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Abstract: Glioblastoma multiforme (GBM) is the most common and malignant type of brain tumor.
In fact, tumor recurrence usually appears a few months after surgical resection and chemotherapy,
mainly due to many factors that make GBM treatment a real challenge, such as tumor location,
heterogeneity, presence of the blood-brain barrier (BBB), and others. Solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers (NLCs) represent the most promising carriers for therapeutics
delivery into the central nervous system (CNS) owing to their inherent ability to cross the BBB.
In this review, we present the main challenges in GBM treatment, a description of SLNs and NLCs
and their valuable role as drug carriers in GBM treatment, and finally, a detailed description of all
modification strategies that aim to change composition of SLNs and NLCs to enhance treatment
outcomes. This includes modification of SLNs and NLCs to improve crossing the BBB, reduced GBM
cell resistance, target GBM cells selectively minimizing side effects, and modification strategies to
enhance SLNs and NLCs nose-to-brain delivery. Finally, future perspectives on their use are also
be discussed, to provide insight about all strategies with SLNs and NLCs formulation that could
result in drug delivery systems for GBM treatment with highly effective theraputic and minimum
undesirable effects.

Keywords: glioblastoma multiforme; solid lipid nanoparticles; nanostructured lipid carriers;
modification strategies

1. Introduction

Glioblastoma multiforme (GBM) is the most common and malignant type of brain tumor in adults.
After the initial diagnosis, the median survival of GBM patients is about 12–15 months, even with
aggressive treatment [1,2]. Unlike other tumors, GBM treatment represents a major challenge, mainly
due to its location in the brain which hinders the complete surgical resection, and the presence of the
blood-brain barrier (BBB) that limits drugs entering into the central nervous system (CNS). Despite all
the recent advances in the biomedical fields, such as molecular biology, biochemistry, and cell biology,
which have led to expanding the insight into the molecular and cellular processes related to GBM
development, current treatment is still confined to surgical resection, radiotherapy, and chemotherapy
epitomized by temozolomide (TMZ). This standard treatment is applied for newly diagnosed GBM
patients and the median survival remains unsatisfactory [3]. However, the development of new drugs
has been insufficient to obtain the desired effects in GBM treatment. Most drugs have poor solubility in
water, cannot cross the BBB, high doses are required to achieve the effective concentration in the CNS,
leading to toxicity consequences and adverse effects. To overcome all these limitations, attempts have
been made to develop nanodrug delivery systems which could be the most promising drug carriers in
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the treatment of GBM [4]. Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs),
which emerged in the biomedical field 25 years ago, have been tested for the treatment of various
diseases such as cardiovascular and cerebrovascular diseases, and have become the standard drug
carriers for the latter [5]. SLNs have succeeded in overcoming all the limitations reported with other
nanocarriers (niosomes, transfersomes, micelles, liposomes, emulsions, and polymeric nanoparticles)
such as toxicity, low loading capacity, and low stability. Moreover, SLN functionalization with a
wide range of ligands enables them to deliver treatments specifically to the target tissue. However,
SLNs tend to jellify and during recrystallization, no empty spaces are available for the drug which
results in drug expulsion [6]. With the aim of improving the entrapment efficiency of SLNs during
storage, Müller et al. [7] proposed NLCs as enhanced SLNs through mixing the solid lipids with
liquid lipids which created an imperfect crystal structure with more internal space which provided
higher entrapment efficiency. This second generation of SLNs improved the entrapment efficiency
and also demonstrated more stability properties. The present review provides insights into the
importance of solid lipid nanoparticles and nanostructured lipid carriers in GBM treatment, and recent
modification strategies in these systems that aim to improve GBM cells targeting, and consequently
patients’ outcomes.

2. Challenges in the Treatment of Glioblastoma Multiforme (GBM)

Glioblastoma multiforme (GBM) is the most common and aggressive type of brain tumor, it is also
the most fatal human cancer [8]. GBM is responsible for more than 60% of brain tumors in adults,
causing premature mortality. The median survival is about 12–14 months, and usually diagnosed
patients survive between 1.5–2 years after applying the standard treatment which starts with surgical
resection, followed by radiation and chemotherapy [9]. However, various obstacles frustrate the
effective treatment of this incurable cancer (Figure 1). Tumor location in the CNS, the presence of
BBB, the highly heterogeneous cell population, the invasive nature, glioblastoma stem cells (GSCs),
tumor microenvironment, hypoxia, among others, are all factors related to chemoresistance and
radioresistance in GBM cells [10].
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2.1. Blood-Brain Barrier

The BBB is the main impediment that prevents drugs penetration into the central nervous system
to treat GBM and other CNS diseases [11]. It consists of endothelial cells connected by tight junctions
(physical barrier). Neurons and glial cells such as astrocytes, microglia, pericytes, and perivascular
macrophages also support the structure of the BBB and help to maintain its rigidity [12] (Figure 2).
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In addition to all of the structural components that build the physical barrier of the BBB, various
drug-metabolizing enzymes are expressed in the BBB and form an enzymatic barrier, including
γ-glutamyl transpeptidase (γ-GTP), alkaline phosphatase (AP), and aromatic acid decarboxylase.
ATP binding cassette (ABC) proteins, such as P-glycoprotein(P-gp) efflux pumps and multidrug
resistance-related proteins (MRPs), are expressed transporters in the BBB that contribute to
drug resistance, whereas glucose transporter GLUT1, amino acid carrier LAT1, insulin receptor,
and transferrin receptor TfR help to transport drugs into the brain [13]. Since the BBB lacks the
presence of paracellular or transcellular channels, drugs can enter into the brain through one of the
following two mechanisms: passive transmembrane diffusion and carrier-mediated transport (CMT)
or receptor-mediated transport (RMT) [14]. Few molecules can cross the BBB via passive diffusion,
providing they have a molecular weight less than 400 Da, lipid solubility, with less than eight hydrogen
bonds. In carrier-mediated transport, the drug molecule is, or is synthesized to be, recognized by the
influx transport system, without being a substrate of efflux transporters and, consequently, they have
high permeability through the BBB. Regarding receptor-mediated transport, large molecules such as
peptides and proteins can cross the barrier by binding to receptors that mediate transcytosis from
blood to the brain, for instance, TfR receptor and insulin receptor. However, drug molecules could
be reengineered with trojan horse molecules that are usually endogenous peptides or monoclonal
antibodies (Mab), which cross the BBB using a specific RMT system [15]. Another strategy to transport
drug molecules through the BBB is adsorptive-mediated transcytosis (AMT) which takes advantage
of the negative charge of the luminal surface of the endothelial cells and provides potential uptake
of positively charged molecules such as cationic proteins and peptides from the blood stream to the
brain [16]. The concept of AMT was generated by noticing that the polycationic endogenous proteins
such as protamine could bind to the endothelial cell surface and cross the BBB [17]. Many strategies have
been developed that have enhanced macromolecules penetration into the CNS depending on the AMT
process, such as protein cationization which in general involved amidation reactions, cell-penetrating
peptides (CPPs) [18], and peptidic transporters that were different in sequence and size (10–27 amino
acids residues), such as penetratin and Tat protein [19].

2.2. Intertumoral and Intratumoral Heterogeneity

Tumor heterogeneity is a major hallmark that characterizes GBM. The increased incidence
of incurable cases, and tumor recurrence after receiving cytotoxic therapy are largely owing to
GBM intertumoral and intratumoral heterogeneity which creates a subpopulation of resistant cells.
However, recent advances in proteomic and genomic tools have provided a deeper understanding
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of this heterogeneity that revealed new molecular targets and cell types that were involved in tumor
progression [20].

2.2.1. Intertumoral Heterogeneity

Many decades before the clonal evolution, which suggested the vast diversity in cell phenotypes
within a tumor, cancer therapies were developed to treat a tumor as a homogenous mass [21]. Recent
studies have shown that samples from a recurrent disease shared only 50% of their genetic mutations
with primary tumor cells [22]. Intertumoral heterogeneity generated from various factors including
differences in the cell of origin, which has been assumed to be a glial stem cell, however, even neurons
and mature astrocytes have been proposed to be the GBM cell of origin [23]. The other factors
involve genetic and epigenetic alterations that tumor cells are subject to, and lead to hundreds of
mutations. According to sequencing and characterization of genome, epigenome, and transcriptome,
GBM is classified into three subtypes, i.e., proneural (PN), mesenchymal (MES), and classical (CL).
Proneural glioblastoma, which is more common in young adults, has abnormal gene expression of
platelet-derived growth factor receptor alpha (PDGFRA), and mutations in the tp53 gene that encodes
tumor suppressor protein p53, whereas mesenchymal glioblastoma has an alteration in the gene
encoding for neurofibromin (NF1) and classical glioblastoma lacks p53 mutations but has a high level
of epidermal growth factor receptor (EGFR) amplification [24].

It has been indicated that traditional chemotherapeutic agents for GBM could also lead to induce
mutations and heterogeneity. Treatment with temozolomide (TMZ) is correlated with an increased
mutational load in a subset of recurrent TMZ-treated GBM [25]. This intertumoral heterogeneity leads
us to conclude that a single therapeutic agent cannot be feasibly effective against all GBM populations.
It also highlights the importance of genotyping tumor cells before deciding on the required treatment
and shows that single chemotherapy is not efficient for targeting the diverse lesions in GBM.

2.2.2. Intratumoral Heterogeneity

Various studies have defined the heterogenous genetic landscape among GBM patients and
suggested that this intratumoral heterogeneity was the key for understanding therapy failure.
This heterogeneity has usually been discovered after genotyping the samples from a recurrent
tumor. Variation in the methylation status of O6-methylguanine DNA methyltransferase (MGMT)
promoter has been considered to be the most significant biomarker for predicting the response
to chemotherapy. However, this variation was not detected in all patients and other DNA repair
mechanisms also exist [10]. Another mutation that contributes to intratumoral heterogeneity in GBM
is isocitrate dehydrogenase (IDH1) mutations. The IDH1 gene is mutated in approximately 12%
of GBM patients, highlighting that its mutations are detected at only a low frequency in recurrent
samples, which indicates the need for temporal sampling [26]. EGFRvIII mutations are one of the most
common aberrations that occur in the late stage of GBM and cannot be detected at the initial resection,
which makes the use of EGFR-targeted therapy more complicated [27]. Furthermore, intratumoral
heterogeneity was noticed through platelet-derived growth factor receptor α (PDGFR α) amplification,
which led to defining GBM subpopulations with a variant response to growth factor [28]. All these
aberrations have created multiple clonal subpopulations, highlighting the importance of personalized
medicine in overcoming inter- and intratumoral heterogeneity in GBM [29].

2.3. Glioblastoma Stem Cells

Glioblastoma stem cells (GSCs) are slow-dividing cells, which is only a small subpopulation within
the heterogeneous cell populations in GBM. GSCs have the ability to self-renew and their division results
in differentiation into two heterogeneous GBM cells or self-renewal GSCs [30]. They are recognized
as a potential source for resistance to chemotherapy and tumor recurrence, usually occupying the
perivascular niches surrounding blood vessels within the tumor, and they are generally leaky and
fragile. Therefore, chemotherapy passage into tumor mass is poor [31]. In addition, GSCs are frequently
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found in hypoxic regions where GSCs are prominent factors for neo-angiogenesis. Through intercellular
signaling, GSCs prompt tumor-associated endothelial cell proliferation, growth, and tube formation
which contribute to tumor vascularization [32]. Furthermore, GSCs serve in GBM cell evasion from
the immune system by inhibiting T-cell proliferation and activation and inducing apoptosis [33].
To isolate GSCs, CD133, a transmembrane glycoprotein, is the most reliable biomarker. However,
other biomarkers have been identified such as CD15, CD44, CD90, and Notch [34,35]. The molecular
mechanisms by which GSCs resist chemo- and radiotherapy involve the following: increasing DNA
repair capacity, changing cell cycle regulation, and impediment drug accumulation into tumor cells.
For instance, GSCs overexpress the O6-methylguanine DNA methyltransferase (MGMT) gene which
repairs DNA damage caused by alkylating agents such as TMZ. Another example of a resistance
mechanism is that ATP-binding cassette transporter protein, ABCG2, is highly expressed in GSCs and
it is associated with multidrug resistance and efflux of drugs out of tumor cells. Inhibition of ABCG2
gene using small molecules such as miRNA-328 could be a promising strategy to enhance the potency
of chemotherapeutic agents [36].

2.4. Drug Efflux

Drugs are usually transported into GBM cells using ATP-dependent proteins, according to the
concentration gradient. Those ATP-dependent proteins are represented by the ATP-binding cassette
(ABC) transporter family. The ABC family is considered to be one of the main hotbeds of resistance
against drug delivery into GBM cells and includes P-glycoprotein (P-gp/ABCB1), multidrug resistance
protein (MRP/ABCC2), and breast cancer resistance protein (BCRP/ABCG2) [37]. Erlotinib is an
inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase and it is a substrate of P-gp and
BCRP. It has been shown that P-gp and BCRP collaborate in restricting erlotinib penetration into the
intracranial tumor and that using strategies to inhibit these efflux pumps could enhance the delivery
of substrate drugs such as erlotinib, and others [38]. P-gp is also implicated in chemoresistance to
TMZ treatment. TMZ competes with other P-gp substrates which highlights the promising strategy of
combined targeted therapy in GBM [39].

2.5. Hypoxia

The accelerated rate of GBM cell proliferation results in creating regions with insufficient blood
supply. In the end, chemotherapeutic drugs could kill cells on the exterior part of the tumor mass, while
the core of the tumor mass that contains inactive cells in the acidic hypoxic environment would survive
from chemotherapy since it was unreachable [40]. Moreover, most cancer drugs target high proliferative
cells, while cells in the hypoxic area are not rapidly dividing. Hypoxia is considered to be a significant
concern for GBM patients, since cells in the hypoxic area tend to evade the unfavorable conditions into
healthier brain tissue leading to tumor invasion, the major cause of death in GBM [41]. The transcription
factor, HIF-1, is a heterodimer complex consisting of α (HIF-1α, HIF-2α and, HIF-3α) and β subunits.
The HIF1-α subunit has been recognized as the master driver for several pathways involved in tumor
aggressiveness [42]. In normoxic conditions, HIF1-α is targeted by the von Hippel-Lindau (VHL)
protein which activates proteasomal-mediated degradation followed by prolyl hydroxylation of the
oxygen-dependent domain (ODD). Another regulatory protein is hydroxylating asparagine residues
that prevent interaction with the transcriptional coactivators. Hypoxic conditions decrease the activity
of prolyl hydroxylases (PHD 1, 2, and 3) enzymes, resulting in decreased hydroxylation which finally
leads to HIF1-α accumulation in the cytoplasm. Afterward, it translocates into the nucleus and interacts
with HIF1B and the resulted heterodimer recognizes and binds to hypoxia response elements (HRE) on
the promoter region of the genes involved in angiogenesis, glucose metabolism, and cell survival [43].
HIF-1 inhibition has sensitized glioma cells to TMZ through the downregulation of the expression of
MGMT gene [44]. Moreover, studies of hypoxia-mediated chemoresistance have found that hypoxic
cells upregulated ABCB1 expression and P-gp function which decreased response to chemotherapy [45].
One of the strategies that was developed to target hypoxic areas was to use drugs that were toxic only
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in acidic hypoxic conditions. Tirapazamine is an experimental anticancer drug that gives a toxic radical
only in poorly oxygenated cells, therefore, it kills tumor hypoxic cells without affecting normal tissues.
However, tirapazamine failed to prove a significant difference in survival advantage in a group of
population treated with tirapazamine and radiotherapy as compared with a control group [46].

3. Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs) for Targeting
Glioblastoma

All the mentioned factors contribute to make GBM treatment a real challenge. In particular, due to
the presence of BBB that hurdles drug access into the CNS, there is an urgent need to develop efficient
drug delivery systems that are able to improve drug concentration in the brain for the treatment
of oncologic and neurodegenerative diseases. One of the promising approaches is the use of lipid
nanoparticles (LNPs) which have been developed to overcome all the limitations related to polymeric
nanoparticles such as high production cost, high toxicity due to use of solvents in their fabrication,
and sometimes an allergy to the polymer [47]. The first traditional model of lipid-based nanoparticles
was liposomes, which were introduced into the biomedical field in 1965. The first nanomedicine used
in human medicine was Ambisome® (Nexstar, San Dimas, CA, USA), a liposomal nanoformulation
of amphotericin B, approved in 1990, in Europe. A few years later (1995), the PEGylated liposomal
formulation of doxorubicin Doxil® (Alza, Mountain View, CA, USA)/Caelyx® (Janssen-Cilag, Europe)
was approved by the FDA for cancer treatment. Despite the unique advantages of liposomes such as
high biocompatibility, low toxicity, non-immunogenicity, and biodegradability their applications have
been limited due to some related disadvantages. For instance, phospholipids in liposomes can suffer
oxidation and hydrolysis reactions, poor stability, short shelf life, low encapsulation efficiency, and high
production cost [48]. In the 1990s, SLNs and NLCs were identified as a substitute drug carrier to classical
nanocarriers, such as polymeric nanoparticles liposomes and emulsions. These LNPs are spherical
in shape and can be produced using physiological lipids or other lipids that have been proven to be
safe for use in humans. SLNs and NLCs have demonstrated higher stability and better profile release
as compared with liposomes, and a better safety profile as compared with polymeric nanoparticles
based on not using organic solvents [49–51]. SLNs and NLCs promote drug delivery into the targeted
cells through various mechanisms which include active and passive targeting. In passive mechanisms,
SLNs and NLCs take advantage of specific properties in the tumor microenvironment to improve
drug delivery based on what is called enhanced permeability and retention effect (EPR). However,
in active mechanisms, SLNs and NLCs surface is modified to recognize a transporter or a receptor that
is overexpressed in the target cells, and this can lead sometimes to selective targeting and minimize
side effects. Furthermore, SLNs and NLCs have the inherent ability to cross the BBB and are suitable
carriers for a wide spectrum of GBM treatments such as large molecules, genes, oligonucleotides,
siRNA, and enzymes. All these characteristics make SLNs and NLCs one of the great candidates as
drug carriers in the treatment of GBM and other brain diseases [52]. Although these nanoparticles
show all these advantages, SLNs have some disadvantages such as an unexpected tendency to gelation,
low encapsulation efficiency (EE), and unpredictable expulsion of the incorporated therapeutic due
to solid lipid recrystallization which makes it difficult to keep drug trapped. These limitations were
the main reason behind the idea of introducing a liquid lipid into SLN formulation and creating the
so-called NLC [50].

3.1. SLN and NLC as Smart Drug Delivery Systems in the Treatment of GBM

During the last years, various approaches have been developed to create a versatile nanoplatform.
Thus, different strategies for designing nanoparticles have been tested to convert simple nanoparticles
for drug delivery to the body without considering many issues related to smart nanocarriers with
optimized characteristics. A smart drug delivery system is a carrier that can deliver drugs or
therapeutics to the target cells without affecting normal tissues, has a specific desired release profile,
can evade immune system cleansing, and finally can be used for co-delivery of drug with another
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substance such as genetic material, diagnosis agents or, in some cases, for combined chemotherapy [53].
Regarding SLNs and NLCs, various modifications have been used to transform them from conventional
drug carriers into smart drug carriers which can overcome all the barriers and challenges of GBM
treatment (Figure 3).
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3.2. Modification Strategies to Enhance Crossing the Blood-Brain Barrier (BBB) in GBM Treatment

BBB is the first critical biological obstacle to effective GBM treatment. As mentioned above,
SLNs and NLCs have some ability to cross the BBB due to their lipidic nature. In general, this type
of strategy often takes advantage of two BBB features, i.e., the RMT system route using trojan-horse
molecules attached to nanocarrier or the AMT system route using cationic nanoparticles [54,55].
Many studies have reported that conjugating angiopep-2 on the surface of nanoparticles enhanced
drug delivery into GBM cells, since it could bind to lipoprotein receptor-related protein 1 (LRP1) on the
BBB. Kadari A et al. [56] studied angiopep-2 conjugated SLNs for docetaxel delivery, and demonstrated
enhanced permeability through the BBB and increased cytotoxic effect as compared with unconjugated
SLNs. In another study, SLNs loaded with etoposide were conjugated with melanotransferrin antibody
(MA) for the treatment of GBM. Melanotransferrin is a syaloglycoprotein expressed in the endothelial
cells of the BBB and tumor cells, and it plays a role in iron uptake. It was found that it had a new function
in transcytosis through the BBB. Melanotransferrin antibody etoposide-loaded SLNs (MA-ETP-SLNs)
had tolerable toxicity to endothelial cells and augmented transport with an improved inhibitory effect
on GBM cells [57]. Regarding the use of the AMT system to enhance permeability through the BBB,
many approaches can be used to develop positively charged LNPs. This includes using cationized
proteins such as albumin, cationic lipids like stearylamine, and cell-penetrating peptides (CPP) such as
protamine [58]. In a study related to cationic LNPs synthesis, positively charged SLNs were prepared
using 3beta-[N-(N’,N´-dimethylaminoethane) carbamoyl] cholesterol (DC-Cholestrol) and conjugated
with TfR monoclonal antibody (OX26) to improve baicalin delivery to the brain. It was reported
that the positive surface charge of SLNs influenced vascular uptake and with OX26 conjugation
they provided higher bioavailability of baicalin in the cerebrospinal fluid [59]. Other authors have
innovated carmustine-loaded cationic SLN, functionalized with anti-EGFR against malignant GBM
cells. They used the microemulsion method and the cationic surfactant hexadecyltrimethylammonium
bromide (HTMAB) to prepare the cationic SLNs, and showed that the smallest particle size, the highest
entrapment efficiency, mild toxicity to the BBB endothelial cells, and the lowest release of tumor necrosis
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factor α (TNF-α) were obtained with a concentration of 1 mM of the cationic surfactant [60]. To deliver
doxorubicin into the brain for GBM chemotherapy, another group presented SLNs conjugated with
aprotinin and melanotransferrin antibody with the aim of promoting BBB crossing. Aprotinin is a
single chain polypeptide which binds specifically with high affinity to low-density lipoprotein receptor
(LDLR) related protein (LRP). LRP and melanotransferrin are expressed by human brain microvascular
endothelial cells (HBMECs) and U87MG cells, which have been isolated from the brain of GBM patients.
Thus, the combination of SLN with aprotinin and anti-melanotransferrin to carry doxorubicin could
show interesting results. They found that increasing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) weight percentage promoted zeta potential absolute value and decreased the entrapment
efficiency of loaded doxorubicin. This functionalized nanocarrier system provided a sustained drug
release profile for doxorubicin and, although it had some toxicity to HBMECs, it improved permeability
through the BBB and reduced malignant U87MG cells viability [61]. Agarwal et al. [62] exploited
cationic bovine serum albumin (CBSA), which accumulated in the brain, as a ligand conjugated
to methotrexate-loaded SLNs to increase transport across the BBB. SLNs were prepared using the
melt-dispersion technique followed by ultrasonication. The carboxylic group of SLN was conjugated to
the amino groups in CBSA according to a reported process. A cellular uptake study was performed using
brain endothelial cells and HNGC1 cell line and measured via flow cytometry and the highest cellular
uptake was noticed with CBSA-conjugated SLNs in both cell lines. Regarding the cytotoxicity study,
the conjugation with CBSA led to a significant increase in cytotoxic response, and HNGC1 cells were
more sensitive to CBSA-conjugated SLNs as compared with free methotrexate and unconjugated SLNs.
The authors concluded that CBSA had triggered the AMT route, thus providing better internalization.

3.3. Modification Strategies Against GBM Cell Resistance

Multidrug resistance (MDR) is the main obstacle to attain successful chemotherapy in GBM
treatment. MDR is usually mediated by three P-gp, BCRP, and MRP-1. Various nonionic surfactants
have shown the ability to reverse MDR mechanisms. For instance, Pluronic P85 (a block copolymer
surfactant) can sensitize MDR tumor cells corresponding to various chemotherapeutic agents through
ATP-depletion [63]. Furthermore, Brij nonionic surfactants have also shown an inhibitory effect
against P-gp efflux pumps via the same mechanism. Another nonionic surfactant to bypass P-gp
effect is TPGS 1000 (d-alpha-tocopheryl polyethylene glycol 1000 succinate) that can alter efflux
transport activity through ATP inhibition without being a P-gp substrate or competitive inhibitor [64].
One group has fabricated Compritol® (Gattefossé, Lyon, France) and Precirol® (Gattefossé, Lyon,
France) lipid nanoparticles coated with Tween® 80 (Roig Farma, Barcelona, Spain) as a surfactant and
P-gp inhibitor. Those lipid nanoparticles that were loaded with edelfosine were tested in C6 glioma
cell line and the same cell line was used to create an in vivo xenograft mice model of glioma. Their
results demonstrated increased accumulation of edelfosine in the brain due to Tween® 80 coating and
P-gp efflux inhibition [65]. In another study, TPGS-SLNs were used to enhance trans-resveratrol (RSV)
passive brain targeting. TPGS-RSV-SLNs were prepared using the solvent emulsification evaporation
method and the optimized formulation showed an average particle size of 203.1 ± 14.91 nm and a
polydispersity index value of 0.263 ± 0.12. A biodistribution study for free RSV and TPGS-RSV-SLNs,
in two groups of rats, revealed that the optimized formulation showed a brain accumulation 9.23 times
higher than that of RSV solution. These results strongly recommended TPGS-SLN to be a suitable
carrier to deliver RSV in glioma treatment [66]. Polyethylene glycol (PEG) derivatives have also
been proposed as P-gp efflux inhibitors such as PEG stearate and PEG glyceryl fatty acid esters [67].
A previous research, which aimed at providing better penetration and retention of noscapine into
the brain for GBM treatment, reported the use of PEG-conjugated SLNs as a suitable approach.
Stearic acid, egg phosphatidylcholine, and sodium glycocholate were used as solid lipid, surfactant,
and co-surfactant, respectively, and then were coated with PEG stearate. The obtained nanoparticles
were less than 100 nm in size with an encapsulation efficiency of 83.6 ± 1.2%. Surface modification
with PEG resulted in improved pharmacokinetics and brain delivery and, due to the ionic interaction
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between the core and coat, a slow drug release was achieved [68]. One of the successful approaches for
targeting efflux has been to combine multiple strategies in one nanocarrier. Tang et al. [64] presented
SLNs loaded with curcumin (Cur) and piperine (Pip) as co-delivery systems to reverse the MDR
effect. TPGS and Brij 78 were used to inhibit drug efflux mediated by P-gp pumps and sensitize tumor
cells to anticancer therapy. Additionally, Cur has proven efficacy in downregulating intracellular
levels of ABC transporters family including P-gp, MRP-1, and ABCG2. Pip also downregulates
the expression of P-gp, MRP-1, and ABCG2 genes. However, despite the pharmacological activity
and safety properties of Cur and Pip, their therapeutic use is limited due to their low solubility in
water, which leads to low bioavailability, and this impedes incorporating these compounds into a
suitable carrier such as nanoparticles to obtain the required systemic concentration. Pip-Cur-SLNs
were prepared using emulsification evaporation–low temperature solidification method. To predict
the physical stability of the formulations, zeta potential values were measured and Pip-Cur-SLNs
showed a high negative value of −20 mV. The mean particle size was 130.8 nm, with PDI less than 0.5,
which indicated poor particle aggregation. To assess whether Pip-Cur-SLNs inhibited P-gp function,
Rh efflux assay was used. Rhodamin 123 (Rh 123) is a fluorescent dye and a substrate for P-gp,
thus, P-gp inhibition correlates with Rh 123 increased intracellular accumulation. A2780/Taxol cells
treated with Pip-Cur-SLNs exhibited the highest cellular uptake of Rh123 as compared with free Rh123,
free Cur, and free Pip and they also resulted in considerable cytotoxic effect in the same drug-resistant
A2780/Taxol cells. Other strategies for inhibiting efflux effect have used SLNs and NLCs for co-delivery
of two drugs simultaneously, i.e., a drug efflux inhibitor and a chemotherapeutic agent or gene therapy
for efflux gene silencing with a chemotherapeutic agent. Since P-gp efflux restricts docetaxel entry
into the brain for cancer treatment, folic acid-modified SLNs were developed to deliver docetaxel and
ketoconazole (P-gp inhibitor) for brain targeting [69]. The reported SLNs were evaluated in brain
endothelial cells and results revealed that folate modified docetaxel and ketoconazole SLNs had a brain
permeation coefficient 44 times higher than that of Taxotere® (Sanofi-Aventis, Bridgewater, NJ, USA).

P-gp gene silencing is another strategy to improve the cellular delivery of drugs. There are only
a limited number of studies that have been published on using SLNs and NLCs for the delivery of
gene therapy in the treatment of multidrug-resistant tumors and most recent studies have focused on
using inorganic or polymeric nanoparticles as a carrier [70]. However, Saad et al. [71] used cationic
liposomes as a carrier for doxorubicin and two siRNA, siMRP1 and siBcl-2. Positively charged
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) was used to prepare the cationic liposomes
through an ethanol-injection method and they were loaded with negatively charged siRNA via
electrostatic interaction. Empty cationic liposomes did not cause a significant change in the expression
of the targeted mRNA, whereas opposite results were obtained after the incubation with liposomes
containing doxorubicin and siRNA. In fact, treating cells with free doxorubicin led to MRP1 and
BCL2 mRNA overexpression and these results supported the data that chemotherapy stimulated
resistance mechanisms in tumor cells. The simultaneous carrier could suppress two types of resistance
by delivering anticancer drugs at the same time which provided high levels of efficacy and enhanced
chemotherapy toxicity.

3.4. Strategies for Selective Targeting of GBM Cells

Over the last decades, lipid-based nanoparticles have been widely employed to overcome the
problems related to conventional chemotherapy which have lacked specificity and led to a spectrum
of side effects. Recent efforts have focused on lipid-based nanocarrier surface manipulation through
functionalization with various ligands such as peptides, proteins, carbohydrates, monoclonal antibodies,
and small molecules. These ligands can recognize overexpressed targets on the surface of tumor cells,
and thus result in nanocarrier accumulation in a tumor microenvironment and minimize the unspecific
distribution within the body. Other modification strategies have exploited tumor microenvironment
characteristics such as acidic pH, hypoxia, and enzymatic hydrolysis through the development of
stimuli-sensitive lipid-based nanoparticles [72]. Folate is one of the commonly used small molecules as
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a ligand for targeted therapy, since the folate receptor is highly expressed in various types of cancer
cells such as lung cancer, colon cancer, and GBM. Zhang et al. [73] developed NLCs decorated with
folate targeted delivery of etoposide (ETP) (FA-ETP-NLCs). In vitro cytotoxicity of FA-ETP-NLCs
was investigated in three cell lines, i.e., CT26, SGC7901, and NCI-H209, and had IC50 values three to
four times higher than ETP-NLCs which illustrated higher suppression efficacy after targeting with
folate. Another group used folic acid and ρ-aminophenyl-α-d-manno-pyranoside (APMP) as ligands
conjugated to ETP-loaded SLNs for targeted therapy of GBM. This nanocarrier was able to cross the
BBB through glucose transporter 1 and it could better recognize U87MG cells via folate receptors.
The APMP-FA-ETP-SLNs demonstrated sustained release with improved-ETP efficacy. Consequently,
the effective dosage of ETP against malignant glioma cells could be reduced [74]. Cetuximab is a
monoclonal antibody that binds with high affinity to EGFR which is usually upregulated in GBM cells.
To obtain more targeted and focused therapy for brain carcinoma, Kuo et al. [60,61] labelled cationic
SLNs with anti-EGFR monoclonal antibody (cetuximab) to deliver carmustine into malignant GBM
cells. SLNs grafted with anti-EGFR could specifically bind to EGFR in U87MG cells. Thus, this delivery
system could enhance carmustine transport to U87MG cells, and therefore reduced the required dose.
Peptides also have been emerged as a potent targeting ligand due to their various advantages such as
small size, high stability, low immunogenicity, and high selectivity [75]. RGD (arginine-glycine-aspartic
acid) is a peptide that is widely used in neovasculature targeting delivery since it binds with high
affinity to integrin receptors which are overexpressed on both GBM cells and the endothelial cells of
tumor vessels. Song et al. [76] developed RGD-conjugated NLCs for TMZ delivery into GBM cells.
The RGD-TMZ-NLCs showed a higher cytotoxic effect on U87MG cells than TMZ-NLCs and they also
had a higher antitumor efficiency in vivo. Endogenous proteins can also be used effectively as targeting
ligands, since they selectively bind to specific receptors on cell surface and can mediate endocytosis
such as transferrin, lactoferrin, and IL-13 [77]. Lactoferrin (Lf) is a cationic iron-binding glycoprotein
of the transferrin family. Lactoferrin receptors are expressed on BBB endothelial cells and the surface
of GBM cells. To enhance targeting competence of SLNs in brain tumor treatment, Singh et al. [78]
prepared Lf-SLNs for proficient delivery of docetaxel into the brain. The targeting mechanism and
cellular uptake in tumor cells for Lf-docetaxel SLNs were evaluated through receptor saturation assays
and distribution studies in the brain. Lf conjugating on the surface of SLNs improved targeting potency
and enhanced the inflow inside the brain. Regarding carbohydrate ligands, hyaluronic acid is a natural
polysaccharide that shows good binding affinity for CD44 that is highly expressed on various tumors
such as melanoma, breast cancer, colorectal cancer, and brain cancer. Hayward et al. [79] employed
hyaluronic acid as an active targeting ligand to develop a liposomal drug delivery system that could
distinguish between malignant GBM cells and healthy brain cells. Hyaluronic acid-coated liposomes’
cellular uptake was evaluated in primary astrocytes, microglia, and GBM cells and the system showed
selective targeting of tumor cells over normal cells, since GBM cells exhibited higher expression of
CD44. Hyaluronic acid has also been applied for targeted delivery of SLNs and NLCs against various
tumors [80,81].

Matrix metalloproteinases (MMPs) are a group of proteases enzymes that have elevated levels
in GBM cells and an array of tumors. MMPs are present as catalytic markers in the tumor
microenvironment and have long been related to cancer cell behaviors such as migration, invasion,
apoptosis, and differentiation. Thus, MMP enzymes could be employed as triggers of nanoparticle
enzymatic activation [82]. Bruun et al. [83] discussed developing a nanocarrier that showed the lowest
cellular interaction during systemic circulation, while it exhibited high uptake from targeted cells.
They designed lipid nanoparticles encapsulated with siRNA to target U87MG cells. The targeting
delivery was obtained using two strategies. First, the LNPs’ surface was decorated with angiopep
that targeted LRP-1 on the BBB, and then those cationic nanoparticles were coated with PEGylated
(poly(ethylene glycol)) cleavable lipopeptide that included a substrate for MMPs. Then, dePEGylation
of the system by MMPs was followed by a charge shift from negative to positive, which triggered
cellular endocytosis and siRNA release.
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Owing to the elevated activity of the proton pump and glycolysis in tumor cells, the extracellular
pH is slightly more acidic than normal tissues (between 6.5 and 7.2). A pH-sensitive drug carrier can be
developed through using pH-labile chemical bonds such as β-carboxylic acid, amide, hydrazone, acetal,
orthoester, and glycerol ester groups. These bonds show stability in neutral and alkaline mediums,
while they tend to be hydrolyzed under acidic conditions, and enable drug release from the disturbed
nanocarrier after linkage degradation [84]. In addition, pH-sensitive PEG-modified nanoparticles
have also been developed for targeted treatments. Chuang et al. [85] developed pH-sensitive cationic
PEGylated SLNs (PEG-SLN+) for effective targeting and accumulation of camptothecin in tumor
cells. They found that PEG-SLN+ could release the drug efficiently in low pH conditions (pH 5.5),
whereas it showed stability in pH value of 7.4. In vitro and in vivo studies have revealed selective
and long-term accumulation into the cytoplasm of tumor cells. Several studies have highlighted the
drawbacks of coating nanocarriers with PEG, namely, so-called “PEG dilemmas”, which indicated
interaction hindrance between the carrier and the target cell. To mitigate this problem, Kim et al. [86]
utilized a tumor acidic environment to develop RIPL peptide NLCs conjugated with cleavable PEG
that had been removed from th nanocarrier surface at the tumor site. Cleavable PEG was prepared
using DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol) as hydrophobic anchor which was
linked to PEG3000 chain by hydrazone bond. The results showed that 5 mol% PEG was efficient to
control plasma proteins adsorption and minimize macrophages uptake. PEG cleavage was also tested
at different pH values that mimic normal or tumor conditions and at pH value of 6.5, and the cellular
uptake was increased over two times as compared with PEG-RIPL-NLCs. However, the cellular uptake
of cPEG-RIPL-NLCs was less than intact RIPL-NLCs and this was interpreted as the effect of residual
PEG on nanoparticles surface.

Hypoxia is a notable feature of solid tumors and the redox potential between normal and tumor
tissue is different. This difference can be exploited to design hypoxia-sensitive drug delivery systems.
Various studies have shown that glutathione levels are 100–1000-fold higher than blood and 100-fold
higher than normal tissues. Thus, the development of nanoparticles that include disulfide bonds
could maintain carrier structure under normal conditions. In glutathione-rich cells, these bonds are
reduced to thiol groups and the integrity of the nanoparticles would be compromised resulting in the
content release [87]. McNeely et al. [88] formulated cysteine-cleavable phospholipid-polyethylene
glycol (PEG) liposomes for GBM active targeting. This polymer coating could be removed as liposomes
were extravasated to tumor cells, and then targeting ligands were unmasked. Cysteine-cleavable
phospholipid PEG masking enabled nanocarriers to evade the reticuloendothelial system (RES) and
provided a prolonged circulation time. The formulation was evaluated in 9 L glioma cells and enhanced
cellular uptake and cytotoxicity were observed due to cysteine cleavage of disulfide bonds and PEG5000
chains removal.

3.5. Modified Lipid Nanoparticles for Nose-to-Brain Delivery

The direct anatomical connection between the nasal cavity and the CNS makes the field of nasal
drug delivery into the brain one of the most interesting applications due to various benefits that
overcome problems of conventional routes of administration. This includes non-invasiveness, ease of
administration, fast onset of action, wide absorption area, reduced enzymatic activity, and evasion of
hepatic first-pass metabolism. These various advantages explain the increased number of products,
in the market, that exploit the nose for CNS delivery [89]. Among various nanocarriers, LNPs including
SLNs and NLCs administered through the nasal route, have proven effectiveness as drug carriers
for treating CNS diseases such as neurodegenerative diseases and brain tumors. The mechanism by
which nanoparticles improve drug delivery from the nose to the brain is that they interact with the
mucus layer, and then release incorporated drug into the mucus cells, or they cross the mucus layer to
be taken up by neurons to finally translocate in nerve axons and reach the brain where they release
drug. The nanoparticles’ efficient interaction with this biological environment is influenced by the
physicochemical characteristics of the carrier such as composition, size, and surface charge. For instance,
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mucociliary clearance is one of the significant factors that affects drug nose-to-brain delivery by limiting
the residence time of substances administered via the nasal cavity [90]. Therefore, coating LNP surfaces
with mucoadhesive compounds such as chitosan, hyaluronic acid, or low-molecular weight pectin
could prolong residence time in the olfactory region [91]. Furthermore, mucins in the mucus layer
contain elevated levels of sialic acid and sulphate residues, which add a negative charge to this layer
and contribute to its rigidity. Consequently, using nanoparticles that have been modified to have
a cationic surface would prolong their interaction with mucosa due to the electrostatic attraction.
However, the prolonged contact of formulation with nasal mucosa could lead to some undesirable
side effects such as irritation and epithelial cell toxicity. Protecting primary olfactory nerves and the
sense of smell from damage caused by cytotoxic drugs has to be considered [92]. SLNs and NLCs
are described as superior candidates for GBM targeting through the nasal route owing to their high
biocompatibility, low toxicity, and ease of surface functionalization. Madane et al. [93] developed
curcumin-loaded NLCs for intranasal delivery to the CNS. To evaluate carrier nasal permeation, an ex
vivo study was conducted using the nasal cavity of sheep and the permeability coefficient had a value
of 3.8 cm2/min. A biodistribution study in rats displayed a significant increase of curcumin in the brain
after nasal administration of Cur-NLCs with Cmax 86,201 ± 8182.1 ng/g at tmax of 120 min. TMZ-NLCs
have also been developed to target GBM via the intranasal route. In vivo studies have demonstrated
improved brain accumulation of TMZ-NLCs as compared with free TMZ, which proved the significant
efficacy of intranasal administration of NLCs [94]. Wang et al. [95] aimed at enhancing Pueraria
flavones brain delivery through the intranasal administration of borneol SLNs. Borneol is a bicyclic
monoterpene that has been used widely in Chinese traditional medicine for guiding drugs to the brain.
Recent studies have proven that borneol increased transport through the BBB and also improved drug
permeability through the nasal mucosa [96]. Pueraria flavone-loaded SLNs were prepared using the
emulsification evaporation-low temperature solidification method with borneol or without borneol.
Cellular uptake was evaluated in Caco-2 cells in vitro and also in rats, to predict brain targeting after
nasal delivery. The highest accumulation of SLNs in the brain was achieved with bornoel-stearic acid
SLNs, which had a particle size of 160 nm and drug loading of 4.7% with good release and stability
properties. One group designed formulations of chitosan-coated NLCs, and obtained positively
charged nanoparticles with mucoadhesive properties which improved drug delivery to the brain via
the intranasal route. The formulations exhibited prolonged retention time in the nasal epithelium which
suggested that they were a promising carrier to reduce drug dose and dosage frequency. However,
in vivo fluorescence monitoring results demonstrated lower accumulation of these nanoparticles in the
brain as compared with the lungs, which warranted the need for more modifications that could increase
the percentage of formulations reaching brain after the nasal delivery [97]. Nanoparticles intended for
nasal delivery can also be modified by incorporating lectin to the surface. Lectins are glycoproteins
extracted from some plants such as tomatoes and wheat germ, and they have a selective affinity toward
glycan residues on biological surfaces. Therefore, lectins could be useful for targeting delivery systems
and they have been used to enhance adsorption in the gastrointestinal tract [98]. Previous works
by Broadwell and Balin [99] and Thorne et al. [100] have shown that wheat germ agglutinin (WGA)
improved accumulation in the olfactory bulb through binding to the surface of olfactory sensor cells
and subsequently enhanced nose-to-brain delivery in a qualitative and quantitative way. WGA also
binds to N-acetyl-d-glucosamine and sialic acid residues are abundant in the nasal epithelial structure.
However, nanoparticles functionalized with lectin for targeting nasal epithelium could be problematic,
since lectins have toxicity effects to mammalian cells [101]. Table 1 includes examples of the studies
that tested the use of modified SLNs/NLCs to obtain effective drug delivery in the treatment of GBM.
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Table 1. SLNs and NLCs for enhanced treatment of GBM.

Strategies to Enhance Crossing the BBB

Formulation Cargo/drug Ligand Target Ref

SLN Docetaxel Angiopep-2 lipoprotein receptor related
protein 1 (LRP1) [56]

SLN Etoposide melanotransferrin antibody (MA) Melanotransferrin [57]

Cationic SLN Biacalin OX26 monoclonal antibody Transferrin receptor (TfR) [59]

Cationic SLN Carmustine Anti-EGFR EGFR [60]

SLN Doxorubicin Aprotinin, melanotransferrin antibody

low-density lipoprotein
receptor (LDLR) related
protein (LRP),
melanotransferrin

[61]

SLN Methotrexate Bovine serum albumin (BSA) Negative charge of BBB
endothelial cells membrane [62]

Modification Strategies Against GBM Cells Resistance

Formulation Cargo/drug Strategy Target Ref

SLN Edelfosine Tween® 80 P-gp efflux [65]

SLN Trans-Resveratrol TPGS P-gp efflux [66]

SLN Noscapine PEG P-gp efflux [68]

SLN Curcumin, Piperine TPGS and Brij 78 MDR effect [64]

Folate SLN Docetaxel Ketoconazol P-gp efflux [69]

Strategies for Selective Targeting of GBM Cells

NLC Etoposide Folic acid Folate receptor [73]

NLC Etoposide
Folic acid,
ρ-aminophenyl-α-d-manno-pyranoside
(APMP)

Folate receptor, glucose
transporter 1 [74]

SLN Carmustine Cetuximab EGFR [60]

NLC Temozolomide RGD peptide Integrin receptors [76]

SLN Docetaxel Lactoferrin Lactoferrin receptors [78]

SLN Vorinostat Hyaluronic acid CD44 [81]

LNP siRNA PEGylated (poly (ethylene glycol))
cleavable lipopeptide MMPs [83]

Cationic SLN camptothecin Cleavable PEG Tumor low pH [85]

Modified Lipid Nanoparticles for Nose-to-Brain Delivery

SLN Pueraria flavone Borneol
Improve crossing the BBB
and permeability through
nasal mucosa

[95]

NLC Proteins Chitosan Prolonged interact with
nasal mucosa [97]

4. Future Perspectives of SLNs and NLCs for Glioblastoma Treatment

The current treatment of GBM is considered to be a major challenge because of the difficulty of drug
delivery into the brain, and also due to tumor heterogeneity, resistance, aggressiveness, and invasive
nature. SLNs and NLCs as drug carriers for GBM effective treatment is a fascinating scientific topic
that provides hope for GBM patients. Despite all the promising results in the literature related to using
SLNs and NLCs in GBM treatment with various drugs, different materials, and different approaches
of functionalization, to the best of our knowledge, none of these carriers have been successfully
developed by a pharmaceutical company and entered the market. Therefore, it is imperative to
re-evaluate all the approaches currently used to design SLNs and NLCs. In our opinion, more efforts
should be focused on the required techniques for large-scale development or reproducible nanocarriers.
Additionally, more studies are also in demand to clarify safety issues of nanoparticles related to their
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nano-size and the fact that they can pass through cell membranes in the organism and react with
various biological systems. This could be studied by carrying out in vivo experiments that would help
predict nanoparticles toxicity in all organs. For nanoformulations that are intended for nose-to-brain
delivery, a long-term toxicity study in the lungs should be done to confirm their safety. Taking all these
problematic issues into account could promise significant advances in using SLNs and NLCs as smart
drug delivery systems in the treatment of malignant GBM.

Author Contributions: Conceptualization, L.M.G. and A.J.A.; Writing—original draft, R.J. and L.M.G.; Writing
—review and editing, R.J., L.M.G., and A.J.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Portuguese Foundation for Science and Technology FCT/MCTES
iMed.ULisboa (Pest-UID/DTP/04138/2019), through national funds.

Acknowledgments: The author R.J. acknowledges The Global Platform for Syrian Students
organization scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ostrom, Q.T.; Gittleman, H.; Farah, P.; Ondracek, A.; Chen, Y.; Wolinsky, Y.; Stroup, N.E.; Kruchko, C.;
Barnholtz-Sloan, J.S. CBTRUS statistical report: Primary brain and central nervous system tumors diagnosed
in the United States in 2006–2010. Neuro Oncol. 2013, 15, ii1–ii56. [CrossRef] [PubMed]

2. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P.
The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109.
[CrossRef] [PubMed]

3. Koshy, M.; Villano, J.L.; Dolecek, T.A.; Howard, A.; Mahmood, U.; Chmura, S.J.; Weichselbaum, R.R.;
McCarthy, B.J. Improved survival time trends for glioblastoma using the SEER 17 population-based registries.
J. Neurooncol. 2012, 107, 207–212. [CrossRef] [PubMed]

4. Upadhyay, R.K. Drug delivery systems, CNS protection, and the blood brain barrier. Biomed Res. Int. 2014.
[CrossRef]

5. Pathak, Y.V. Surface Modification of Nanoparticles for Targeted Drug Delivery; Springer: Berlin/Heidelberg,
Germany, 2019; ISBN 978-3-030-06115-9.

6. Dolatabadi, J.E.N.; Omidi, Y. Solid lipid-based nanocarriers as efficient targeted drug and gene delivery
systems. TrAC Trends Anal. Chem. 2016, 77, 100–108. [CrossRef]

7. Müller, R.H.; Radtke, M.; Wissing, S.A. Nanostructured lipid matrices for improved microencapsulation of
drugs. Int. J. Pharm. 2002, 242, 121–128. [CrossRef]

8. Hanif, F.; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee, S.U. Glioblastoma Multiforme: A review of its
epidemiology and pathogenesis through clinical presentation and treatment. Asian Pac. J. Cancer Prev. 2017,
18, 3–9. [CrossRef]

9. Simpson, L.; Galanis, E. Recurrent glioblastoma multiforme: Advances in treatment and promising drug
candidates. Expert Rev. Anticancer Ther. 2006, 6, 1593–1607. [CrossRef]

10. Noch, E.K.; Ramakrishna, R.; Magge, R. Challenges in the treatment of glioblastoma: Multisystem mechanisms
of therapeutic resistance. World Neurosurg. 2018, 116, 505–517. [CrossRef]

11. Abbott, N.J.; Rönnbäck, L.; Hansson, E. Astrocyte-endothelial interactions at the blood-brain barrier.
Nat. Rev. Neurosci. 2006, 7, 41–53. [CrossRef]

12. Persidsky, Y.; Ramirez, S.H.; Haorah, J.; Kanmogne, G.D. Blood-brain barrier: Structural components
and function under physiologic and pathologic conditions. J. Neuroimmune Pharmacol. 2006, 1, 223–236.
[CrossRef] [PubMed]

13. Chen, Y.; Liu, L. Modern methods for delivery of drugs across the blood–brain barrier. Adv. Drug Deliv. Rev.
2012, 64, 640–665. [CrossRef] [PubMed]

14. Pardridge, W.M. Drug transport across the blood–brain barrier. J. Cereb. Blood Flow Metab. 2012, 32, 1959–1972.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/neuonc/not151
http://www.ncbi.nlm.nih.gov/pubmed/24137015
http://dx.doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://dx.doi.org/10.1007/s11060-011-0738-7
http://www.ncbi.nlm.nih.gov/pubmed/21984115
http://dx.doi.org/10.1155/2014/869269
http://dx.doi.org/10.1016/j.trac.2015.12.016
http://dx.doi.org/10.1016/S0378-5173(02)00180-1
http://dx.doi.org/10.22034/APJCP.2017.18.1.3
http://dx.doi.org/10.1586/14737140.6.11.1593
http://dx.doi.org/10.1016/j.wneu.2018.04.022
http://dx.doi.org/10.1038/nrn1824
http://dx.doi.org/10.1007/s11481-006-9025-3
http://www.ncbi.nlm.nih.gov/pubmed/18040800
http://dx.doi.org/10.1016/j.addr.2011.11.010
http://www.ncbi.nlm.nih.gov/pubmed/22154620
http://dx.doi.org/10.1038/jcbfm.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/22929442


Pharmaceutics 2020, 12, 860 15 of 19

15. Erickson, M.A.; Banks, W.A. Neuroimmune axes of the blood–brain barriers and blood–brain interfaces:
Bases for physiological regulation, disease states, and pharmacological interventions. Pharmacol. Rev. 2018,
70, 278–314. [CrossRef]

16. Hervé, F.; Ghinea, N.; Scherrmann, J.-M. CNS delivery via adsorptive transcytosis. AAPS J. 2008, 10, 455–472.
[CrossRef]

17. Bickel, U. Antibody delivery through the blood-brain barrier. Adv. Drug Deliv. Rev. 1995, 15, 53–72.
[CrossRef]

18. Silva, S.; Almeida, A.J.; Vale, N. Combination of cell-penetrating peptides with nanoparticles for therapeutic
application: A review. Biomolecules 2019, 9, 22. [CrossRef]

19. Vivès, E.; Brodin, P.; Lebleu, B. A truncated HIV-1 Tat protein basic domain rapidly translocates through the
plasma membrane and accumulates in the cell nucleus. J. Biol. Chem. 1997, 272, 16010–16017. [CrossRef]

20. Binda, E.; Visioli, A.; Reynolds, B.; Vescovi, A.L. Heterogeneity of cancer-initiating cells within glioblastoma.
Front. Biosci. 2012, 4, 1235–1248. [CrossRef]

21. Greaves, M.; Maley, C.C. Clonal evolution in cancer. Nature 2012, 481, 306–313. [CrossRef]
22. Johnson, B.E.; Mazor, T.; Hong, C.; Barnes, M.; Aihara, K.; McLean, C.Y.; Fouse, S.D.; Yamamoto, S.; Ueda, H.;

Tatsuno, K.; et al. Mutational analysis reveals the origin and therapy-driven evolution of recurrent glioma.
Science 2014, 343, 189–193. [CrossRef] [PubMed]

23. Laug, D.; Glasgow, S.M.; Deneen, B. A glial blueprint for gliomagenesis. Nat. Rev. Neurosci. 2018, 19, 393–403.
[CrossRef] [PubMed]

24. Brennan, C.W.; Verhaak, R.G.W.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.;
Chakravarty, D.; Sanborn, J.Z.; Berman, S.H.; et al. The somatic genomic landscape of glioblastoma. Cell
2013, 155, 462–477. [CrossRef]

25. Daniel, P.; Sabri, S.; Chaddad, A.; Meehan, B.; Jean-Claude, B.; Rak, J.; Abdulkarim, B.S. Temozolomide
induced hypermutation in glioma: Evolutionary mechanisms and therapeutic opportunities. Front. Oncol.
2019, 9, 41. [CrossRef] [PubMed]

26. Li, Z.-C.; Bai, H.; Sun, Q.; Zhao, Y.; Lv, Y.; Zhou, J.; Liang, C.; Chen, Y.; Liang, D.; Zheng, H. Multiregional
radiomics profiling from multiparametric MRI: Identifying an imaging predictor of IDH1 mutation status in
glioblastoma. Cancer Med. 2018, 7, 5999–6009. [CrossRef] [PubMed]

27. Eskilsson, E.; Rosland, G.V.; Talasila, K.M.; Knappskog, S.; Keunen, O.; Sottoriva, A.; Foerster, S.; Solecki, G.;
Taxt, T.; Jirik, R.; et al. EGFRvIII mutations can emerge as late and heterogenous events in glioblastoma
development and promote angiogenesis through Src activation. Neuro-oncology 2016, 18, 1644–1655.
[CrossRef]

28. Szerlip, N.J.; Pedraza, A.; Chakravarty, D.; Azim, M.; McGuire, J.; Fang, Y.; Ozawa, T.; Holland, E.C.;
Huse, J.T.; Jhanwar, S.; et al. Intratumoral heterogeneity of receptor tyrosine kinases EGFR and PDGFRA
amplification in glioblastoma defines subpopulations with distinct growth factor response. Proc. Natl. Acad.
Sci. USA 2012, 109, 3041–3046. [CrossRef]

29. Mosrati, M.A.; Malmström, A.; Lysiak, M.; Krysztofiak, A.; Hallbeck, M.; Milos, P.; Hallbeck, A.-L.;
Bratthäll, C.; Strandéus, M.; Stenmark-Askmalm, M.; et al. TERT promoter mutations and polymorphisms as
prognostic factors in primary glioblastoma. Oncotarget 2015, 6, 16663–16673. [CrossRef]

30. Singh, S.K.; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, J.; Dirks, P.B. Identification of a cancer
stem cell in human brain tumors. Cancer Res. 2003, 63, 5821–5828.

31. Zhu, T.S.; Costello, M.A.; Talsma, C.E.; Flack, C.G.; Crowley, J.G.; Hamm, L.L.; He, X.; Hervey-Jumper, S.L.;
Heth, J.A.; Muraszko, K.M.; et al. Endothelial cells create a stem cell niche in glioblastoma by providing
notch ligands that nurture self-renewal of cancer stem-like cells. Cancer Res. 2011, 71, 6061–6072. [CrossRef]

32. Filatova, A.; Acker, T.; Garvalov, B.K. The cancer stem cell niche(s): The crosstalk between glioma stem cells
and their microenvironment. Biochim. Biophys. Acta 2013, 1830, 2496–2508. [CrossRef] [PubMed]

33. Wei, J.; Barr, J.; Kong, L.-Y.; Wang, Y.; Wu, A.; Sharma, A.K.; Gumin, J.; Henry, V.; Colman, H.; Sawaya, R.;
et al. Glioma-associated cancer-initiating cells induce immunosuppression. Clin. Cancer Res. 2010, 16,
461–473. [CrossRef] [PubMed]

34. Dundar, T.T.; Hatiboglu, M.A.; Ergul, Z.; Seyithanoglu, M.H.; Sozen, E.; Tuzgen, S.; Kaynar, M.Y.; Karaoz, E.
Glioblastoma stem cells and comparison of isolation methods. J. Clin. Med. Res. 2019, 11, 415–421. [CrossRef]
[PubMed]

http://dx.doi.org/10.1124/pr.117.014647
http://dx.doi.org/10.1208/s12248-008-9055-2
http://dx.doi.org/10.1016/0169-409X(95)00005-R
http://dx.doi.org/10.3390/biom9010022
http://dx.doi.org/10.1074/jbc.272.25.16010
http://dx.doi.org/10.2741/s328
http://dx.doi.org/10.1038/nature10762
http://dx.doi.org/10.1126/science.1239947
http://www.ncbi.nlm.nih.gov/pubmed/24336570
http://dx.doi.org/10.1038/s41583-018-0014-3
http://www.ncbi.nlm.nih.gov/pubmed/29777182
http://dx.doi.org/10.1016/j.cell.2013.09.034
http://dx.doi.org/10.3389/fonc.2019.00041
http://www.ncbi.nlm.nih.gov/pubmed/30778375
http://dx.doi.org/10.1002/cam4.1863
http://www.ncbi.nlm.nih.gov/pubmed/30426720
http://dx.doi.org/10.1093/neuonc/now113
http://dx.doi.org/10.1073/pnas.1114033109
http://dx.doi.org/10.18632/oncotarget.4389
http://dx.doi.org/10.1158/0008-5472.CAN-10-4269
http://dx.doi.org/10.1016/j.bbagen.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23079585
http://dx.doi.org/10.1158/1078-0432.CCR-09-1983
http://www.ncbi.nlm.nih.gov/pubmed/20068105
http://dx.doi.org/10.14740/jocmr3781
http://www.ncbi.nlm.nih.gov/pubmed/31143308


Pharmaceutics 2020, 12, 860 16 of 19

35. Wang, J.; Wakeman, T.P.; Latha, J.D.; Hjelmeland, A.B.; Wang, X.-F.; White, R.R.; Rich, J.N.; Sullenger, B.A.
Notch promotes radioresistance of glioma stem cells. Stem Cells 2010, 28, 17–28. [CrossRef]

36. Li, W.-Q.; Li, Y.-M.; Tao, B.-B.; Lu, Y.-C.; Hu, G.-H.; Liu, H.-M.; He, J.; Xu, Y.; Yu, H.-Y. Downregulation of
ABCG2 expression in glioblastoma cancer stem cells with miRNA-328 may decrease their chemoresistance.
Med. Sci. Monit. 2010, 16, HY27-30.

37. Haar, C.P.; Hebbar, P.; Wallace, G.C.; Das, A.; Vandergrift, W.A.; Smith, J.A.; Giglio, P.; Patel, S.J.; Ray, S.K.;
Banik, N.L. Drug resistance in glioblastoma: A mini review. Neurochem. Res. 2012, 37, 1192–1200. [CrossRef]

38. De Vries, N.A.; Buckle, T.; Zhao, J.; Beijnen, J.H.; Schellens, J.H.M.; van Tellingen, O. Restricted brain
penetration of the tyrosine kinase inhibitor erlotinib due to the drug transporters P-gp and BCRP. Investig.
New Drugs 2012, 30, 443–449. [CrossRef]

39. Munoz, J.L.; Walker, N.D.; Scotto, K.W.; Rameshwar, P. Temozolomide competes for P-glycoprotein and
contributes to chemoresistance in glioblastoma cells. Cancer Lett. 2015, 367, 69–75. [CrossRef]

40. Vaupel, P.; Kelleher, D.K.; Höckel, M. Oxygen status of malignant tumors: Pathogenesis of hypoxia and
significance for tumor therapy. Semin. Oncol. 2001, 28, 29–35. [CrossRef]

41. Monteiro, A.R.; Hill, R.; Pilkington, G.J.; Madureira, P.A. The role of hypoxia in glioblastoma invasion. Cells
2017, 6, 45. [CrossRef]

42. Semenza, G.L. Expression of hypoxia-inducible factor 1: Mechanisms and consequences. Biochem. Pharmacol.
2000, 59, 47–53. [CrossRef]

43. Vlaminck, B.; Toffoli, S.; Ghislain, B.; Demazy, C.; Raes, M.; Michiels, C. Dual effect of echinomycin on
hypoxia-inducible factor-1 activity under normoxic and hypoxic conditions. FEBS J. 2007, 274, 5533–5542.
[CrossRef] [PubMed]

44. Tang, J.-H.; Ma, Z.-X.; Huang, G.-H.; Xu, Q.-F.; Xiang, Y.; Li, N.; Sidlauskas, K.; Zhang, E.E.; Lv, S.-Q.
Downregulation of HIF-1a sensitizes U251 glioma cells to the temozolomide (TMZ) treatment. Exp. Cell Res.
2016, 343, 148–158. [CrossRef]

45. Chou, C.-W.; Wang, C.-C.; Wu, C.-P.; Lin, Y.-J.; Lee, Y.-C.; Cheng, Y.-W.; Hsieh, C.-H. Tumor cycling hypoxia
induces chemoresistance in glioblastoma multiforme by upregulating the expression and function of ABCB1.
Neuro-oncology 2012, 14, 1227–1238. [CrossRef]

46. Del Rowe, J.; Scott, C.; Werner-Wasik, M.; Bahary, J.P.; Curran, W.J.; Urtasun, R.C.; Fisher, B. Single-arm,
open-label phase II study of intravenously administered tirapazamine and radiation therapy for glioblastoma
multiforme. J. Clin. Oncol. 2000, 18, 1254–1259. [CrossRef] [PubMed]

47. Tapeinos, C.; Battaglini, M.; Ciofani, G. Advances in the design of solid lipid nanoparticles and nanostructured
lipid carriers for targeting brain diseases. J. Control. Release 2017, 264, 306–332. [CrossRef] [PubMed]

48. Kumar, A.; Badde, S.; Kamble, R.; Pokharkar, V. Development and characterization of liposomal drug delivery
system for Nimesulide. Int. J. Pharm. Pharm. Sci. 2010, 2, 87–89.

49. Patidar, A.; Thakur, D.S.; Kumar, P.; Verma, J. A review on novel lipid based nanocarriers. Int. J. Pharm.
Pharm. Sci. 2010, 2, 30–35.

50. Beloqui, A.; Solinís, M.Á.; Rodríguez-Gascón, A.; Almeida, A.J.; Préat, V. Nanostructured lipid carriers:
Promising drug delivery systems for future clinics. Nanomedicine 2016, 12, 143–161. [CrossRef]

51. Gaspar, D.P.; Faria, V.; Quintas, J.P.; Almeida, A.J. Targeted delivery of lipid nanoparticles by means of
surface chemical modification. Curr. Org. Chem. 2017, 21. [CrossRef]

52. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive
and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef]
[PubMed]

53. Hossen, S.; Hossain, M.K.; Basher, M.K.; Mia, M.N.H.; Rahman, M.T.; Uddin, M.J. Smart nanocarrier-based
drug delivery systems for cancer therapy and toxicity studies: A review. J. Adv. Res. 2019, 15, 1–18.
[CrossRef] [PubMed]

54. Zhang, F.; Xu, C.-L.; Liu, C.-M. Drug delivery strategies to enhance the permeability of the blood-brain
barrier for treatment of glioma. Drug Des. Dev. Ther. 2015, 9, 2089–2100. [CrossRef] [PubMed]

55. Mendes, M.; Miranda, A.; Cova, T.; Gonçalves, L.; Almeida, A.J.; Sousa, J.J.; do Vale, M.L.C.; Marques, E.F.;
Pais, A.; Vitorino, C. Modeling of ultra-small lipid nanoparticle surface charge for targeting glioblastoma.
Eur. J. Pharm. Sci. 2018, 117, 255–269. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/stem.261
http://dx.doi.org/10.1007/s11064-011-0701-1
http://dx.doi.org/10.1007/s10637-010-9569-1
http://dx.doi.org/10.1016/j.canlet.2015.07.013
http://dx.doi.org/10.1016/S0093-7754(01)90210-6
http://dx.doi.org/10.3390/cells6040045
http://dx.doi.org/10.1016/S0006-2952(99)00292-0
http://dx.doi.org/10.1111/j.1742-4658.2007.06072.x
http://www.ncbi.nlm.nih.gov/pubmed/17916190
http://dx.doi.org/10.1016/j.yexcr.2016.04.011
http://dx.doi.org/10.1093/neuonc/nos195
http://dx.doi.org/10.1200/JCO.2000.18.6.1254
http://www.ncbi.nlm.nih.gov/pubmed/10715295
http://dx.doi.org/10.1016/j.jconrel.2017.08.033
http://www.ncbi.nlm.nih.gov/pubmed/28844756
http://dx.doi.org/10.1016/j.nano.2015.09.004
http://dx.doi.org/10.2174/1385272820666161031161101
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24270007
http://dx.doi.org/10.1016/j.jare.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30581608
http://dx.doi.org/10.2147/DDDT.S79592
http://www.ncbi.nlm.nih.gov/pubmed/25926719
http://dx.doi.org/10.1016/j.ejps.2018.02.024
http://www.ncbi.nlm.nih.gov/pubmed/29486328


Pharmaceutics 2020, 12, 860 17 of 19

56. Kadari, A.; Pooja, D.; Gora, R.H.; Gudem, S.; Kolapalli, V.R.M.; Kulhari, H.; Sistla, R. Design of multifunctional
peptide collaborated and docetaxel loaded lipid nanoparticles for antiglioma therapy. Eur. J. Pharm. Biopharm.
2018, 132, 168–179. [CrossRef] [PubMed]

57. Kuo, Y.-C.; Chao, I.-W. Conjugation of melanotransferrin antibody on solid lipid nanoparticles for mediating
brain cancer malignancy. Biotechnol. Prog. 2016, 32, 480–490. [CrossRef]

58. Lu, W. Adsorptive-mediated brain delivery systems. Curr. Pharm. Biotechnol. 2012, 13, 2340–2348. [CrossRef]
59. Liu, Z.; Zhao, H.; Shu, L.; Zhang, Y.; Okeke, C.; Zhang, L.; Li, J.; Li, N. Preparation and evaluation of

Baicalin-loaded cationic solid lipid nanoparticles conjugated with OX26 for improved delivery across the
BBB. Drug Dev. Ind. Pharm. 2015, 41, 353–361. [CrossRef]

60. Kuo, Y.-C.; Liang, C.-T. Inhibition of human brain malignant glioblastoma cells using carmustine-loaded
catanionic solid lipid nanoparticles with surface anti-epithelial growth factor receptor. Biomaterials 2011, 32,
3340–3350. [CrossRef]

61. Kuo, Y.-C.; Lee, I.-H. Delivery of doxorubicin to glioblastoma multiforme in vitro using solid lipid
nanoparticles with surface aprotinin and melanotransferrin antibody for enhanced chemotherapy.
J. Taiwan Inst. Chem. Eng. 2016, 61, 32–45. [CrossRef]

62. Agarwal, A.; Majumder, S.; Agrawal, H.; Majumdar, S.; Agrawal, G.P. Cationized albumin conjugated
solid lipid nanoparticles as vectors for brain delivery of an anti-cancer drug. Curr. Nanosci. 2011, 7, 71–80.
[CrossRef]

63. Kabanov, A.V.; Batrakova, E.V.; Alakhov, V.Y. An essential relationship between ATP depletion and
chemosensitizing activity of Pluronic block copolymers. J. Control. Release 2003, 91, 75–83. [CrossRef]

64. Tang, J.; Ji, H.; Ren, J.; Li, M.; Zheng, N.; Wu, L. Solid lipid nanoparticles with TPGS and Brij 78: A co-delivery
vehicle of curcumin and piperine for reversing P-glycoprotein-mediated multidrug resistance in vitro.
Oncol. Lett. 2017, 13, 389–395. [CrossRef]

65. Estella-Hermoso de Mendoza, A.; Préat, V.; Mollinedo, F.; Blanco-Prieto, M.J. In vitro and in vivo efficacy of
edelfosine-loaded lipid nanoparticles against glioma. J. Control. Release 2011, 156, 421–426. [CrossRef]

66. Vijayakumar, M.R.; Kumari, L.; Patel, K.K.; Vuddanda, P.R.; Vajanthri, K.Y.; Mahto, S.K.; Singh, S. Intravenous
administration of trans-resveratrol-loaded TPGS-coated solid lipid nanoparticles for prolonged systemic
circulation, passive brain targeting and improved in vitro cytotoxicity against C6 glioma cell lines. RSC Adv.
2016, 6, 50336–50348. [CrossRef]

67. Wang, S.-W.; Monagle, J.; McNulty, C.; Putnam, D.; Chen, H. Determination of P-glycoprotein inhibition
by excipients and their combinations using an integrated high-throughput process. J. Pharm. Sci. 2004, 93,
2755–2767. [CrossRef]

68. Madan, J.; Pandey, R.S.; Jain, V.; Katare, O.P.; Chandra, R.; Katyal, A. Poly (ethylene)-glycol conjugated solid
lipid nanoparticles of noscapine improve biological half-life, brain delivery and efficacy in glioblastoma cells.
Nanomedicine 2013, 9, 492–503. [CrossRef]

69. Venishetty, V.K.; Komuravelli, R.; Kuncha, M.; Sistla, R.; Diwan, P.V. Increased brain uptake of docetaxel and
ketoconazole loaded folate-grafted solid lipid nanoparticles. Nanomedicine 2013, 9, 111–121. [CrossRef]

70. Gandhi, N.S.; Tekade, R.K.; Chougule, M.B. Nanocarrier mediated delivery of siRNA/miRNA in combination
with chemotherapeutic agents for cancer therapy: Current progress and advances. J. Control. Release 2014,
194, 238–256. [CrossRef]

71. Saad, M.; Garbuzenko, O.B.; Minko, T. Co-delivery of siRNA and an anticancer drug for treatment of
multidrug-resistant cancer. Nanomedicine 2008, 3, 761–776. [CrossRef]

72. Fernandes, C.; Suares, D.; Yergeri, M.C. Tumor microenvironment targeted nanotherapy. Front. Pharmacol.
2018, 9. [CrossRef] [PubMed]

73. Zhang, S.; Lu, C.; Zhang, X.; Li, J.; Jiang, H. Targeted delivery of etoposide to cancer cells by folate-modified
nanostructured lipid drug delivery system. Drug Deliv. 2016, 23, 1838–1845. [CrossRef] [PubMed]

74. Kuo, Y.-C.; Lee, C.-H. Inhibition against growth of glioblastoma multiforme in vitro using etoposide-loaded
solid lipid nanoparticles with p-aminophenyl-α-d-manno-pyranoside and folic acid. J. Pharm. Sci. 2015, 104,
1804–1814. [CrossRef] [PubMed]

75. Sanna, V.; Pala, N.; Sechi, M. Targeted therapy using nanotechnology: Focus on cancer. Int. J. Nanomed. 2014,
9, 467–483. [CrossRef]

76. Song, S.; Mao, G.; Du, J.; Zhu, X. Novel RGD containing, temozolomide-loading nanostructured lipid carriers
for glioblastoma multiforme chemotherapy. Drug Deliv. 2016, 23, 1404–1408. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejpb.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30244167
http://dx.doi.org/10.1002/btpr.2214
http://dx.doi.org/10.2174/138920112803341851
http://dx.doi.org/10.3109/03639045.2013.861478
http://dx.doi.org/10.1016/j.biomaterials.2011.01.048
http://dx.doi.org/10.1016/j.jtice.2015.12.012
http://dx.doi.org/10.2174/157341311794480291
http://dx.doi.org/10.1016/S0168-3659(03)00211-6
http://dx.doi.org/10.3892/ol.2016.5421
http://dx.doi.org/10.1016/j.jconrel.2011.07.030
http://dx.doi.org/10.1039/C6RA10777J
http://dx.doi.org/10.1002/jps.20183
http://dx.doi.org/10.1016/j.nano.2012.10.003
http://dx.doi.org/10.1016/j.nano.2012.03.003
http://dx.doi.org/10.1016/j.jconrel.2014.09.001
http://dx.doi.org/10.2217/17435889.3.6.761
http://dx.doi.org/10.3389/fphar.2018.01230
http://www.ncbi.nlm.nih.gov/pubmed/30429787
http://dx.doi.org/10.3109/10717544.2016.1141258
http://www.ncbi.nlm.nih.gov/pubmed/26879035
http://dx.doi.org/10.1002/jps.24388
http://www.ncbi.nlm.nih.gov/pubmed/25694089
http://dx.doi.org/10.2147/IJN.S36654
http://dx.doi.org/10.3109/10717544.2015.1064186
http://www.ncbi.nlm.nih.gov/pubmed/26203687


Pharmaceutics 2020, 12, 860 18 of 19

77. Chou, L.Y.T.; Ming, K.; Chan, W.C.W. Strategies for the intracellular delivery of nanoparticles. Chem. Soc.
Rev. 2011, 40, 233–245. [CrossRef]

78. Singh, I.; Swami, R.; Pooja, D.; Jeengar, M.K.; Khan, W.; Sistla, R. Lactoferrin bioconjugated solid lipid
nanoparticles: A new drug delivery system for potential brain targeting. J. Drug Target. 2016, 24, 212–223.
[CrossRef]

79. Hayward, S.L.; Wilson, C.L.; Kidambi, S. Hyaluronic acid-conjugated liposome nanoparticles for targeted
delivery to CD44 overexpressing glioblastoma cells. Oncotarget 2016, 7, 34158–34171. [CrossRef]

80. Shen, H.; Shi, S.; Zhang, Z.; Gong, T.; Sun, X. Coating solid lipid nanoparticles with hyaluronic acid enhances
antitumor activity against melanoma stem-like cells. Theranostics 2015, 5, 755–771. [CrossRef]

81. Tran, T.H.; Choi, J.Y.; Ramasamy, T.; Truong, D.H.; Nguyen, C.N.; Choi, H.-G.; Yong, C.S.; Kim, J.O. Hyaluronic
acid-coated solid lipid nanoparticles for targeted delivery of vorinostat to CD44 overexpressing cancer cells.
Carbohydr. Polym. 2014, 114, 407–415. [CrossRef]

82. Singh, D.; Srivastava, S.K.; Chaudhuri, T.K.; Upadhyay, G. Multifaceted role of matrix metalloproteinases
(MMPs). Front. Mol. Biosci. 2015, 2. [CrossRef] [PubMed]

83. Bruun, J.; Larsen, T.B.; Jølck, R.I.; Eliasen, R.; Holm, R.; Gjetting, T.; Andresen, T.L. Investigation of
enzyme-sensitive lipid nanoparticles for delivery of siRNA to blood-brain barrier and glioma cells.
Int. J. Nanomed. 2015, 10, 5995–6008. [CrossRef]

84. Mo, R.; Gu, Z. Tumor microenvironment and intracellular signal-activated nanomaterials for anticancer drug
delivery. Mater. Today 2016, 19, 274–283. [CrossRef]

85. Chuang, C.-H.; Wu, P.-C.; Tsai, T.-H.; Fang, Y.-P.; Tsai, Y.-H.; Cheng, T.-C.; Huang, C.-C.; Huang, M.-Y.;
Chen, F.-M.; Hsieh, Y.-C.; et al. Development of pH-sensitive cationic pegylated solid lipid nanoparticles for
selective cancer-targeted therapy. J. Biomed. Nanotechnol. 2017, 13, 192–203. [CrossRef]

86. Kim, C.H.; Sa, C.-K.; Goh, M.S.; Lee, E.S.; Kang, T.H.; Yoon, H.Y.; Battogtokh, G.; Ko, Y.T.; Choi, Y.W.
pH-sensitive PEGylation of RIPL peptide-conjugated nanostructured lipid carriers: Design and in vitro
evaluation. Int. J. Nanomed. 2018, 13, 6661–6675. [CrossRef] [PubMed]

87. Saito, G.; Swanson, J.A.; Lee, K.-D. Drug delivery strategy utilizing conjugation via reversible disulfide
linkages: Role and site of cellular reducing activities. Adv. Drug Deliv. Rev. 2003, 55, 199–215. [CrossRef]

88. McNeeley, K.; Karathanasis, E.; Annapragada, A.; Bellamkonda, R. Masking and triggered unmasking of
targeting ligands on nanocarriers to improve drug delivery to brain tumors. Biomaterials 2009, 30, 3986–3995.
[CrossRef]

89. Pires, A.; Fortuna, A.; Alves, G.; Falcão, A. Intranasal drug delivery: How, why and what for? J. Pharm.
Pharm. Sci. 2009, 12, 288–311. [CrossRef]

90. Marttin, E.; Schipper, N.G.; Verhoef, J.C.; Merkus, F.W.H. Nasal mucociliary clearance as a factor in nasal
drug delivery. Adv. Drug Deliv. Rev. 1998, 29, 13–38. [CrossRef]

91. Charlton, S.; Jones, N.S.; Davis, S.S.; Illum, L. Distribution and clearance of bioadhesive formulations from
the olfactory region in man: Effect of polymer type and nasal delivery device. Eur. J. Pharm. Sci. 2007, 30,
295–302. [CrossRef]

92. Haffejee, N.; Du Plessis, J.; Müller, D.G.; Schultz, C.; Kotzé, A.F.; Goosen, C. Intranasal toxicity of selected
absorption enhancers. Pharmazie 2001, 56, 882–888. [PubMed]

93. Madane, R.G.; Mahajan, H.S. Curcumin-loaded nanostructured lipid carriers (NLCs) for nasal administration:
Design, characterization, and in vivo study. Drug Deliv. 2016, 23, 1326–1334. [CrossRef] [PubMed]

94. Khan, A.; Imam, S.S.; Aqil, M.; Ahad, A.; Sultana, Y.; Ali, A.; Khan, K. Brain targeting of temozolomide
via the intranasal route using lipid-based nanoparticles: Brain pharmacokinetic and scintigraphic analyses.
Mol. Pharm. 2016, 13, 3773–3782. [CrossRef] [PubMed]

95. Wang, L.; Zhao, X.; Du, J.; Liu, M.; Feng, J.; Hu, K. Improved brain delivery of pueraria flavones via intranasal
administration of borneol-modified solid lipid nanoparticles. Nanomedicine 2019, 14, 2105–2119. [CrossRef]

96. Lu, Y.; Chen, X.; Du, S.; Wu, Q.; Yao, Z.; Zhai, Y. The in situ and in vivo study on enhancing effect of borneol
in nasal absorption of Geniposide in rats. Arch. Pharm. Res. 2010, 33, 691–696. [CrossRef]

97. Gartziandia, O.; Herran, E.; Pedraz, J.L.; Carro, E.; Igartua, M.; Hernandez, R.M. Chitosan coated
nanostructured lipid carriers for brain delivery of proteins by intranasal administration. Colloids Surf.
B 2015, 134, 304–313. [CrossRef]

98. Bies, C.; Lehr, C.-M.; Woodley, J.F. Lectin-mediated drug targeting: History and applications. Adv. Drug Deliv.
Rev. 2004, 56, 425–435. [CrossRef]

http://dx.doi.org/10.1039/C0CS00003E
http://dx.doi.org/10.3109/1061186X.2015.1068320
http://dx.doi.org/10.18632/oncotarget.8926
http://dx.doi.org/10.7150/thno.10804
http://dx.doi.org/10.1016/j.carbpol.2014.08.026
http://dx.doi.org/10.3389/fmolb.2015.00019
http://www.ncbi.nlm.nih.gov/pubmed/25988186
http://dx.doi.org/10.2147/IJN.S87334
http://dx.doi.org/10.1016/j.mattod.2015.11.025
http://dx.doi.org/10.1166/jbn.2017.2338
http://dx.doi.org/10.2147/IJN.S184355
http://www.ncbi.nlm.nih.gov/pubmed/30425481
http://dx.doi.org/10.1016/S0169-409X(02)00179-5
http://dx.doi.org/10.1016/j.biomaterials.2009.04.012
http://dx.doi.org/10.18433/J3NC79
http://dx.doi.org/10.1016/S0169-409X(97)00059-8
http://dx.doi.org/10.1016/j.ejps.2006.11.018
http://www.ncbi.nlm.nih.gov/pubmed/11817176
http://dx.doi.org/10.3109/10717544.2014.975382
http://www.ncbi.nlm.nih.gov/pubmed/25367836
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00586
http://www.ncbi.nlm.nih.gov/pubmed/27661966
http://dx.doi.org/10.2217/nnm-2018-0417
http://dx.doi.org/10.1007/s12272-010-0507-8
http://dx.doi.org/10.1016/j.colsurfb.2015.06.054
http://dx.doi.org/10.1016/j.addr.2003.10.030


Pharmaceutics 2020, 12, 860 19 of 19

99. Broadwell, R.D.; Balin, B.J. Endocytic and exocytic pathways of the neuronal secretory process and
trans-synaptic transfer of wheat germ agglutinin-horseradish peroxidase in vivo. J. Comp. Neurol. 1985, 242,
632–650. [CrossRef]

100. Thorne, R.G.; Emory, C.R.; Ala, T.A.; Frey, W.H. Quantitative analysis of the olfactory pathway for drug
delivery to the brain. Brain Res. 1995, 692, 278–282. [CrossRef]

101. Fu, T.; Burbage, C.; Tagge, E.P.; Brothers, T.; Willingham, M.C.; Frankel, A.E. Ricin toxin contains three lectin
sites which contribute to its in vivo toxicity. Int. J. Immunopharmacol. 1996, 18, 685–692. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cne.902420410
http://dx.doi.org/10.1016/0006-8993(95)00637-6
http://dx.doi.org/10.1016/S0192-0561(97)85550-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Challenges in the Treatment of Glioblastoma Multiforme (GBM) 
	Blood-Brain Barrier 
	Intertumoral and Intratumoral Heterogeneity 
	Intertumoral Heterogeneity 
	Intratumoral Heterogeneity 

	Glioblastoma Stem Cells 
	Drug Efflux 
	Hypoxia 

	Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs) for Targeting Glioblastoma 
	SLN and NLC as Smart Drug Delivery Systems in the Treatment of GBM 
	Modification Strategies to Enhance Crossing the Blood-Brain Barrier (BBB) in GBM Treatment 
	Modification Strategies Against GBM Cell Resistance 
	Strategies for Selective Targeting of GBM Cells 
	Modified Lipid Nanoparticles for Nose-to-Brain Delivery 

	Future Perspectives of SLNs and NLCs for Glioblastoma Treatment 
	References

