng. 2 (2016) 963–976, https:// 
doi.org/10.1021/acsbiomaterials.6b00052. 

[76] B. Guo, Z. Sheng, D. Hu, C. Liu, H. Zheng, B. Liu, Through scalp and skull NIR-II 
photothermal therapy of deep orthotopic brain tumors with precise photoacoustic 
imaging guidance, Adv. Mater. 30 (2018) 1802591, https://doi.org/10.1002/ 
adma.201802591. 

[77] Z. Pi, Y. Huang, Y. Shen, X. Zeng, Y. Hu, T. Chen, C. Li, H. Yu, S. Chen, X. Chen, 
Sonodynamic therapy on intracranial glioblastoma xenografts using sinoporphyrin 
sodium delivered by ultrasound with microbubbles, Ann. Biomed. Eng. 47 (2019) 
549–562, https://doi.org/10.1007/s10439-018-02141-9. 

[78] K. Bilmin, T. Kujawska, P. Grieb, Sonodynamic therapy for gliomas. Perspectives 
and prospects of selective sonosensitization of glioma cells, Cells 8 (2019) 1428, 
https://doi.org/10.3390/cells8111428. 

[79] U. Gneveckow, A. Jordan, R. Scholz, V. Brüß, N. Waldöfner, J. Ricke, A. Feussner, 
B. Hildebrandt, B. Rau, P. Wust, Description and characterization of the novel 
hyperthermia- and thermoablation-system MFH®300F for clinical magnetic fluid 
hyperthermia, Med. Phys. 31 (2004) 1444–1451, https://doi.org/10.1118/1. 
1748629. 

[80] U. Weinberg, Novocure’s Tumor Treating Fields: innovative brain cancer therapy 
with survival and safety benefits, Nature (2018), https://www.nature.com/ 
articles/d42473-018-00156-3. 

[81] L. Moreno Sánchez, Glioblastoma: Multidisciplinary treatment approaches, Appl. 
Radiat. Oncol. 17 (2016). 

[82] D. Fabian, M.P.G.P. Eibl, I. Alnahhas, N. Sebastian, P. Giglio, V. Puduvalli, 
J. Gonzalez, J.D. Palmer, Treatment of glioblastoma (GBM) with the addition of 
tumor-treating fields (TTF): a review, Cancers (Basel) (2019) 1–12, https://doi. 
org/10.3390/cancers11020174. 

[83] A. Chaudhry, L. Benson, M. Varshaver, O. Farber, U. Weinberg, E. Kirson, Y. Palti, 
NovoTTFTM-100A System (Tumor Treating Fields) transducer array layout plan
ning for glioblastoma: a NovoTALTM system user study, World J. Surg. Oncol. 13 
(2015) 316, https://doi.org/10.1186/s12957-015-0722-3. 

[84] J. Perry, A. Chambers, K. Spithoff, N. Laperriere, Gliadel wafers in the treatment of 
malignant glioma: a systematic review, Curr. Oncol. 14 (2007) 189–194, https:// 
doi.org/10.3747/co.2007.147. 

[85] D.A. Bota, A. Desjardins, J.A. Quinn, M.L. Affronti, H.S. Friedman, Interstitial 
chemotherapy with biodegradable BCNU (Gliadel®) wafers in the treatment of 
malignant gliomas, Ther. Clin. Risk Manag. 3 (2007) 707–715. 

[86] T. Someya, Z. Bao, G.G. Malliaras, The rise of plastic bioelectronics, Nature. 540 
(2016) 379–385, https://doi.org/10.1038/nature21004. 

[87] R. Beinart, S. Nazarian, Effects of external electrical and magnetic fields on pa
cemakers and defibrillators, Circulation. 128 (2013) 2799–2809, https://doi.org/ 
10.1161/CIRCULATIONAHA.113.005697. 

[88] K. Maier-Hauff, F. Ulrich, D. Nestler, H. Niehoff, P. Wust, B. Thiesen, H. Orawa, 
V. Budach, A. Jordan, Efficacy and safety of intratumoral thermotherapy using 

G.D. Cha, et al.   Journal of Controlled Release 328 (2020) 350–367

364

https://doi.org/10.5402/2011/590249
https://doi.org/10.1200/JCO.2007.15.7164
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0215
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0215
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0215
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0215
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature05236
https://doi.org/10.1188/16.CJON.S1.2-8
https://doi.org/10.1371/journal.pone.0079846
https://doi.org/10.1371/journal.pone.0079846
https://doi.org/10.3171/jns.2001.95.2.0190
https://doi.org/10.2147/OTT.S97030
https://doi.org/10.3171/jns.2000.93.6.1003
https://doi.org/10.1016/S1470-2045(06)70665-9
https://doi.org/10.1038/nrclinonc.2012.194
https://doi.org/10.1038/nrclinonc.2012.194
https://opentextbc.ca/clinicalskills/
https://doi.org/10.1007/BF00170946
https://doi.org/10.3857/roj.2019.00017
https://doi.org/10.1007/BF03040358
https://doi.org/10.2217/fon.10.123
https://doi.org/10.1158/1078-0432.CCR-07-4995
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1038/nrc2246
https://doi.org/10.1038/nrc2246
https://doi.org/10.1002/14651858.CD008218.pub4
https://doi.org/10.3892/ol.2017.6251
https://doi.org/10.3892/ol.2017.6251
https://doi.org/10.1210/endo.139.4.5917
https://doi.org/10.1111/j.1528-1167.2008.01989.x
https://doi.org/10.1111/j.1528-1167.2008.01989.x
https://doi.org/10.1038/s41388-017-0024-z
https://doi.org/10.1186/s13046-019-1085-3
https://doi.org/10.2147/PPA.S93020
https://doi.org/10.1215/S1522851702000236
https://doi.org/10.1215/S1522851702000236
https://doi.org/10.1016/j.pharmthera.2013.05.003
https://doi.org/10.1080/02656730802104757
https://doi.org/10.1080/02656730802104757
https://doi.org/10.1021/acschemneuro.8b00652
https://doi.org/10.1021/acschemneuro.8b00652
https://doi.org/10.1080/02656736.2018.1430867
https://doi.org/10.3389/fsurg.2019.00081
https://doi.org/10.1159/000469675
https://doi.org/10.1021/acsbiomaterials.6b00052
https://doi.org/10.1021/acsbiomaterials.6b00052
https://doi.org/10.1002/adma.201802591
https://doi.org/10.1002/adma.201802591
https://doi.org/10.1007/s10439-018-02141-9
https://doi.org/10.3390/cells8111428
https://doi.org/10.1118/1.1748629
https://doi.org/10.1118/1.1748629
https://www.nature.com/articles/d42473-018-00156-3
https://www.nature.com/articles/d42473-018-00156-3
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0405
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0405
https://doi.org/10.3390/cancers11020174
https://doi.org/10.3390/cancers11020174
https://doi.org/10.1186/s12957-015-0722-3
https://doi.org/10.3747/co.2007.147
https://doi.org/10.3747/co.2007.147
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0425
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0425
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0425
https://doi.org/10.1038/nature21004
https://doi.org/10.1161/CIRCULATIONAHA.113.005697
https://doi.org/10.1161/CIRCULATIONAHA.113.005697


magnetic iron-oxide nanoparticles combined with external beam radiotherapy on 
patients with recurrent glioblastoma multiforme, J. Neuro-Oncol. 103 (2011) 
317–324, https://doi.org/10.1007/s11060-010-0389-0. 

[89] H. Liu, J. Zhang, X. Chen, X.S. Du, J.L. Zhang, G. Liu, W.G. Zhang, Application of 
iron oxide nanoparticles in glioma imaging and therapy: from bench to bedside, 
Nanoscale. 8 (2016) 7808–7826, https://doi.org/10.1039/c6nr00147e. 

[90] J.J.W. Lagendijk, J. Mooibroek, J. Crezee, M.H. Seegenschmiedt, R. Sauer (Eds.), 
Future developments in respect of thermal modeling, treatment planning, and 
treatment control for interstitial hyperthermia BT - interstitial and intracavitary 
thermoradiotherapy, Springer Berlin Heidelberg, Berlin, Heidelberg, 1993, pp. 
155–159, , https://doi.org/10.1007/978-3-642-84801-8_20. 

[91] W. Wick, TTFields: where does all the skepticism come from? Neuro-Oncology 18 
(2016) 303–305, https://doi.org/10.1093/neuonc/now012. 

[92] L. Nam, C. Coll, L. Erthal, C. de la Torre, D. Serrano, R. Martínez-Máñez, 
M. Santos-Martínez, E. Ruiz-Hernández, Drug delivery nanosystems for the loca
lized treatment of glioblastoma multiforme, Materials (Basel) 11 (2018) 779, 
https://doi.org/10.3390/ma11050779. 

[93] M. Zhao, D. van Straten, M.L.D. Broekman, V. Préat, R.M. Schiffelers, Nanocarrier- 
based drug combination therapy for glioblastoma, Theranostics. 10 (2020) 
1355–1372, https://doi.org/10.7150/thno.38147. 

[94] S. Wilhelm, A.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F. Dvorak, W.C.W. Chan, 
Analysis of nanoparticle delivery to tumours, Nat. Rev. Mater. 1 (2016) 16014, 
https://doi.org/10.1038/natrevmats.2016.14. 

[95] D. Furtado, M. Björnmalm, S. Ayton, A.I. Bush, K. Kempe, F. Caruso, Overcoming 
the blood–brain barrier: the role of nanomaterials in treating neurological dis
eases, Adv. Mater. 30 (2018), https://doi.org/10.1002/adma.201801362. 

[96] J. Xie, Z. Shen, Y. Anraku, K. Kataoka, X. Chen, Nanomaterial-based blood-brain- 
barrier (BBB) crossing strategies, Biomaterials. 224 (2019) 119491, https://doi. 
org/10.1016/j.biomaterials.2019.119491. 

[97] T. Kang, F. Li, S. Baik, W. Shao, D. Ling, T. Hyeon, Surface design of magnetic 
nanoparticles for stimuli-responsive cancer imaging and therapy, Biomaterials 136 
(2017) 98–114, https://doi.org/10.1016/j.biomaterials.2017.05.013. 

[98] F. Chen, G. Wang, J.I. Griffin, B. Brenneman, N.K. Banda, V.M. Holers, 
D.S. Backos, L. Wu, S.M. Moghimi, D. Simberg, Complement proteins bind to 
nanoparticle protein corona and undergo dynamic exchange in vivo, Nat. 
Nanotechnol. 12 (2017) 387–393, https://doi.org/10.1038/nnano.2016.269. 

[99] N. Bertrand, P. Grenier, M. Mahmoudi, E.M. Lima, E.A. Appel, F. Dormont, J.- 
M. Lim, R. Karnik, R. Langer, O.C. Farokhzad, Mechanistic understanding of in 
vivo protein corona formation on polymeric nanoparticles and impact on phar
macokinetics, Nat. Commun. 8 (2017) 777, https://doi.org/10.1038/s41467-017- 
00600-w. 

[100] N. Feliu, D. Docter, M. Heine, P. del Pino, S. Ashraf, J. Kolosnjaj-Tabi, 
P. Macchiarini, P. Nielsen, D. Alloyeau, F. Gazeau, R.H. Stauber, W.J. Parak, In 
vivo degeneration and the fate of inorganic nanoparticles, Chem. Soc. Rev. 45 
(2016) 2440–2457, https://doi.org/10.1039/C5CS00699F. 

[101] S. Schöttler, G. Becker, S. Winzen, T. Steinbach, K. Mohr, K. Landfester, 
V. Mailänder, F.R. Wurm, Protein adsorption is required for stealth effect of poly 
(ethylene glycol)- and poly(phosphoester)-coated nanocarriers, Nat. Nanotechnol. 
11 (2016) 372–377, https://doi.org/10.1038/nnano.2015.330. 

[102] Y. Nakamura, A. Mochida, P.L. Choyke, H. Kobayashi, Nanodrug delivery: is the 
enhanced permeability and retention effect sufficient for curing cancer? 
Bioconjug. Chem. 27 (2016) 2225–2238, https://doi.org/10.1021/acs. 
bioconjchem.6b00437. 

[103] S. Ruan, C. Hu, X. Tang, X. Cun, W. Xiao, K. Shi, Q. He, H. Gao, Increased gold 
nanoparticle retention in brain tumors by in situ enzyme-induced aggregation, 
ACS Nano 10 (2016) 10086–10098, https://doi.org/10.1021/acsnano.6b05070. 

[104] A.S. Wadajkar, J.G. Dancy, D.S. Hersh, P. Anastasiadis, N.L. Tran, 
G.F. Woodworth, J.A. Winkles, A.J. Kim, Tumor-targeted nanotherapeutics: 
overcoming treatment barriers for glioblastoma, Wiley Interdiscip. Rev. Nanomed. 
Nanobiotechnol. 9 (2017), https://doi.org/10.1002/wnan.1439. 

[105] J.R.D. Pearson, T. Regad, Targeting cellular pathways in glioblastoma multiforme, 
Sig. Transduct. Target. Ther. 2 (2017) 1–11, https://doi.org/10.1038/sigtrans. 
2017.40. 

[106] C. Fang, K. Wang, Z.R. Stephen, Q. Mu, F.M. Kievit, D.T. Chiu, O.W. Press, 
M. Zhang, Temozolomide nanoparticles for targeted glioblastoma therapy, ACS 
Appl. Mater. Interfaces 7 (2015) 6674–6682, https://doi.org/10.1021/ 
am5092165. 

[107] Y. Zou, M. Zheng, W. Yang, F. Meng, K. Miyata, H.J. Kim, K. Kataoka, Z. Zhong, 
Virus-mimicking chimaeric polymersomes boost targeted cancer siRNA therapy in 
vivo, Adv. Mater. 29 (2017) 1703285, https://doi.org/10.1002/adma.201703285. 

[108] Y. Jiang, J. Zhang, F. Meng, Z. Zhong, Apolipoprotein E peptide-directed chimeric 
polymersomes mediate an ultrahigh-efficiency targeted protein therapy for glio
blastoma, ACS Nano 12 (2018) 11070–11079, https://doi.org/10.1021/acsnano. 
8b05265. 

[109] Y. Jiang, W. Yang, J. Zhang, F. Meng, Z. Zhong, Protein toxin chaperoned by LRP- 
1-targeted virus-mimicking vesicles induces high-efficiency glioblastoma therapy 
in vivo, Adv. Mater. 30 (2018) 1800316, https://doi.org/10.1002/adma. 
201800316. 

[110] H. Gao, Perspectives on dual targeting delivery systems for brain tumors, J. 
Neuroimmune Pharmacol. 12 (2017) 6–16, https://doi.org/10.1007/s11481-016- 
9687-4. 

[111] Y. Shi, Y. Jiang, J. Cao, W. Yang, J. Zhang, F. Meng, Z. Zhong, Boosting RNAi 
therapy for orthotopic glioblastoma with nontoxic brain-targeting chimaeric 
polymersomes, J. Control. Release 292 (2018) 163–171, https://doi.org/10.1016/ 
j.jconrel.2018.10.034. 

[112] Z. Shen, T. Liu, Y. Li, J. Lau, Z. Yang, W. Fan, Z. Zhou, C. Shi, C. Ke, V.I. Bregadze, 

S.K. Mandal, Y. Liu, Z. Li, T. Xue, G. Zhu, J. Munasinghe, G. Niu, A. Wu, X. Chen, 
Fenton-raction-acceleratable magnetic nanoparticles for ferroptosis therapy of 
orthotopic brain tumors, ACS Nano 12 (2018) 11355–11365, https://doi.org/10. 
1021/acsnano.8b06201. 

[113] R. Juthani, B. Madajewski, B. Yoo, L. Zhang, P.M. Chen, F. Chen, M.Z. Turker, 
K. Ma, M. Overholtzer, V.A. Longo, S. Carlin, V. Aragon-Sanabria, J. Huse, 
M. Gonen, P. Zanzonico, C.M. Rudin, U. Wiesner, M.S. Bradbury, C.W. Brennan, 
Ultrasmall core-shell silica nanoparticles for precision drug delivery in a high- 
grade malignant brain tumor model, Clin. Cancer Res. 26 (2020) 147–158, 
https://doi.org/10.1158/1078-0432.CCR-19-1834. 

[114] Y. Zhu, Y. Jiang, F. Meng, C. Deng, R. Cheng, J. Zhang, J. Feijen, Z. Zhong, Highly 
efficacious and specific anti-glioma chemotherapy by tandem nanomicelles co- 
functionalized with brain tumor-targeting and cell-penetrating peptides, J. 
Control. Release 278 (2018) 1–8, https://doi.org/10.1016/j.jconrel.2018.03.025. 

[115] M. Zheng, Y. Liu, Y. Wang, D. Zhang, Y. Zou, W. Ruan, J. Yin, W. Tao, J.B. Park, 
B. Shi, ROS-responsive polymeric siRNA nanomedicine sabilized by triple inter
actions for the robust glioblastoma combinational RNAi therapy, Adv. Mater. 31 
(2019) e1903277, , https://doi.org/10.1002/adma.201903277. 

[116] L. Gu, D.J. Mooney, Biomaterials and emerging anticancer therapeutics: en
gineering the microenvironment, Nat. Rev. Cancer 16 (2016) 56–66, https://doi. 
org/10.1038/nrc.2015.3. 

[117] J. Miska, M.S. Lesniak, Neural stem cell carriers for the treatment of glioblastoma 
multiforme, EBioMedicine 2 (2015) 774–775, https://doi.org/10.1016/j.ebiom. 
2015.08.022. 

[118] R. Rampado, S. Crotti, P. Caliceti, S. Pucciarelli, M. Agostini, Recent advances in 
understanding the protein corona of nanoparticles and in the formulation of 
“Stealthy” nanomaterials, Front. Bioeng. Biotechnol. 8 (2020) 166, https://doi. 
org/10.3389/fbioe.2020.00166. 

[119] T. Kang, Q. Zhu, D. Wei, J. Feng, J. Yao, T. Jiang, Q. Song, X. Wei, H. Chen, X. Gao, 
J. Chen, Nanoparticles coated with neutrophil membranes can effectively treat 
cancer metastasis, ACS Nano 11 (2017) 1397–1411, https://doi.org/10.1021/ 
acsnano.6b06477. 

[120] L. Rao, B. Cai, L.-L. Bu, Q.-Q. Liao, S.-S. Guo, X.-Z. Zhao, W.-F. Dong, W. Liu, 
Microfluidic electroporation-facilitated synthesis of erythrocyte membrane-coated 
magnetic nanoparticles for enhanced imaging-guided cancer therapy, ACS Nano 
11 (2017) 3496–3505, https://doi.org/10.1021/acsnano.7b00133. 

[121] D. Dehaini, X. Wei, R.H. Fang, S. Masson, P. Angsantikul, B.T. Luk, Y. Zhang, 
M. Ying, Y. Jiang, A.V. Kroll, W. Gao, L. Zhang, Erythrocyte-platelet hybrid 
membrane coating for enhanced nanoparticle functionalization, Adv. Mater. 29 
(2017), https://doi.org/10.1002/adma.201606209. 

[122] A.N. Rindone, B. Kachniarz, C.C. Achebe, R.C. Riddle, A.N. O’Sullivan, 
A.H. Dorafshar, W.L. Grayson, Craniofacial bone-tissue engineering: heparin- 
conjugated decellularized bone particles promote enhanced osteogenic signaling 
of PDGF-BB to adipose-derived stem cells in tissue engineered bone grafts, Adv. 
Healthc. Mater. 8 (2019) 1970042, , https://doi.org/10.1002/adhm.201970042. 

[123] T. Yang, B. Fogarty, B. LaForge, S. Aziz, T. Pham, L. Lai, S. Bai, Delivery of small 
interfering RNA to inhibit vascular endothelial growth factor in zebrafish using 
natural brain endothelia cell-secreted exosome nanovesicles for the treatment of 
brain cancer, AAPS J. 19 (2017) 475–486, https://doi.org/10.1208/s12248-016- 
0015-y. 

[124] J. Xue, Z. Zhao, L. Zhang, L. Xue, S. Shen, Y. Wen, Z. Wei, L. Wang, L. Kong, 
H. Sun, Q. Ping, R. Mo, C. Zhang, Neutrophil-mediated anticancer drug delivery 
for suppression of postoperative malignant glioma recurrence, Nat. Nanotechnol. 
12 (2017) 692–700, https://doi.org/10.1038/nnano.2017.54. 

[125] C. Wang, B. Wu, Y. Wu, X. Song, S. Zhang, Z. Liu, Camouflaging nanoparticles with 
brain metastatic tumor cell membranes: a new strategy to traverse blood–brain 
barrier for imaging and therapy of brain tumors, Adv. Funct. Mater. 30 (2020) 
1–11, https://doi.org/10.1002/adfm.201909369. 

[126] M.A. O’Reilly, K. Hynynen, Blood-brain barrier: real-time feedback-controlled 
focused ultrasound disruption by using an acoustic emissions–based controller, 
Radiology. 263 (2012) 96–106, https://doi.org/10.1148/radiol.11111417. 

[127] Z. Deng, Z. Sheng, F. Yan, Ultrasound-induced blood-brain-barrier opening en
hances anticancer efficacy in the treatment of glioblastoma: current status and 
future prospects, J. Oncol. 2019 (2019), https://doi.org/10.1155/2019/2345203. 

[128] A. Papachristodoulou, R.D. Signorell, B. Werner, D. Brambilla, P. Luciani, 
M. Cavusoglu, J. Grandjean, M. Silginer, M. Rudin, E. Martin, M. Weller, P. Roth, 
J.-C. Leroux, Chemotherapy sensitization of glioblastoma by focused ultrasound- 
mediated delivery of therapeutic liposomes, J. Control. Release 295 (2019) 
130–139, https://doi.org/10.1016/j.jconrel.2018.12.009. 

[129] S. Alli, C.A. Figueiredo, B. Golbourn, N. Sabha, M.Y. Wu, A. Bondoc, A. Luck, 
D. Coluccia, C. Maslink, C. Smith, H. Wurdak, K. Hynynen, M. O’Reilly, J.T. Rutka, 
Brainstem blood brain barrier disruption using focused ultrasound: a demonstra
tion of feasibility and enhanced doxorubicin delivery, J. Control. Release 281 
(2018) 29–41, https://doi.org/10.1016/j.jconrel.2018.05.005. 

[130] A. Dréan, N. Lemaire, G. Bouchoux, L. Goldwirt, M. Canney, L. Goli, A. Bouzidi, 
C. Schmitt, J. Guehennec, M. Verreault, M. Sanson, J.-Y. Delattre, K. Mokhtari, 
F. Sottilini, A. Carpentier, A. Idbaih, Temporary blood–brain barrier disruption by 
low intensity pulsed ultrasound increases carboplatin delivery and efficacy in 
preclinical models of glioblastoma, J. Neuro-Oncol. 144 (2019) 33–41, https:// 
doi.org/10.1007/s11060-019-03204-0. 

[131] W.G. Lesniak, C. Chu, A. Jablonska, Y. Du, M.G. Pomper, P. Walczak, M. Janowski, 
A distinct advantage to intraarterial delivery of 89 Zr-bevacizumab in PET imaging 
of mice with and without osmotic opening of the blood–brain barrier, J. Nucl. 
Med. 60 (2019) 617–622, https://doi.org/10.2967/jnumed.118.218792. 

[132] L. Wen, K. Wang, F. Zhang, Y. Tan, X. Shang, Y. Zhu, X. Zhou, H. Yuan, F. Hu, AKT 
activation by SC79 to transiently re-open pathological blood brain barrier for 

G.D. Cha, et al.   Journal of Controlled Release 328 (2020) 350–367

365

https://doi.org/10.1007/s11060-010-0389-0
https://doi.org/10.1039/c6nr00147e
https://doi.org/10.1007/978-3-642-84801-8_20
https://doi.org/10.1093/neuonc/now012
https://doi.org/10.3390/ma11050779
https://doi.org/10.7150/thno.38147
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1002/adma.201801362
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1016/j.biomaterials.2017.05.013
https://doi.org/10.1038/nnano.2016.269
https://doi.org/10.1038/s41467-017-00600-w
https://doi.org/10.1038/s41467-017-00600-w
https://doi.org/10.1039/C5CS00699F
https://doi.org/10.1038/nnano.2015.330
https://doi.org/10.1021/acs.bioconjchem.6b00437
https://doi.org/10.1021/acs.bioconjchem.6b00437
https://doi.org/10.1021/acsnano.6b05070
https://doi.org/10.1002/wnan.1439
https://doi.org/10.1038/sigtrans.2017.40
https://doi.org/10.1038/sigtrans.2017.40
https://doi.org/10.1021/am5092165
https://doi.org/10.1021/am5092165
https://doi.org/10.1002/adma.201703285
https://doi.org/10.1021/acsnano.8b05265
https://doi.org/10.1021/acsnano.8b05265
https://doi.org/10.1002/adma.201800316
https://doi.org/10.1002/adma.201800316
https://doi.org/10.1007/s11481-016-9687-4
https://doi.org/10.1007/s11481-016-9687-4
https://doi.org/10.1016/j.jconrel.2018.10.034
https://doi.org/10.1016/j.jconrel.2018.10.034
https://doi.org/10.1021/acsnano.8b06201
https://doi.org/10.1021/acsnano.8b06201
https://doi.org/10.1158/1078-0432.CCR-19-1834
https://doi.org/10.1016/j.jconrel.2018.03.025
https://doi.org/10.1002/adma.201903277
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1038/nrc.2015.3
https://doi.org/10.1016/j.ebiom.2015.08.022
https://doi.org/10.1016/j.ebiom.2015.08.022
https://doi.org/10.3389/fbioe.2020.00166
https://doi.org/10.3389/fbioe.2020.00166
https://doi.org/10.1021/acsnano.6b06477
https://doi.org/10.1021/acsnano.6b06477
https://doi.org/10.1021/acsnano.7b00133
https://doi.org/10.1002/adma.201606209
https://doi.org/10.1002/adhm.201970042
https://doi.org/10.1208/s12248-016-0015-y
https://doi.org/10.1208/s12248-016-0015-y
https://doi.org/10.1038/nnano.2017.54
https://doi.org/10.1002/adfm.201909369
https://doi.org/10.1148/radiol.11111417
https://doi.org/10.1155/2019/2345203
https://doi.org/10.1016/j.jconrel.2018.12.009
https://doi.org/10.1016/j.jconrel.2018.05.005
https://doi.org/10.1007/s11060-019-03204-0
https://doi.org/10.1007/s11060-019-03204-0
https://doi.org/10.2967/jnumed.118.218792


improved functionalized nanoparticles therapy of glioblastoma, Biomaterials. 237 
(2020) 119793, https://doi.org/10.1016/j.biomaterials.2020.119793. 

[133] A. Burgess, K. Shah, O. Hough, K. Hynynen, Focused ultrasound-mediated drug 
delivery through the blood-brain barrier, Expert. Rev. Neurother. 15 (2015) 
477–491, https://doi.org/10.1586/14737175.2015.1028369. 

[134] B.G. Harder, M.R. Blomquist, J. Wang, A.J. Kim, G.F. Woodworth, J.A. Winkles, 
J.C. Loftus, N.L. Tran, Developments in blood-brain barrier penetrance and drug 
repurposing for improved treatment of glioblastoma, Front. Oncol. 8 (2018) 462 
https://www.frontiersin.org/article/10.3389/fonc.2018.00462. 

[135] K.K. Jain, A critical overview of targeted therapies for glioblastoma, Front. Oncol. 
8 (2018) 1–19, https://doi.org/10.3389/fonc.2018.00419. 

[136] X. Han, Y. Zhou, W. Liu, Precision cardio-oncology: understanding the cardio
toxicity of cancer therapy, NPJ Precis. Oncol. 1 (2017) 1–10, https://doi.org/10. 
1038/s41698-017-0034-x. 

[137] F. Erdő, L.A. Bors, D. Farkas, Á. Bajza, S. Gizurarson, Evaluation of intranasal 
delivery route of drug administration for brain targeting, Brain Res. Bull. 143 
(2018) 155–170, https://doi.org/10.1016/j.brainresbull.2018.10.009. 

[138] T.P. Crowe, M.H.W. Greenlee, A.G. Kanthasamy, W.H. Hsu, Mechanism of in
tranasal drug delivery directly to the brain, Life Sci. 195 (2018) 44–52, https:// 
doi.org/10.1016/j.lfs.2017.12.025. 

[139] I.-K. Han, M.Y. Kim, H.-M. Byun, T.S. Hwang, J.M. Kim, K.W. Hwang, T.G. Park, 
W.-W. Jung, T. Chun, G.-J. Jeong, Y.-K. Oh, Enhanced brain targeting efficiency of 
intranasally administered plasmid DNA: an alternative route for brain gene 
therapy, J. Mol. Med. 85 (2006) 75–83, https://doi.org/10.1007/s00109-006- 
0114-9. 

[140] A. Kumar, A.N. Pandey, S.K. Jain, Nasal-nanotechnology: revolution for efficient 
therapeutics delivery, Drug Deliv. 23 (2016) 671–683, https://doi.org/10.3109/ 
10717544.2014.920431. 

[141] D. Mittal, S. Md, Q. Hasan, M. Fazil, A. Ali, S. Baboota, J. Ali, Brain targeted 
nanoparticulate drug delivery system of rasagiline via intranasal route, Drug 
Deliv. 23 (2016) 130–139, https://doi.org/10.3109/10717544.2014.907372. 

[142] A. Mistry, S. Stolnik, L. Illum, Nanoparticles for direct nose-to-brain delivery of 
drugs, Int. J. Pharm. 379 (2009) 146–157, https://doi.org/10.1016/j.ijpharm. 
2009.06.019. 

[143] M. Van Woensel, N. Wauthoz, R. Rosière, V. Mathieu, R. Kiss, F. Lefranc, 
B. Steelant, E. Dilissen, S.W. Van Gool, T. Mathivet, H. Gerhardt, K. Amighi, S. De 
Vleeschouwer, Development of siRNA-loaded chitosan nanoparticles targeting 
Galectin-1 for the treatment of glioblastoma multiforme via intranasal adminis
tration, J. Control. Release 227 (2016) 71–81, https://doi.org/10.1016/j.jconrel. 
2016.02.032. 

[144] U.K. Sukumar, R.J.C. Bose, M. Malhotra, H.A. Babikir, R. Afjei, E. Robinson, 
Y. Zeng, E. Chang, F. Habte, R. Sinclair, S.S. Gambhir, T.F. Massoud, 
R. Paulmurugan, Intranasal delivery of targeted polyfunctional gold–iron oxide 
nanoparticles loaded with therapeutic microRNAs for combined theranostic mul
timodality imaging and presensitization of glioblastoma to temozolomide, 
Biomaterials. 218 (2019) 119342, https://doi.org/10.1016/j.biomaterials.2019. 
119342. 

[145] A. Parodi, M. Rudzińska, A. Deviatkin, S. Soond, A. Baldin, A. Zamyatnin, 
Established and emerging strategies for drug delivery across the blood-brain 
barrier in brain cancer, Pharmaceutics. 11 (2019) 245, https://doi.org/10.3390/ 
pharmaceutics11050245. 

[146] H. Bow, L.S. Hwang, N. Schildhaus, J. Xing, L. Murray, Q. Salditch, X. Ye, 
Y. Zhang, J. Weingart, H. Brem, B. Tyler, Local delivery of angiogenesis-inhibitor 
minocycline combined with radiotherapy and oral temozolomide chemotherapy in 
9L glioma, J. Neurosurg. 120 (2014) 662–669, https://doi.org/10.3171/2013.11. 
JNS13556. 

[147] K.A. Walter, M.A. Cahan, A. Gur, B. Tyler, J. Hilton, O.M. Colvin, P.C. Burger, 
A. Domb, H. Brem, Interstitial taxol delivered from a biodegradable polymer im
plant against experimental malignant glioma1, Cancer Res. 54 (1994) 2207–2212. 

[148] M.S. Lesniak, U. Upadhyay, R. Goodwin, B. Tyler, H. Brem, Local delivery of 
doxorubicin for the treatment of malignant brain tumors in rats, Anticancer Res. 
25 (2005) 3825–3831. 

[149] R. Ramachandran, V.R. Junnuthula, G.S. Gowd, A. Ashokan, J. Thomas, 
R. Peethambaran, A. Thomas, A.K.K. Unni, D. Panikar, S.V. Nair, M. Koyakutty, 
Theranostic 3-Dimensional nano brain-implant for prolonged and localized treat
ment of recurrent glioma, Sci. Rep. 7 (2017) 1–16, https://doi.org/10.1038/ 
srep43271. 

[150] D. Han, R. Serra, N. Gorelick, U. Fatima, C.G. Eberhart, H. Brem, B. Tyler, 
A.J. Steckl, Multi-layered core-sheath fiber membranes for controlled drug release 
in the local treatment of brain tumor, Sci. Rep. 9 (2019) 1–12, https://doi.org/10. 
1038/s41598-019-54283-y. 

[151] J. Viventi, D.-H. Kim, L. Vigeland, E.S. Frechette, J.A. Blanco, Y.-S. Kim, 
A.E. Avrin, V.R. Tiruvadi, S.-W. Hwang, A.C. Vanleer, D.F. Wulsin, K. Davis, 
C.E. Gelber, L. Palmer, J. Van der Spiegel, J. Wu, J. Xiao, Y. Huang, D. Contreras, 
J.A. Rogers, B. Litt, Flexible, foldable, actively multiplexed, high-density electrode 
array for mapping brain activity in vivo, Nat. Neurosci. 14 (2011) 1599–1605, 
https://doi.org/10.1038/nn.2973. 

[152] M. Lee, H.J. Shim, C. Choi, D.-H. Kim, Soft high-resolution neural interfacing 
probes: materials and design approaches, Nano Lett. 19 (2019) 2741–2749, 
https://doi.org/10.1021/acs.nanolett.8b04895. 

[153] C. Choi, M.K. Choi, T. Hyeon, D.-H. Kim, Nanomaterial-based soft electronics for 
healthcare applications, ChemNanoMat. 2 (2016) 1006–1017, https://doi.org/10. 
1002/cnma.201600191. 

[154] D.C. Kim, H.J. Shim, W. Lee, J.H. Koo, D. Kim, Material-based approaches for the 
fabrication of stretchable electronics, Adv. Mater. 32 (2020) 1902743, https://doi. 
org/10.1002/adma.201902743. 

[155] C. Lim, Y. Shin, J. Jung, J.H. Kim, S. Lee, D.-H. Kim, Stretchable conductive na
nocomposite based on alginate hydrogel and silver nanowires for wearable elec
tronics, APL Mater. 7 (2019), https://doi.org/10.1063/1.5063657. 

[156] J. Kim, R. Ghaffari, D.-H. Kim, The quest for miniaturized soft bioelectronic de
vices, Nat. Biomed. Eng. 1 (2017) 0049, https://doi.org/10.1038/s41551-017- 
0049. 

[157] S. Choi, S.I. Han, D. Kim, T. Hyeon, D.-H. Kim, High-performance stretchable 
conductive nanocomposites: materials, processes, and device applications, Chem. 
Soc. Rev. 48 (2019) 1566–1595, https://doi.org/10.1039/C8CS00706C. 

[158] L. Autier, A. Clavreul, M.L. Cacicedo, F. Franconi, L. Sindji, A. Rousseau, R. Perrot, 
C.N. Montero-Menei, G.R. Castro, P. Menei, A new glioblastoma cell trap for im
plantation after surgical resection, Acta Biomater. 84 (2019) 268–279, https://doi. 
org/10.1016/j.actbio.2018.11.027. 

[159] D. Son, J. Lee, D.J. Lee, R. Ghaffari, S. Yun, S.J. Kim, J.E. Lee, H.R. Cho, S. Yoon, 
S. Yang, S. Lee, S. Qiao, D. Ling, S. Shin, J.-K. Song, J. Kim, T. Kim, H. Lee, J. Kim, 
M. Soh, N. Lee, C.S. Hwang, S. Nam, N. Lu, T. Hyeon, S.H. Choi, D.-H. Kim, 
Bioresorbable electronic stent integrated with therapeutic nanoparticles for en
dovascular diseases, ACS Nano 9 (2015) 5937–5946, https://doi.org/10.1021/ 
acsnano.5b00651. 

[160] H. Lee, Y. Lee, C. Song, H.R. Cho, R. Ghaffari, T.K. Choi, K.H. Kim, Y.B. Lee, 
D. Ling, H. Lee, S.J. Yu, S.H. Choi, T. Hyeon, D.-H. Kim, An endoscope with in
tegrated transparent bioelectronics and theranostic nanoparticles for colon cancer 
treatment, Nat. Commun. 6 (2015) 10059, https://doi.org/10.1038/ 
ncomms10059. 

[161] M.K. Choi, O.K. Park, C. Choi, S. Qiao, R. Ghaffari, J. Kim, D.J. Lee, M. Kim, 
W. Hyun, S.J. Kim, H.J. Hwang, S.-H. Kwon, T. Hyeon, N. Lu, D.-H. Kim, 
Cephalopod-inspired miniaturized suction cups for smart medical skin, Adv. 
Healthc. Mater. 5 (2016) 80–87, https://doi.org/10.1002/adhm.201500285. 

[162] H. Lee, C. Song, S. Baik, D. Kim, T. Hyeon, D.-H. Kim, Device-assisted transdermal 
drug delivery, Adv. Drug Deliv. Rev. 127 (2018) 35–45, https://doi.org/10.1016/ 
j.addr.2017.08.009. 

[163] H.B. Ji, S.-N. Kim, S.H. Lee, B.K. Huh, B.H. Shin, C. Lee, Y.C. Cho, C.Y. Heo, Y. Bin 
Choy, Soft implantable device with drug-diffusion channels for the controlled 
release of diclofenac, J. Control. Release 318 (2020) 176–184, https://doi.org/10. 
1016/j.jconrel.2019.12.022. 

[164] J. Lee, H.R. Cho, G.D. Cha, H. Seo, S. Lee, C.-K. Park, J.W. Kim, S. Qiao, L. Wang, 
D. Kang, T. Kang, T. Ichikawa, J. Kim, H. Lee, W. Lee, S. Kim, S.-T. Lee, N. Lu, 
T. Hyeon, S.H. Choi, D.-H. Kim, Flexible, sticky, and biodegradable wireless device 
for drug delivery to brain tumors, Nat. Commun. 10 (2019), https://doi.org/10. 
1038/s41467-019-13198-y. 

[165] A. Jain, M. Betancur, G.D. Patel, C.M. Valmikinathan, V.J. Mukhatyar, 
A. Vakharia, S.B. Pai, B. Brahma, T.J. MacDonald, R.V. Bellamkonda, Guiding 
intracortical brain tumour cells to an extracortical cytotoxic hydrogel using 
aligned polymeric nanofibres, Nat. Mater. 13 (2014) 308–316, https://doi.org/10. 
1038/nmat3878. 

[166] D.G. Kim, K.H. Kim, Y.J. Seo, H. Yang, E.G. Marcusson, E. Son, K. Lee, J.K. Sa, 
H.W. Lee, D.-H. Nam, Anti-miR delivery strategies to bypass the blood-brain 
barrier in glioblastoma therapy, Oncotarget 7 (2016) 29400–29411, https://doi. 
org/10.18632/oncotarget.8837. 

[167] K.A. Walter, R.J. Tamargo, A. Olivi, P.C. Burger, H. Brem, Intratumoral che
motherapy, Neurosurgery. 37 (1995) 1129–1145, https://doi.org/10.1227/ 
00006123-199512000-00013. 

[168] T. Lammers, P. Peschke, R. Kühnlein, V. Subr, K. Ulbrich, P. Huber, W. Hennink, 
G. Storm, Effect of intratumoral injection on the biodistribution and the ther
apeutic potential of HPMA copolymer-based drug delivery systems, Neoplasia. 8 
(2006) 788–795, https://doi.org/10.1593/neo.06436. 

[169] S. Voulgaris, M. Partheni, M. Karamouzis, P. Dimopoulos, N. Papadakis, 
H.P. Kalofonos, Intratumoral doxorubicin in patients with malignant brain 
gliomas, Am. J. Clin. Oncol. 25 (2002), https://journals.lww.com/ 
amjclinicaloncology/Fulltext/2002/02000/Intratumoral_Doxorubicin_in_Patients_ 
With.13.aspx. 

[170] E. Nance, C. Zhang, T.Y. Shih, Q. Xu, B.S. Schuster, J. Hanes, Brain-penetrating 
nanoparticles improve paclitaxel efficacy in malignant glioma following local 
administration, ACS Nano 8 (2014) 10655–10664, https://doi.org/10.1021/ 
nn504210g. 

[171] C. Bastiancich, K. Vanvarenberg, B. Ucakar, M. Pitorre, G. Bastiat, F. Lagarce, 
V. Préat, F. Danhier, Lauroyl-gemcitabine-loaded lipid nanocapsule hydrogel for 
the treatment of glioblastoma, J. Control. Release 225 (2016) 283–293, https:// 
doi.org/10.1016/j.jconrel.2016.01.054. 

[172] C. Bastiancich, J. Bianco, K. Vanvarenberg, B. Ucakar, N. Joudiou, B. Gallez, 
G. Bastiat, F. Lagarce, V. Préat, F. Danhier, Injectable nanomedicine hydrogel for 
local chemotherapy of glioblastoma after surgical resection, J. Control. Release 
264 (2017) 45–54, https://doi.org/10.1016/j.jconrel.2017.08.019. 

[173] C. Bastiancich, L. Lemaire, J. Bianco, F. Franconi, F. Danhier, V. Préat, G. Bastiat, 
F. Lagarce, Evaluation of lauroyl-gemcitabine-loaded hydrogel efficacy in glio
blastoma rat models, Nanomedicine. 13 (2018) 1999–2013, https://doi.org/10. 
2217/nnm-2018-0057. 

[174] Y. Chao, C. Liang, H. Tao, Y. Du, D. Wu, Z. Dong, Q. Jin, G. Chen, J. Xu, Z. Xiao, 
Q. Chen, C. Wang, J. Chen, Z. Liu, Localized cocktail chemoimmunotherapy after 
in situ gelation to trigger robust systemic antitumor immune responses, Sci. Adv. 6 
(2020) 1–14, https://doi.org/10.1126/sciadv.aaz4204. 

[175] N.U. Barua, S.S. Gill, S. Love, Convection-enhanced drug delivery to the brain: 
therapeutic potential and neuropathological considerations, Brain Pathol. 24 
(2014) 117–127, https://doi.org/10.1111/bpa.12082. 

[176] R.W. Chakroun, P. Zhang, R. Lin, P. Schiapparelli, A. Quinones-Hinojosa, H. Cui, 
Nanotherapeutic systems for local treatment of brain tumors, Wiley Interdiscip. 

G.D. Cha, et al.   Journal of Controlled Release 328 (2020) 350–367

366

https://doi.org/10.1016/j.biomaterials.2020.119793
https://doi.org/10.1586/14737175.2015.1028369
https://www.frontiersin.org/article/10.3389/fonc.2018.00462
https://doi.org/10.3389/fonc.2018.00419
https://doi.org/10.1038/s41698-017-0034-x
https://doi.org/10.1038/s41698-017-0034-x
https://doi.org/10.1016/j.brainresbull.2018.10.009
https://doi.org/10.1016/j.lfs.2017.12.025
https://doi.org/10.1016/j.lfs.2017.12.025
https://doi.org/10.1007/s00109-006-0114-9
https://doi.org/10.1007/s00109-006-0114-9
https://doi.org/10.3109/10717544.2014.920431
https://doi.org/10.3109/10717544.2014.920431
https://doi.org/10.3109/10717544.2014.907372
https://doi.org/10.1016/j.ijpharm.2009.06.019
https://doi.org/10.1016/j.ijpharm.2009.06.019
https://doi.org/10.1016/j.jconrel.2016.02.032
https://doi.org/10.1016/j.jconrel.2016.02.032
https://doi.org/10.1016/j.biomaterials.2019.119342
https://doi.org/10.1016/j.biomaterials.2019.119342
https://doi.org/10.3390/pharmaceutics11050245
https://doi.org/10.3390/pharmaceutics11050245
https://doi.org/10.3171/2013.11.JNS13556
https://doi.org/10.3171/2013.11.JNS13556
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0735
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0735
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0735
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0740
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0740
http://refhub.elsevier.com/S0168-3659(20)30510-1/rf0740
https://doi.org/10.1038/srep43271
https://doi.org/10.1038/srep43271
https://doi.org/10.1038/s41598-019-54283-y
https://doi.org/10.1038/s41598-019-54283-y
https://doi.org/10.1038/nn.2973
https://doi.org/10.1021/acs.nanolett.8b04895
https://doi.org/10.1002/cnma.201600191
https://doi.org/10.1002/cnma.201600191
https://doi.org/10.1002/adma.201902743
https://doi.org/10.1002/adma.201902743
https://doi.org/10.1063/1.5063657
https://doi.org/10.1038/s41551-017-0049
https://doi.org/10.1038/s41551-017-0049
https://doi.org/10.1039/C8CS00706C
https://doi.org/10.1016/j.actbio.2018.11.027
https://doi.org/10.1016/j.actbio.2018.11.027
https://doi.org/10.1021/acsnano.5b00651
https://doi.org/10.1021/acsnano.5b00651
https://doi.org/10.1038/ncomms10059
https://doi.org/10.1038/ncomms10059
https://doi.org/10.1002/adhm.201500285
https://doi.org/10.1016/j.addr.2017.08.009
https://doi.org/10.1016/j.addr.2017.08.009
https://doi.org/10.1016/j.jconrel.2019.12.022
https://doi.org/10.1016/j.jconrel.2019.12.022
https://doi.org/10.1038/s41467-019-13198-y
https://doi.org/10.1038/s41467-019-13198-y
https://doi.org/10.1038/nmat3878
https://doi.org/10.1038/nmat3878
https://doi.org/10.18632/oncotarget.8837
https://doi.org/10.18632/oncotarget.8837
https://doi.org/10.1227/00006123-199512000-00013
https://doi.org/10.1227/00006123-199512000-00013
https://doi.org/10.1593/neo.06436
https://journals.lww.com/amjclinicaloncology/Fulltext/2002/02000/Intratumoral_Doxorubicin_in_Patients_With.13.aspx
https://journals.lww.com/amjclinicaloncology/Fulltext/2002/02000/Intratumoral_Doxorubicin_in_Patients_With.13.aspx
https://journals.lww.com/amjclinicaloncology/Fulltext/2002/02000/Intratumoral_Doxorubicin_in_Patients_With.13.aspx
https://doi.org/10.1021/nn504210g
https://doi.org/10.1021/nn504210g
https://doi.org/10.1016/j.jconrel.2016.01.054
https://doi.org/10.1016/j.jconrel.2016.01.054
https://doi.org/10.1016/j.jconrel.2017.08.019
https://doi.org/10.2217/nnm-2018-0057
https://doi.org/10.2217/nnm-2018-0057
https://doi.org/10.1126/sciadv.aaz4204
https://doi.org/10.1111/bpa.12082


Rev. Nanomed. Nanobiotechnol. 10 (2018) e1479, , https://doi.org/10.1002/ 
wnan.1479. 

[177] T.H. Ung, H. Malone, P. Canoll, J.N. Bruce, Convection-enhanced delivery for 
glioblastoma: targeted delivery of antitumor therapeutics, CNS Oncol. 4 (2015) 
225–234, https://doi.org/10.2217/cns.15.12. 

[178] S. Kunwar, S. Chang, M. Westphal, M. Vogelbaum, J. Sampson, G. Barnett, 
M. Shaffrey, Z. Ram, J. Piepmeier, M. Prados, D. Croteau, C. Pedain, P. Leland, 
S.R. Husain, B.H. Joshi, R.K. Puri, Phase III randomized trial of CED of IL13- 
PE38QQR vs Gliadel wafers for recurrent glioblastoma, Neuro-Oncology 12 (2010) 
871–881, https://doi.org/10.1093/neuonc/nop054. 

[179] M.A. Vogelbaum, M.K. Aghi, Convection-enhanced delivery for the treatment of 
glioblastoma, Neuro-Oncology 17 (2015) ii3–ii8, https://doi.org/10.1093/ 
neuonc/nou354. 

[180] J.K. Saucier-Sawyer, Y.-E. Seo, A. Gaudin, E. Quijano, E. Song, A.J. Sawyer, 
Y. Deng, A. Huttner, W.M. Saltzman, Distribution of polymer nanoparticles by 
convection-enhanced delivery to brain tumors, J. Control. Release 232 (2016) 
103–112, https://doi.org/10.1016/j.jconrel.2016.04.006. 

[181] A. Gaudin, E. Song, A.R. King, J.K. Saucier-Sawyer, R. Bindra, D. Desmaële, 
P. Couvreur, W.M. Saltzman, PEGylated squalenoyl-gemcitabine nanoparticles for 
the treatment of glioblastoma, Biomaterials. 105 (2016) 136–144, https://doi.org/ 
10.1016/j.biomaterials.2016.07.037. 

[182] C. Zhang, E.A. Nance, P. Mastorakos, J. Chisholm, S. Berry, C. Eberhart, B. Tyler, 
H. Brem, J.S. Suk, J. Hanes, Convection enhanced delivery of cisplatin-loaded 
brain penetrating nanoparticles cures malignant glioma in rats, J. Control. Release 
(2017), https://doi.org/10.1016/j.jconrel.2017.03.007. 

[183] Z.R. Stephen, F.M. Kievit, O. Veiseh, P.A. Chiarelli, C. Fang, K. Wang, 
S.J. Hatzinger, R.G. Ellenbogen, J.R. Silber, M. Zhang, Redox-responsive magnetic 
nanoparticle for targeted convection-enhanced delivery of O 6-benzylguanine to 
brain tumors, ACS Nano 8 (2014) 10383–10395, https://doi.org/10.1021/ 
nn503735w. 

[184] F. Danhier, K. Messaoudi, L. Lemaire, J.-P. Benoit, F. Lagarce, Combined anti- 
Galectin-1 and anti-EGFR siRNA-loaded chitosan-lipid nanocapsules decrease te
mozolomide resistance in glioblastoma: in vivo evaluation, Int. J. Pharm. 481 
(2015) 154–161, https://doi.org/10.1016/j.ijpharm.2015.01.051. 

[185] D. Yu, O.F. Khan, M.L. Suvà, B. Dong, W.K. Panek, T. Xiao, M. Wu, Y. Han, 
A.U. Ahmed, I.V. Balyasnikova, H.F. Zhang, C. Sun, R. Langer, D.G. Anderson, 
M.S. Lesniak, Multiplexed RNAi therapy against brain tumor-initiating cells via 
lipopolymeric nanoparticle infusion delays glioblastoma progression, Proc. Natl. 
Acad. Sci. U. S. A. 114 (2017) E6147–E6156, https://doi.org/10.1073/pnas. 
1701911114. 

[186] A. Mangraviti, S.Y. Tzeng, K.L. Kozielski, Y. Wang, Y. Jin, D. Gullotti, M. Pedone, 
N. Buaron, A. Liu, D.R. Wilson, S.K. Hansen, F.J. Rodriguez, G.-D. Gao, F. DiMeco, 
H. Brem, A. Olivi, B. Tyler, J.J. Green, Polymeric nanoparticles for nonviral gene 
therapy extend brain tumor survival in vivo, ACS Nano 9 (2015) 1236–1249, 
https://doi.org/10.1021/nn504905q. 

[187] D. Ghosh, S. Nandi, S. Bhattacharjee, Combination therapy to checkmate 
Glioblastoma: clinical challenges and advances, Clin. Transl. Med. 7 (2018) 33, 
https://doi.org/10.1186/s40169-018-0211-8. 

[188] G.D. Cha, D. Kang, J. Lee, D.-H. Kim, Bioresorbable electronic implants: history, 
materials, fabrication, devices, and clinical applications, Adv. Healthc. Mater. 8 

(2019) 1801660, https://doi.org/10.1002/adhm.201801660. 
[189] J. Liu, T.M. Fu, Z. Cheng, G. Hong, T. Zhou, L. Jin, M. Duvvuri, Z. Jiang, 

P. Kruskal, C. Xie, Z. Suo, Y. Fang, C.M. Lieber, Syringe-injectable electronics, Nat. 
Nanotechnol. 10 (2015) 629–635, https://doi.org/10.1038/nnano.2015.115. 

[190] C. Choi, Y. Lee, K.W. Cho, J.H. Koo, D.-H. Kim, Wearable and implantable soft 
bioelectronics using two-dimensional materials, Acc. Chem. Res. 52 (2019) 73–81, 
https://doi.org/10.1021/acs.accounts.8b00491. 

[191] I.R. Minev, P. Musienko, A. Hirsch, Q. Barraud, N. Wenger, E.M. Moraud, 
J. Gandar, M. Capogrosso, T. Milekovic, L. Asboth, R.F. Torres, N. Vachicouras, 
Q. Liu, N. Pavlova, S. Duis, A. Larmagnac, J. Voros, S. Micera, Z. Suo, G. Courtine, 
S.P. Lacour, Electronic dura mater for long-term multimodal neural interfaces, 
Science 347 (2015) 159–163, https://doi.org/10.1126/science.1260318. 

[192] S. Choi, S.I. Han, D. Jung, H.J. Hwang, C. Lim, S. Bae, O.K. Park, C.M. Tschabrunn, 
M. Lee, S.Y. Bae, J.W. Yu, J.H. Ryu, S.-W. Lee, K. Park, P.M. Kang, W.B. Lee, 
R. Nezafat, T. Hyeon, D.-H. Kim, Highly conductive, stretchable and biocompatible 
Ag–Au core–sheath nanowire composite for wearable and implantable bioelec
tronics, Nat. Nanotechnol. 13 (2018) 1048–1056, https://doi.org/10.1038/ 
s41565-018-0226-8. 

[193] F. Vitale, S.R. Summerson, B. Aazhang, C. Kemere, M. Pasquali, Neural stimulation 
and recording with bidirectional, soft carbon nanotube fiber microelectrodes, ACS 
Nano 9 (2015) 4465–4474, https://doi.org/10.1021/acsnano.5b01060. 

[194] H. Joo, D. Jung, S. Sunwoo, J.H. Koo, D. Kim, Material design and fabrication 
strategies for stretchable metallic nanocomposites, Small. 16 (2020) 1906270, 
https://doi.org/10.1002/smll.201906270. 

[195] J. Park, S. Choi, A.H. Janardhan, S.-Y. Lee, S. Raut, J. Soares, K. Shin, S. Yang, 
C. Lee, K.-W. Kang, H.R. Cho, S.J. Kim, P. Seo, W. Hyun, S. Jung, H.-J. Lee, N. Lee, 
S.H. Choi, M. Sacks, N. Lu, M.E. Josephson, T. Hyeon, D.-H. Kim, H.J. Hwang, 
Electromechanical cardioplasty using a wrapped elasto-conductive epicardial 
mesh, Sci. Transl. Med. 8 (2016) 344ra86-344ra86, , https://doi.org/10.1126/ 
scitranslmed.aad8568. 

[196] Y. Liu, J. Liu, S. Chen, T. Lei, Y. Kim, S. Niu, H. Wang, X. Wang, A.M. Foudeh, 
J.B.H. Tok, Z. Bao, Soft and elastic hydrogel-based microelectronics for localized 
low-voltage neuromodulation, Nat. Biomed. Eng. 3 (2019) 58–68, https://doi.org/ 
10.1038/s41551-018-0335-6. 

[197] L.R. Nih, S.T. Carmichael, T. Segura, Hydrogels for brain repair after stroke: an 
emerging treatment option, Curr. Opin. Biotechnol. 40 (2016) 155–163, https:// 
doi.org/10.1016/j.copbio.2016.04.021. 

[198] G.D. Cha, W.H. Lee, C. Lim, M.K. Choi, D.-H. Kim, Materials engineering, pro
cessing, and device application of hydrogel nanocomposites, Nanoscale. 12 (2020) 
10456–10473, https://doi.org/10.1039/D0NR01456G. 

[199] G. Khera, Glioblastoma: The Cancer of Brain, https://www.scientificanimations. 
com/glioblastoma-cancer-brain/, (2017). 

[200] D. Leung, X. Han, T. Mikkelsen, L.B. Nabors, Role of MRI in primary brain tumor 
evaluation, J. Natl. Compr. Cancer Netw. 12 (2014) 1561–1568, https://doi.org/ 
10.6004/jnccn.2014.0156. 

[201] H. Wu, H. Lu, W. Xiao, J. Yang, H. Du, Y. Shen, H. Qu, B. Jia, S.K. Manna, 
M. Ramachandran, X. Xue, Z. Ma, X. Xu, Z. Wang, Y. He, K.S. Lam, R.J. Zawadzki, 
Y. Li, T. Lin, Sequential targeting in crosslinking nanotheranostics for tackling the 
multibarriers of brain tumors, Adv. Mater. 32 (2020) 1903759, https://doi.org/ 
10.1002/adma.201903759.  

G.D. Cha, et al.   Journal of Controlled Release 328 (2020) 350–367

367

https://doi.org/10.1002/wnan.1479
https://doi.org/10.1002/wnan.1479
https://doi.org/10.2217/cns.15.12
https://doi.org/10.1093/neuonc/nop054
https://doi.org/10.1093/neuonc/nou354
https://doi.org/10.1093/neuonc/nou354
https://doi.org/10.1016/j.jconrel.2016.04.006
https://doi.org/10.1016/j.biomaterials.2016.07.037
https://doi.org/10.1016/j.biomaterials.2016.07.037
https://doi.org/10.1016/j.jconrel.2017.03.007
https://doi.org/10.1021/nn503735w
https://doi.org/10.1021/nn503735w
https://doi.org/10.1016/j.ijpharm.2015.01.051
https://doi.org/10.1073/pnas.1701911114
https://doi.org/10.1073/pnas.1701911114
https://doi.org/10.1021/nn504905q
https://doi.org/10.1186/s40169-018-0211-8
https://doi.org/10.1002/adhm.201801660
https://doi.org/10.1038/nnano.2015.115
https://doi.org/10.1021/acs.accounts.8b00491
https://doi.org/10.1126/science.1260318
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1021/acsnano.5b01060
https://doi.org/10.1002/smll.201906270
https://doi.org/10.1126/scitranslmed.aad8568
https://doi.org/10.1126/scitranslmed.aad8568
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1016/j.copbio.2016.04.021
https://doi.org/10.1016/j.copbio.2016.04.021
https://doi.org/10.1039/D0NR01456G
https://www.scientificanimations.com/glioblastoma-cancer-brain/
https://www.scientificanimations.com/glioblastoma-cancer-brain/
https://doi.org/10.6004/jnccn.2014.0156
https://doi.org/10.6004/jnccn.2014.0156
https://doi.org/10.1002/adma.201903759
https://doi.org/10.1002/adma.201903759

	Advances in drug delivery technology for the treatment of glioblastoma multiforme
	1 Introduction
	2 Clinical protocols, challenges, and strategies for GBM treatment
	2.1 Clinical protocols for GBM treatment
	2.2 Clinical challenges for GBM treatment
	2.3 Novel clinical strategies for GBM treatment
	2.3.1 Advanced clinical therapeutic strategies for GBM treatment
	2.3.2 Novel clinical therapies for GBM treatment
	2.3.3 Limitations of currently available treatment strategies


	3 Recent advances in drug delivery strategies for GBM treatment
	3.1 Systemic drug delivery to GBM
	3.1.1 Targeted drug delivery using designed nanoscale carriers
	3.1.2 Targeted delivery using cellular carriers
	3.1.3 Transient disruption of the BBB for enhanced drug delivery

	3.2 Localized drug delivery to GBM
	3.2.1 Intranasal drug delivery
	3.2.2 Solid implant-based drug delivery
	3.2.3 Direct intratumoral injection of drug-loaded vehicles
	3.2.4 Convection-enhanced delivery of liquid-state drugs


	4 Remaining challenges and future outlook
	Declaration of Competing Interest
	Acknowledgements
	References




