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Abstract

Glioblastoma multiforme (GBM) is an aggressive brain cancer which is very hard to treat. The brain is
a delicate tissue protected externally by the skull and internally by the blood brain barrier (BBB).
Current standard treatment combines tissue resection, radiation therapy and administration of the
chemotherapeutic agent temozolomide (TMZ). The effectivity of this treatment is limited, the non-
specificity of TMZ administration gives rise to many side-effects and GBM-patient survival rates are
particularly low. Nanocarrier drug-delivery systems offer perspective for the future effectivity of GBM
treatment by TMZ delivery across the BBB to GBM tissue. This paper assesses the most extensively
studied and promising nanocarrier systems, with the aim of designing a drug delivery system for the
co-delivery of TMZ and a chemo-sensitizing drug, suited for transport to the brain, in order to improve
the effectivity and efficiency of the treatment of GBM. The ideal carrier system is non-toxic, able to
carry TMZ in combination with a chemo-sensitizer, able to penetrate GBM tissue, and able to perform
controlled and sustained drug release. An extensive literature survey was conducted to TMZ-carrying
nanoparticles (NPs), after which the NPs ability of the dual-loading of TMZ and the chemo-sensitizer
curcumin (CUR) were assessed. The resulting, proposed nanocarrier system for GBM treatment is a
reduction sensitive, pegylated, TMZ/CUR dual-loaded nanostructured lipid carrier (NLC), able to cross
the BBB by targeting transferrin receptors (TfRs) using T7-peptides. The practical feasibility of this
system is yet unknown and future research should point out whether this carrier could contribute to
the continuous fight against cancer by increasing patient survival from GBM, while also increasing their
quality of life during and after treatment.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common and most aggressive type of malignant
tumor in the central nervous system (CNS) [1]. GBM is most diagnosed in adults between 45 and 65
years old and could be caused by exposure to ionizing radiation [2]. Complete surgical removal of GBM
is very hard, due to the vulnerable area in which the tumor is located. The tumor often infiltrates into
the eloquent cortexin the brain, which contains for example the primary motor complex and the visual
and auditory cortex [3]. Resection of tumor tissue is therefore very tricky and tumor cells inevitably
remain present in the brain after the procedure [3]. Treatment of brain diseases using drugs is also
complicated, because of the human body’s natural barrier, the blood brain barrier (BBB), between the
bloodstream and the central nervous system.

To get from the bloodstream into the CNS, molecules need to cross the BBB. The blood brain
barrier is a diffusion barrier, which complicates the non-selective penetration of solutes from the
bloodstream into the extracellular fluid of the CNS [4]. Tight junctions, astrocytes and pericytes
together make up the BBB (figure 1). The endothelial cells of the capillaries in the CNS are connected
by tight junctions, which prevent solute diffusion in between endothelial cells, out of the blood stream
[4]. Hydrophobic molecules can also diffuse through the cell membranes of endothelial cells, which is
prevented by the cell’s so called efflux pumps. Efflux pumps actively pump out recognized toxic
compounds that diffuse into the cell [5]. The outside of the capillary walls is enclosed by astrocytic
end-feet and pericytes, which ensure the structural integrity of the BBB [6]. Small hydrophobic
molecules like O;, hormones and small non-polar molecules are able to diffuse from the blood into the
CNS. Larger, hydrophilic molecules are not able to pass the BBB without making use of a transport
mechanism [7]. Therapeutic molecules often belong to the class of macromolecules, which makes it
complicated to target brain tissues with drugs [8].
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Figure 1, Schematic depiction of the Blood Brain Barrier. An endothelial cell connected with a tight junction, representing a
capillary, supported by pericytes and astrocytes and surrounded by neuron networks present in the human brain. (Figure
taken from: [9])

The standard treatment procedure of GBM starts with surgical resection of cancerous tissue,
guided by preoperative MRI and CT images in order to enhance accuracy [10]. Following resection, the
patient undergoes involved field radiation therapy (IFRT), in which high energy x-radiation is delivered
locally to specific areas in the brain [11]. Radiotherapy is typically applied 4 to 5 days a week for a
period of 3 to 6 weeks. In combination with radiotherapy, the patient orally receives the
chemotherapeutic prodrug temozolomide (TMZ) for 5 consecutive days every month during treatment
[12]. TMZ is a hydrophobic, electrophilic, cytotoxic, alkylating agent, and is the most used
chemotherapeutic drug in GBM treatment [13][14]. After administration, TMZ molecules are taken up
from the gut into the bloodstream of the patient and efficiently penetrate through the blood brain



barrier [15]. The TMZ concentration in the CNS is approximately 30% of the concentration present in
the blood stream [15]. The penetration through the BBB is possible because of TMZ’s relatively small
molecule size and hydrophobic character [15][16]. In the CNS, TMZ is spontaneously converted to 3-
methyl-(triazen-1-yl) imidazole-4-carboximide (MTIC) at a physiological pH of 7 [13]. TMZ penetrates
the cell membrane of cancerous cells in the CNS and gets converted into MTIC, after which MTIC enters
the cell’s nucleus. In the nucleus, MTIC splits into 5-aminoimidazole-4-carboxamide (AIC) and
monomethyl hydrazine (MMH), which mainly interacts with the nucleobase guanine in the DNA
strands [17]. MMH interaction with guanine results in methylation, which inhibits the replication of
the DNA strand and thus inhibits cell proliferation of the penetrated cells [14].

The treatment procedure combining radiotherapy with temozolomide administration is called
the Stupp protocol [18]. This treatment yields a significant survival improvement compared to previous
treatment protocols, but still only 26.5% of the GBM patients survive after two years, with a median
survival time of 15 months [18][19]. The low overall survival time of GBM patients is due to the limited
effect of treatment, because of low TMZ respondence of many patients [20]. At least 50% of the
patients has shown to be resistant to TMZ, due to overexpression of methylguanine methyltransferase,
which can reverse the methylation of guanine in the DNA of tumor cells, or the involvement of other
DNA repair pathways in the GBM cells [20]. The cell membrane of GBM cells possess transport proteins,
belonging to ATP-binding cassette (ABC) protein family, which are able to recognize foreign substances
when diffusing over the cell membrane [21]. ABC proteins are efflux pumps, which use ATP to actively
pump foreign substances out of the cell. In GBM cells, this leads to the extrusion of TMZ-molecules
and a decrease in treatment effectivity [21]. The limited access of TMZ through the BBB, despite its
hydrophobic characteristics, is due to the hydrolyzation of TMZ to MTIC [20]. After hydrolyzation, the
compound is not able to cross the BBB anymore, which limits the amount of the therapeutic molecules
that arrive at the target site in the tumor. To still get a therapeutic concentration of TMZ into the brain,
the administered dose must be increased, intensifying the side effects of the drug [16]. Side-effects
observed in patients after use of TMZ are bone-marrow suppression, cerebral hemorrhage, fatigue,
nausea, and liver problems [18]. These are mainly due to the fact that TMZ is taken up in the
bloodstream, causing the agent to be taken up by tissues everywhere in the body [20]. The relatively
small gain in survival time of the patient, combined with the damaging side-effects give rise to the call
for more effective treatment methods for the treatment of GBM [22].

Molecules that are unable to diffuse across the blood brain barrier could be transported to the
CNS by temporally disrupting the tight junctions between the endothelial cells of the capillaries in the
CNS to make diffusion of solutes easier [23]. Tight junction disruption can be done by for example
osmotic-, or focused-ultrasound impulses, but this is hard to accurately control spatiotemporally and
significantly enhances the risk of medical complications [24]. Another way for molecules to cross the
BBB is by making use of carrier molecules. Carrier molecules comprise of organic nanoparticles, like
polymer nanoparticles, liposomes, dendrimers and micelles, and inorganic nanoparticles, like gold-,
silica-, or carbon nanoparticles [25]. Therapeutic agents with a target in the CNS can be conjugated to,
or enclosed by, a nanoparticle, enabling them to travel across the blood brain barrier, while at the
same time making the drug insusceptible to ABC proteins and enhancing the spatial accuracy of the
drug delivery [25][26].

Multiple studies have already been conducted into the transport of temozolomide across the
blood brain barrier, using nanocarrier systems, to increase the effectivity and efficiency of GBM
treatment. Trials with the loading of drugs into polymer nanoparticles or liposomes show promising
results with respect to drug transport over the BBB and treatment of GBM [27][28]. Combining TMZ
with a chemosensitizer is suggested to increase the effectivity of GBM treatment [29]. Many different
nanocarriers, transport pathways and drug-release mechanisms have been proposed, but only a very
small percentage of the studies progress into clinical development. The aim of this paper is to assess
from literature which nanocarrier system would be best suited for the transport of temozolomide and
the chemo-sensitizer curcumin to the brain, in order to improve the effectivity and efficiency of the
treatment of glioblastoma multiforme.



2. Nanocarrier systems

Many nanocarrier systems with the purpose of encapsulating, transporting and releasing drugs
to specific target sites in the human body have been investigated over the past decades [27][28][30].
Different carrier materials, encapsulation strategies, transport pathways and release mechanisms can
be used, which gives rise to a wide variety of drug-nanocarrier systems. Not all systems, however, are
suited for blood-brain transport, which is inevitable in brain-disease treatment. A second criterium for
a nanocarrier used in GBM treatment is the ability to carry hydrophobic loads, because of the
hydrophobic nature of TMZ. The majority of the systems meeting these two conditions can be divided
into three major categories: liposomes, polymer nanoparticles and nanostructured lipid carriers (NLCs)
[31]. Important parameters to determine the effectivity of carrier systems are the blood circulation
time, which indirectly relates to the BBB crossing properties of the drug-carrier system, the specificity
of the transport mechanism to the BBB and the loading capacity of the carrier [32].

2.1. Liposome nanocarriers

Liposomes are spherical vesicles composed of a lipid bilayer. The liposomal core is suited for
dissolving hydrophilic molecules. The hydrophobic bilayer interspace is suited to encapsulate and hold
small hydrophobic molecules (figure 2). Encapsulation and transport of TMZ using liposomes is a well-
studied treatment approach for GBM treatment [28][33]. The efficiency of liposome carriers depends
on the exact properties of the liposome [28]. Liposome transport of TMZ reduces all risks and side-
effects induced by the free drug concentration in the blood and has also shown to be able to increase
drug accumulation in the cancerous tissue [28]. Besides this, liposomes show low toxicity, good
biocompatibility and biodegradability and the ability of controlled drug release [26]. A big disadvantage
of liposomal use is the high plasma clearance rate of intravenously administered liposomes. Modifying
the surface of the liposome by the inclusion of polymers like polyethylene glycol (PEG) enhances the
carriers blood circulation properties, which enhances transport to the brain [26][28].
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Figure 2, Structure of a liposome nanocarrier. The liposome consists of phospholipid and cholesterol molecules and
encapsulates both hydrophilic and hydrophobic drugs. (Figure taken from: [34])

Another downside of liposome carriers is their limited transport volume. Endocytosis of the
carrier by the tumor cells is complicated when the carriers exceed a diameter of 80 nm. Using smaller
sized liposomes increases transvascular permeability, which improves transport efficiency across the
blood brain barrier, but decreases the drug loading-capacity [35].



2.2. Polymer nanoparticles

Polymer nanoparticles (NPs) are another carrier system option for the transport of TMZ to the
brain [27]. Polymeric nanoparticles that can be used in this application are for example nanocarriers
made of polylactic-co-glycolic acid (PLGA), or chitosan [36][37][38]. PLGA is a biodegradable polymer
that hydrolyzes into lactic acid and glycolic acid, which can be processed by the human body into
carbon dioxide and water [39]. The polymer is made into nanoparticles and in this process, the drug
that must be carried is loaded into the interior environment of the particles [39]. Uncoated PLGA
nanoparticles are not suited for BBB drug-transport. The negative charge of the NPs along with the
hydrophobic nature of the material result in a short blood circulation time and the targeting of non-
target tissues [40]. Therefore, the surfaces of the nanoparticles are functionalized to increase the
specificity of the particles [39]. PEG is for example often used to enhance the NPs blood circulation
properties and ligands are added to the surface to enhance transport over the blood brain barrier
(figure 3) [39]. Another polymer often used in the formation of nanoparticles is chitosan. Chitosan is a
cationic biopolymer which can be made into nanoparticles. Chitosan nanoparticles (NPs) are proposed
as potential drug-carrier, because of their biodegradability, biocompatibility, non-toxicity and easy
manufacture and functionalization process [37]. Chitosan is a polysaccharide consisting of a backbone
of OH and NH, groups. These groups can be easily modified by additional functional groups, which
enhance the effectivity of drug delivery [41]. Properties that can be tuned by adding functional groups
are the drug-release profile, mechanical resistance and blood-solubility [41].
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Figure 3, Structure of a drug-loaded PLGA nanoparticle. The drug-loaded PLGA polymers are enclosed by a phospholipid
layer conjugated with PEG molecules to increase circulation time. (Figure taken from: [42])

2.3. Nanostructured lipid carriers

Nanostructured lipid carriers (NLCs) are nanocarriers comprised of a combination of both
liquid and solid lipids and liquid oils [30]. The liquid and solid lipids together make up the inner core of
the NLC. The liquid oils used are preferably natural oils that enable digestion by humans [30]. NLCs can
carry drugs by dissolving or incorporating them into the solid lipids in the core of the carrier [43]. The
ratio between solid and liquid lipids can be adjusted for different loads [43]. The liquid lipids serve the
purpose of preventing the solid lipids from forming a perfect crystal lattice structure, which is what
happens in solid lipid nanocarriers (SLNs). SLNs were the progenitor carriers of NLCs and had as major
disadvantage that they could carry only small volumes of drugs because of the crystal lattice structure
in the core [44]. Three NLC types, type |, Il and lll, are currently known. The first type is basically a SLN
in which a small fraction of the solid lipids is replaced by liquid lipids, which results in a core with an
imperfect crystal lattice structure (figure 4.a.). This increases the drug-loading capacity of the carrier
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along with a reduced occurrence of unwanted expelling of drugs from the core [43]. In the second NLC
type, the solid lipids in the core convert into an amorphous form instead of a crystal structure (figure
4.b.) [43]. The third type is called the multiple type, because of the presence of multiple hydrophobic
nano-compartments in the NLC. The multiple type is developed to enhance the loading capabilities of
hydrophobic drugs into the NLC core (figure 4.c.) [45]. Since hydrophobic drugs dissolve better in liquid
lipids than in solid lipids, these carriers use higher concentrations of liquid lipids [45]. The multiple type
consists out of lipids, oil and water. Oil is excessively added to the solid lipid matrix, which results in
the formation of oil nano-compartments in this matrix [45]. In the application of drug transport, the
drugs are carried in dissolved state in the oil compartments [43]. NLCs are an interesting carrier option
for GBM-related drug transport systems, because of the hydrophobic nature of TMZ. NLCs have a large
loading capacity compared to other carrier systems and are capable of controlled and sustained drug
release. Besides that, NLC-encapsulated drugs are not recognized by efflux pumps when traversing the
endothelial cell membrane, which prevents the efflux of drugs at the BBB [43].
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Figure 4, Structure of an SLN and of the three types of NLC's. (a) Structure of the imperfect type NLC, with an imperfect
crystal lattice structure. (b) Structure of the amorphous type NLC, in which the solid lipids in the core have been converted
into an amorphous form, rather than in a crystal structure. (c) Structure of the multiple type NLC, containing an increased

liquid lipid concentration. (Figure taken from: [46])

3. Transport

Nanoparticle based drug delivery across the BBB can be done by either active or passive
transport mechanisms (figure 5). Lipid soluble carrier particles that have a very small core-size, like
gold-nanoparticles, are able to conduct passive transport, which is simple diffusion through the barrier
(figure 5.a.) [25]. Active transport mechanisms are receptor- and adsorption-mediated transcytosis
and carrier-mediated transport [25][26]. Receptor-mediated transcytosis makes use of the natural
ligand-receptor systems present on the cell membranes of the endothelial cells of the BBB (figure 5.e.).
Nanocarriers are coupled to specific ligands, like antibodies or peptides, to be actively transported over
the cell membrane by a receptor [25]. Adsorption-mediated transcytosis utilizes the negative charge
of the cell membranes of the endothelial cells (figure 5.d.). Positively charged nanoparticles can bind
to these membranes, enter the cell and cross the BBB [25]. Carrier-mediated transport is the facilitated
diffusion of hydrophobic compounds across the phospholipid bilayer of the endothelial cell by a
transporter molecule (figure 5.b.) [47]. In order to get all essential nutrients, specific transporters are
present at the BBB to transport, among other substances, essential amino acids and glucose [48].
Coupling of therapeutic molecules to such a nutrient could lead to the transport of the drug across the
BBB [48]. Typically, a transporter molecule exposes a binding site on either the in- or outside of the
membrane. Binding of a substrate to the transporter results in a conformational change, which
facilitates the transport of the substrate to the other side of the membrane [47].
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Figure 5, Overview of the different transport mechanisms across the BBB. (a) Restricted diffusion of small hydrophilic
molecules by tight junctions. (b) Carrier-mediated transport of small molecules. (c) Efflux of small molecules by efflux pumps.
(d) Adsorptive-mediated transcytosis of a cationic molecule. (e) Receptor-mediated transcytosis of a receptor-specific ligand.

(Figure taken from: [49])

3.1. Adsorption-mediated transcytosis

Cationic peptides and proteins have an increased ability to cross cell-membranes, compared
to anionic compounds [50]. To cross over from the blood stream to the brain, the BBB must be crossed,
which means the crossing of the cell-membranes of the capillary-endothelial cells. The luminal surface
of the endothelial cells, as well as the abluminal surface, have affinity to bind cationic compounds and
this enhances the transport of molecules over the BBB [50]. Liposomes with a cationic character have
shown to be more effective in crossing the BBB compared to anionic liposomes [26]. Cationic liposomes
interact electrostatically to the negatively charged cell membranes of the endothelial cells in the BBB,
which results in the invagination of the cell membrane and the adsorptive-mediated endocytosis of
the liposomes [26]. Transcytosis happens when the endosome fuses together with the abluminal
surface of the endothelial cell and releases the liposome into the CNS [26]. Cationic proteins and cell-
penetrating peptides (CPPs) are used to utilize this mechanism in anionic nanocarriers, or to increase
the cationic nature of an already positively charged carrier molecule [50]. Cationic proteins are most
often polyamines, and these are used to cationize a given protein like albumin by amidation of the
protein’s accessible carboxyl groups [51]. The extent to which a protein can be cationized, therefore
depends on the number of accessible carboxyl groups in the protein [50].

Nanocarriers can subsequently be coupled to albumin, which gets transported over the BBB using the
adsorptive-mediated transcytosis mechanism [51].

CPPs can be either covalently or non-covalently added to a nanocarrier or directly to the drug
that has to be transported. Covalent conjugation is the chemical cross-linking of the cargo molecule
with the CPP. Non-covalent conjugation utilizes electrostatic and hydrophobic interactions to link the
cargo with the CPP [52]. Covalent conjugation directly to the therapeutic molecule has the risk of
inducing a change in biochemical activity of this molecule. This risk is avoided by non-covalent
conjugation, or by conjugation to a drug-loaded nanocarrier [52]. Direct penetration by CPPs is a
passive process, which operates by the interactions between the CPPs and the phosphate groups in
the lipid bilayer of the cell membrane [53]. Another proposed mechanism involves transport by
inducing the formation of aqueous pores, through which the peptides can cross [53]. CPPs directly
linked to therapeutic molecules result in a very small delivery system compared to other delivery
systems, which combine low toxicity with high transport efficiency [53]. CPPs have shown the ability
to carry macromolecules across cell-membranes and this could be applied to the BBB [53]. A major
disadvantage of this transport mechanism is the non-specific uptake by tissues everywhere in the body



[26]. The adsorptive property of the cationized surface of the liposomes or proteins is not only
restricted to cell membranes in the BBB, but is found in all living cells [50]. This drastically increases
the amount of administered drug-loaded nanocarriers in order to achieve therapeutic conditions in
the brain, which is observed to increase endothelial damage of blood vessels [26][50].

3.2. Receptor-mediated transcytosis

Receptor-mediated transcytosis is the other mechanism used for the transport of nanocarrier
systems across the BBB. Different carrier systems use this mechanism and a wide variety of ligand-
receptor couples are utilized. Receptor-mediated transcytosis is used in both liposome, polymeric, as
well as in nanostructured lipid nanocarrier systems and could enhance the drug delivery accuracy
compared to adsorptive-mediated endocytosis [54]. When a ligand on the surface of a nanocarrier
binds to a receptor on the cell surface of an endothelial cell, the ligand-receptor complex is internalized
via endocytosis [26]. The cell membrane starts budding inwards on the location of the ligand-receptor
complex, which leads to a vesicle in the cytoplasm of the endothelial cell. This vesicle now contains the
targeted receptor, along with the ligand, coupled to the nanocarrier. The vesicle is transported through
the cytoplasm and fuses with the abluminal cell membrane, where the vesicle’s cargo is released [26].
Receptor-mediated endocytosis can be clathrin dependent or clathrin-independent. In clathrin-
dependent endocytosis, vesicle formation is mediated by the protein clathrin [54]. Caveolae-mediated
endocytosis is an example of clathrin-independent endocytosis, which uses the integral membrane
protein caveolin for vesicle formation [55]. Receptors that are present in the cell-membranes of the
endothelial cells in the CNS and that are most linked to BBB crossing of nanocarrier systems are
transferrin receptors, insulin receptors and low-density lipoprotein receptors [54][56].

3.2.1. Transferrin receptors

Transferrin receptors (TfRs) are transmembrane glycoprotein that are present in all cells of the
human body and serve the function of importing iron into cells [57]. TfRs are especially highly
expressed by red blood cells, endothelial cells in the brain and in some types of cancerous cells and
much less by other bodily cells [58]. TfR levels in the brain are estimated to be 2 to 7 times larger than
in other cells, resulting in a transferrin affinity of 10 to 100 times larger compared to non-brain cells
[58]. Transferrin is an iron transport protein, circulating in the blood which can activate the transferrin
receptors. When transferrin binds to a TfR in the membrane of a brain-endothelial cell, the iron is
transferred through the BBB towards the neurons [57]. TfRs function as the major iron transport
mechanism in the brain. Because of their abundant presence in the brain compared to other tissues,
TfRs could possibly be utilized in the transport of nanocarriers across the BBB. The downside of using
transferrin to enhance cell crossing is the potential competition with endogenous transferrin for
binding the TfRs at the BBB, preventing free transferrin uptake and consequently impairing iron
transport [58].

Antibodies against TfRs are proteins that naturally have a high affinity to TfRs, with the mouse
antibody OX26 as being the most studied antibody for this mechanism [54]. OX26 targets the Tf
receptors in endothelial cell membranes and can successfully be transported across the cell
membrane. Studies have shown the ability of liposomes to cross the BBB, using the transferrin
receptors when conjugated with OX26 antibodies [61]. Other studies, however, claim that it is
impossible to reach therapeutic drug concentrations in the brain when using OX26 in receptor-
mediated transcytosis of nanocarriers [62].
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A third class of TfR targeting molecules are peptides, like the peptide T7 [58]. T7 has the same
affinity to TfRs as transferrin. The big difference between transferrin and T7 is that there is no
competition between the peptide and endogenous transferrin. This indicates that T7-peptides have
affinity for a different binding site at the TfR than transferrin-peptides, which mainly enhances the
ligands distribution in tumor tissue in the brain [63][64].

Transferrin receptors on the tumor membrane can also be activated by ligands on the surface
of the nanocarrier, resulting in the formation of a clathrin coated vesicle inside the tumor cell. This
vesicle now contains TfRs and the drug-loaded nanocarrier. The cargo attached to the TfRs is released
in response to a drop in pH, after which the TfRs return to the cell membrane to be reused again later,
leaving the nanocarrier inside the tumor cell [59][60]. Besides transferrin, transferrin-binding peptides
can be used to target nanocarriers to TfRs to prevent competition with natural transferrin.

3.2.2. Low density lipoprotein receptors

Low density lipoproteins (LDLs) contain the majority of our body’s cholesterol. LDLs are
transport proteins that have the function of transporting fat molecules to cells [54]. Lipoproteins
consist of lipids, bound to apoproteins, which are recognized by low density lipoprotein receptors
(LDLRs), which facilitate the endocytosis of the LDL into the endothelial cell [65]. Lipoprotein transport
occurs abundantly in the BBB, because of the critical need of essential lipids for brain cells. LDLRs are
mainly located on the luminal side of endothelial cells, which enhances the uptake of ligands from the
blood circulation [54]. Apoproteins often involved in the activation of the LDL receptors are ApoE and
ApoB100, which could be used to coat nanocarriers and induce clathrin-dependent transport across
the BBB [54][65]. Another ligand studied is melanotransferrin, which shows greater brain transport
guantities compared to the use of transferrin ligands. Melanotransferrin is a ligand, very similar to
transferrin, that targets LDL receptors instead of Tf receptors, increasing the blood-brain transport
effectiveness [54]. LDL receptors are expressed in all cells, but are more abundantly present in liver
cells, adrenal cells and tumor cells. Tumor tissue expresses higher LDLR levels because of the increased
need for cholesterol, to be able to keep up with the fast growth rate of the cancerous cells [65]. A
proposed strategy to increase the specificity of this transport pathway is by the oral administration of
the bile acid sodium taurocholate and hydrocortisone sodium succinate, which suppresses the
receptor-mediated uptake of LDL of both the liver and the adrenal gland, without changing the tumor
activity [66].

3.2.3. Insulin receptors

Insulin is a polypeptide hormone produced by the Islets of Langerhans in the pancreas and is
an important metabolism regulator of fats, carbohydrates and protein. After the intake of food, the
concentration of glucose in the blood increases. In response to this, beta cells in the Islets of
Langerhans increase their insulin release into the bloodstream causing the uptake of glucose into cells
[67]. Insulin receptors (IR) are present in the BBB for the uptake of insulin into the brain. In the brain
however, insulin mainly functions as a neuroregulatory peptide rather than as a glucose transport-
mediator, since the majority of glucose transport across the BBB is insulin-independent [68]. Using the
insulin receptor to transport drug-loaded nanoparticles across the BBB is complicated, because the
exact mechanism of insulin transport by this receptor is unknown [68][69]. A research by Ulbrich et al.,
published in 2010, showed the enhanced transcytosis of nanoparticles loaded with the hydrophobic
drug loperamide across the BBB when conjugated to insulin or to the anti-insulin receptor monoclonal
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antibody 29B4 [70]. The downside of the use of exogenous insulin as a ligand to target IRs, is that it
could cause hypoglycemia in the patient, because of the induced glucose uptake by cells [68].
Furthermore, a research performed by Padridge et al., 2018, to study the insulin receptor-mediated
cargo-delivery through the BBB, using human anti insulin receptor monoclonal antibodies (HIRmAbs),
shows the first clinical use of receptor-mediated transcytosis for drug delivery into the brain by the
insulin receptor [71].

3.3. Carrier-mediated transcytosis

Carrier-mediated endocytosis is typically divided into three steps. First, a substrate molecule
binds to the luminal side of a transporter/carrier molecule in the membrane of an endothelial cell.
Next, in a response to this binding, the conformation of the carrier molecule changes. The third step is
the release of substrate molecules on the other side of the plasma membrane. Carrier molecules are
able to facilitate passive transport when transport happens along the concentration gradient [72].
Transporting against the concentration gradient requires an active process, in which the
conformational change is driven by ATP, by light or by an ion-gradient [72]. Using ATP or light as an
energy source enables the active transport of solutes from low concentrations in the blood to high
concentrations in the cell. lon-gradients can be used in coupled-transport of a solute with anion. In
this process, an ion is transported from a high to a low concentration, which enables the transporter
to transport a solute against its electrochemical gradient at the same time. The conformational change
makes that the solute-binding site at the luminal side of the carrier molecule becomes unavailable and
opens up at the intracellular side of the membrane. Glucose is an example of a solute that can be
transported by carrier molecules, using a Na* ion-gradient (figure 6).
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Figure 6, Glucose transport from the extracellular space to the cytosolic side of the lipid bilayer using a Na*-gradient driven,
transmembrane carrier molecule. The conjugation of both Na* ions and glucose molecules induces a conformational change
of the carrier molecule from state A to state B, resulting in the co-transport of Na* and glucose. Glucose is transported
against its electrochemical gradient, facilitated by the downhill transport of Na*. (Figure taken from: [72])

Another mechanism of glucose transport into cells is by passive facilitated diffusion using
transmembrane glucose transporters (GLUTs) [54]. Glucose uptake is facilitated by stimulating the
accumulation of GLUTs at the luminal cell membrane of the endothelial cell. There are multiple types
of GLUT, of which some depend on insulin concentrations in the blood for their functioning. GLUT-1 is
an insulin-independent transport protein and is mainly expressed in red blood cells and in endothelial
cells in the blood brain barrier. Besides that, upregulation of GLUT-1 is often observed in brain tumor
cells [73]. The transport protein has the highest affinity for D-glucose substrates and glucose
analogues, as well as oxidized vitamin-C molecules [73]. The GLUT transporters can be targeted by
nanocarriers by conjugating D-glucose to the surface. Free D-glucose crosses the cell membrane by
passive facilitated diffusion, but when conjugated to a nanocarrier, the transport involves the process
of transcytosis [74]. Conjugation of a nanocarrier to D-glucose has already shown positive results for
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liposome uptake in the brain via GLUT-mediated transcytosis. GLUT-1 transporters have shown to
transport glucose-coated nanocarriers three times faster across brain endothelial cells than across
normal endothelial cells, because of their abundant presence in the brain [73]. GLUT-1 furthermore
can enhance the transport of glycosylated nanoparticles, with high specificity and high efficiency in
brain tumor accumulation [73].

4. Drug-loading

The purpose of a nanocarrier system is to transport a load to a desired location in the body.
The load is not naturally present in the carrier structure and thus has to be put there artificially. The
loading procedure depends on the type of cargo loaded and the type of nanocarrier used. Within one
nanocarrier type, often different loading-strategies are possible. The loading capacity of nanocarriers
is also a characteristic that shows great variety among the different systems. The loading capacity is,
together with transport efficiency, an important factor in determining the quantity of carriers needed
in order to reach therapeutic drug concentrations in the brain. Therapeutic concentrations are often
indicated by indicating the half maximal inhibitory concentration (ICso) of a drug, which is the drug
concentration at which 50% of the cells in the targeted tissue are inhibited. The ICso value of a drug
depends on the treatment time of a cell with this drug. For TMZ, the ICsg values for GBM cells are found
to range from 1631 uM for a treatment time of 24 hours, down to 57.48 uM for a treatment time of
96 hours [75]. In the process of loading drugs into nanocarriers, two values are of importance, i.e., the
encapsulation efficiency and loading efficiency.

4.1. Encapsulation efficiency

Encapsulation efficiency (EE%), also called entrapment efficiency, indicates the percentage of
drug quantity that is successfully entrapped into the nanocarrier during the loading process [76]. The
encapsulation efficiency is calculated by calculating the ratio between the total weight of entrapped
drug after the loading procedure and the total weight of drug that was added before the loading
procedure (Eq. 1) [45]. The efficiency of nanoparticle-loading is important because it determines the
characteristics of the release process [15]. The encapsulation efficiency differs for every type of
nanocarrier and depends strongly on both the characteristics of the drug that is loaded into the carrier
and on the technique used to produce and load the nanoparticles [77][9].

Equation 1, Encapsulation efficiency (%EE) (Taken from: [78])

Total amount of drug taken — unentrapped drug

%EE = =
. Total amount of drug taken

X 100

4.2. Loading efficiency

The loading efficiency (%D) of a drug-carrier system refers to the ratio of mass of the drug
entrapped in the carrier, compared to the mass of the total carrier system (Eq. 2) [76]. The loading
efficiency determines the amount of nanocarriers that have to be administered to the patient per
treatment, in order to achieve therapeutic drug concentrations at the target site [76].

13



Equation 2, Loading efficiency (%D) (Taken from: [78])

D = Total amount of drug taken — UI]CI]tl"f]PPe'd .drug X 100
Total amount of drug taken + Amount of excipient added

4.3. Liposome loading

The loading of drugs into liposomes can be done by either active/remote loading, or passive
loading [76]. Active loading means that the drugs are loaded into the liposome after the liposome is
produced. In passive loading, the drugs are loaded into the liposome during the formation of the
liposome itself [76]. A passive loading technique often applied for the loading of hydrophobic drugs,
like TMZ, is the ethanol injection method [79][80]. In this method, a solution containing ethanol and
lipids is injected into an aqueous medium. Because of the fast injection, phospholipids get dispersed
all over the medium and their reciprocal affection results in the formation of small bilayer fragments,
which later arrange into liposome molecules [80].

An active or remote loading technique is drug loading into already formed liposomes by the
appliance of transmembrane gradients [76]. The drugs have to pass the membrane of the liposome to
get in and then have to be trapped inside. For this to happen, the drug has to change its degree of
ionization in the process of passing the liposomal membrane based on a pH stimulus. Amphiphilic weak
acids or bases are the only compounds capable of doing this [76]. The pH- and ion-gradient that exists
between the in and outside of the liposome is the driving force for the loading procedure. The drugs
are applied to the external environment of the liposomes and because of the gradients present,
diffusion of the drugs to the interior of the liposomes takes place. Encapsulation and loading
efficiencies depend on the magnitude of the gradients applied and on the exact drug that is being
encapsulated. Drugs carrying a positive charge greater than 1, showed a high encapsulation efficiency
[76].

The encapsulation efficiency of TMZ into liposomes depends on the liposome preparation
technique used and the dimensions of the liposomes. Using the ethanol injection method (Kim et al.,
2015), the encapsulation efficiency of TMZ-loaded liposomes, with a particle size of 41.4 £ 9.2 nm, was
found to be 45.23 + 4.34 % [81]. Using bigger liposome particles, typically increases the encapsulation
efficiency, but decreases the ability to penetrate the BBB. A study by Patel et al., from 2015, presents
encapsulation efficiencies of 78.25+0.98%, when using the ethanol injection method with liposomes
particle size of 105.7+3.9 nm [82]. The TMZ loading efficiency of liposomes was measured using the
passive loading method of pro-liposomes (Gao et al., 2015) and was found to be 2.81 + 0.20% for
liposomes with dimensions of 156.70 + 11.40 nm [83].

4.4. Polymer loading

The drug loading procedures in polymer nanoparticles are very diverse. A proposed drug
loading mechanism is using a spontaneous emulsification solvent diffusion method (Niwa et al., 1993).
In the case of a hydrophobic drug and a PLGA nanocarrier system, the drug and PLGA are dissolved in
a mixture of acetone and chloroform. The mixture is poured into an aqueous alcohol solution. High-
speed stirring of this solution results into the emulsification of the PLGA mixture into the aqueous
alcohol solution. The PLGA mixture arranges into drug-loaded PLGA nanospheres with a size of 200 to
300 nm [80]. This same emulsion-solvent evaporation method was used by Sayiner et al., 2010, to
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produce TMZ-loaded PLGA nanoparticles. The PLGA particles used in this study ranged in size from 100
to 200 nm and showed an encapsulation efficiency of 55 to 70 % [84].

Another research, dedicated on assessing the capability of TMZ-loaded PLGA nanoparticles in
the function of drug carrier system in the treatment of GBM, proposed and assessed a different PLGA
loading mechanism (Anata et al., 2016). PLGA was loaded with TMZ using a TMZ saturated aqueous
phase, which resulted in nanoparticles with dimensions smaller than 200 nm. The maximal loading
efficiency achieved by this method was 4.4%. Because the loading mechanism shows a poor
encapsulation efficiency, PLGA nanoparticles were concluded to not be suitable for treatment of GBM
by single drug (TMZ) delivery [85].

4.5. NLC loading

The commonly used methods of drug-loaded NLC preparation are by cold/hot high-pressure
homogenization (HPH) or hot emulsification-ultrasound [43]. In all these approaches in general, the
higher the solubility of the drug in the solid/liquid lipid mixture, the higher the encapsulation and
loading efficiency [43][45]. Entrapment efficiency is for NLCs also dependent on the degree of
crystallization of the lipid core [45]. HPH is the most common and reliable method of NLC preparation
known so far and can be divided into the hot and the cold approach.

In hot HPH, the mixture of the liquid and solid lipids is heated until all solid lipids are melted.
The drug is added to the heated mixture and disperses. Separately, a mixture of surfactant and
deionized water is heated to the same temperature as the lipid mixture and is subsequently added to
the lipid mixture. The two liquid mixtures are made into a pre-emulsion, after which it passes through
the high-pressure homogenizer. The homogenizer forces the liquid through a system, resulting in great
forces on the sample. The forces homogenize the mixture and reduce the particle size of lipids present
in the liquid. Passing the pre-emulsion multiple times through the homogenizer results in a smaller
particle size. The homogeneous emulsion is cooled by stirring, which leads to recrystallization of the
solid lipids and solid drug-loaded NLC particles [43]. Limitations of this method are that it is only
suitable for drugs that are not heat-sensitive and that it could cause the decomposition of hydrophilic
drugs [43].

Cold HPH deals with the limitations of hot HPH. The main difference of cold HPH compared to
hot HPH is the cooling process. In hot HPH, the emulsion is slowly cooled by stirring. In cold HPH, the
emulsion is very rapidly cooled after homogenization by using liquid nitrogen or dry ice. This approach
minimizes the thermal exposure of the drug and is therefore better suited for use with heat-sensitive
compounds. Cold HPH shows higher entrapment efficiencies and a more uniform distribution of drug
molecules in the mixture [43][45]. The downside of cold HPH is that there is a broader distribution of
NLC particle sizes, compared with hot HPH [45].

Another method is the hot emulsification-ultrasound method, which is very similar to HPH.
The liquid and solid lipids are again mixed and heated up to just above the melting temperature of the
solid lipids. The surfactant is heated to this same temperature and added to the lipid mixture, together
forming the pre-emulsion. The pre-emulsion is stirred with a sufficient speed to create a homogeneous
emulsion. Alternating high- and low-pressure waves are applied to the emulsion in a process called
ultrasonication, which causes a decrease in particle size. The emulsion is cooled at room temperature,
causing the lipids to solidify and form NLCs [43][45]. The thermal exposure of the drug is much smaller
than in hot HPH and this method results in particles with dimensions of 30-100 nm, depending on the
solid lipid concentration and the specific surfactant used [45].

A study to the efficacy of TMZ loaded NLCs to enhance brain targeting (Khan et al., 2016),
prepared TMZ-NLCs using the cold HPH method. The NLCs produced all had dimensions within the
nanometer range and showed an entrapment efficiency of 81.64 + 3.71% [86]. Studies to co-loading of
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NLCs with TMZ and DNA (Chen et al., 2015) or TMZ and vincristine (Zhang et al., 2017) also showed
high encapsulation and loading efficiencies for TMZ. The dual-loading of TMZ and DNA into NLC
nanoparticles showed for TMZ an encapsulation efficiency of 80.5 + 2.8% [87]. The co-loading of TMZ
and vincristine resulted for TMZ in an EE% of 83.4 + 2.9% and a %D of 10.1 + 0.7% [88].

5. GBM-specific environment

In addition to the successful loading of nanocarriers with a drug, the nanocarrier needs to be
able to be transported through the blood brain barrier and into tumor cells. There, the drug has to be
released from the carrier in order to destroy the cell. The characteristics of drug release are strongly
dependent on the properties of the drug and the amount of drug loaded into the nanoparticle. The
entrapment efficiency and loading efficiency, again have a role in the functioning of the release
mechanism. An important property of a nanocarrier system in the application of drug release in the
brain, is the ability of sustained and controlled release [89]. Drug release can be induced by a variety
of triggers in the GBM tissue, or happen by simple diffusion through carrier membrane. Diffusion is
observed in the release of hydrophobic drugs from liposome nanocarriers. The drugs encapsulated in
the carrier slowly diffuse through the outer membrane, because of the drug concentration difference
between the interior and the exterior environment of the particle. The typical drug-release profile for
diffusion is biphasic, consisting of an initial drug release burst, followed by a sustained release pattern
[90]. Release by diffusion is not location specific and the release of drugs will not be restricted to only
the tumor area. To restrict nanocarrier drug-release to only the target tissue, tissue specific
characteristics have to be utilized. GBM-tissue differs from the surrounding tissue with respect to pH,
redox potential and enzymatic activity, which could all be used as a release-trigger [91][92][93].
Besides the natural differences in the microenvironment of tissues, external stimuli could be applied
to artificially change the environmental conditions in a restricted area [89].

5.1. Acidity

Making use of the differences between the cellular microenvironment of tumor tissue and
healthy tissue can help to restrict drug release to only the malignant tissue. A stimulus that could be
used for the spatial specific delivery of drugs to tumors is pH. The extracellular environment of
cancerous tissue is known to have an acidic pH, in contrast to the neutral pH of its surrounding tissue
[91]. Nanocarrier systems can make use of this, by making the drug release pattern pH-dependent. The
exposure to an acidic pH could weaken the structural integrity of nanocarriers by impairing cross-links
or changing the spatial conformation of lipids and polymers (figure 7). Weakening of the structural
integrity of the nanocarrier, eases the diffusion of the encapsulated drug, enhancing drug release [91].
Both liposomes, polymer nanocarriers and NLCs are explored that show an increased drug release rate
under acidic pH compared to a neutral or basic pH [94][95][96].
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Figure 7, Conformational change of liposomal lipids, induced by protonation in an acidic environment, resulting in the
destabilization of a liposome bilayer [97]. (A) The long chains of the lipid molecule change their conformation due to
protonation by protons in an acidic environment. (B) Destabilization of the liposome bilayer, consisting of pH sensitive lipids,
along with distearoylphosphatidylcholine (DSPC) and pegylated 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-
PEG) phospholipids, resulting in release of the encapsulated drug.

5.2. Redox potential

Another characteristic of GBM tissue that could potentially be used as a stimulus for drug
release is the redox state. The redox state indicates the tendency of a tissue to oxidize or reduce
substrates. The redox state of tumors depends on the ratio NADPH/NADP* and reduced/oxidized
glutathione (GSH/GSSG). Reducing environments contain a much higher GSH concentration than
NADPH concentration and in tumor tissues, the GSH concentrations are reported to be up to four times
higher than in healthy tissues [92]. Redox-responsive nanocarriers are carriers that contain for example
disulfide or diselenide bonds. Glutathione is capable of breaking down disulfide bonds, resulting in the
break-down of the carrier system and subsequent release of its cargo. Multiple reduction-sensitive
structures exist that utilize this mechanism, which can be added to a nanocarrier in various locations
to realize a highly efficient release mechanism with a low toxicity [92].

5.3. Enzymatic activity

Enzyme expression is a third notable difference in the microenvironment of tumor tissues with
respect to other tissues. Cancerous tissues have shown to express increased concentrations of
enzymes like proteases, phosphatases and glycosidases [93]. Enzyme-based drug release makes use of
enzyme-catalyzed chemical reactions in an enzyme-sensitive component of the nanoparticle. Enzyme
cleavable links are implemented in carrier systems to make their structural integrity enzyme
responsive. Bonds that can be cleaved by enzymes are e.g., disulfide, ester and amide bonds. Enzymes
often used in this application are the matrix metalloprotease enzymes (MMPs). The desired release
pattern of a nanocarrier is often a sustained release. In order to achieve this, it is important to limit
the destruction done to the structure of the carrier. Rapid cleavage and degeneration by enzyme
activity leads to a rapid burst pattern in drug release, which may not be beneficial for treatment [93].
Unstable drug-loaded liposomes can be stabilized by the surface-conjugation of stabilizing polymers
with amide bonds. Enzymatic degradation of these bonds by enzymes in the tumor tissue diminishes
the stability of the liposome and enhances drug release. Surface-localized enzyme-sensitive
components are easily accessible to enzymes, resulting in a short response time of these components
after entering the target tissue [98].
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5.4. External stimuli

Besides using tissue related stimuli, external stimuli could also be used to induce drug release.
Examples of external stimuli are light, ultrasound and magnetic fields [89]. Nanoparticles composed of
materials that efficiently convert infrared light into heat, have shown to be successfully triggered to
release their cargo in response to irradiation with IR light (de Solorzano et al., 2020). Ultrasound can
induce mechanical or thermal effects in nanocarriers. High intensity ultrasounds lead to thermal
degradation of carriers, inducing drug release. Lower intensity ultrasound induces drug release by
creating mechanical stress in the material. An alternating magnetic field has shown the ability to cause
mild hyperthermia in TMZ-loaded, lipid-based, magnetic nanoparticles (Tapeinos et al., 2019). The
hyperthermia causes the slow degeneration of the carrier, causing sustained drug release [99].

6. Carrier mediated dual-drug delivery

6.1. Chemosensitizers

Chemosensitizers are compounds that make tumor cells more sensitive to chemotherapeutic
drugs, which helps in the battle against treatment resistance [100]. Combining the use of
chemosensitizers with chemotherapy increases the effectivity of treatment drastically, which makes
that lower drug doses have to be administered in order to achieve therapeutic concentrations [101].
Multiple different chemosensitizers are known and these improve chemotherapy treatment in various
ways [100]. In the treatment of GBM with TMZ, curcumin, a highly hydrophobic chemical produced by
plants of the Curcuma longa species, is proposed to be used as chemosensitizer [101]. Curcumin (CUR)
is believed to enhance TMZ effectivity by downregulating ATP-binding cassette transport proteins, also
called efflux pumps [102]. Other curcumin tumor-inhibiting mechanisms are the activation of apoptotic
pathways, induction of G2/M cell cycle arrest, induction of autophagy and disruption of molecular
signaling [101][103]. Preclinical in vitro and in vivo studies have shown a synergistic effect between
CUR and TMZ in which the combination of these agents caused a significant decrease in the ICsqovalue
for GBM cells, compared to the ICso for each of these agents individually (figure 8) [101][104].
Additionally, a study by Dilnawaz et al., from 2010, showed that the simultaneous co-delivery of both
therapeutic agents to the brain using an iron-oxide nanocarrier further increases treatment efficiency,
by decreasing the ICsofrom 0.8 pg/mL to 0.1 pg/mL [105].

40|

| okt
30}
*
20 "
] '
o g IV — T™Z "

CUM+TMZ

Percentage of apoptotic cells (%)

Figure 8, Induced apoptosis of GBM cells by CUR, TMZ or TMZ+CUR administration [104].

The percentage of apoptotic GBM-cells, when untreated, treated with subtoxic levels of CUR (1.25 ug/mL), TMZ-treated
(15.625 ug/mL) and treated with a combination of these two agents, TMIZ+CUR (TMZ, 15.625 ug/ml; CUR, 1.25 ug/mL).
* P<0.05 w.r.t. control group, **P<0.01 w.r.t. control group, #P<0.05 w.r.t. CUR and TMZ group
(Figure taken from: [104])

18



The downside of CUR is its very poor bioavailability, due to the compound’s rapid metabolism,
chemical instability and rapid systemic elimination [106]. This is the main reason for the KWF Dutch
Cancer Society to discourage further research to curcumin by ending any financial support to curcumin-
research groups [107]. Using nanocarriers to deliver CUR to the target tissue however, has shown to
drastically increase its bioavailability and enhance its therapeutic activity, which explains the continued
interest to use CUR in anti-cancer treatment, when formulated in nanocarriers [108][109].

6.2. TMZ/CUR-loaded nanocarriers

Combining TMZ with a chemosensitizer enhances the effectivity of GBM treatment.
Nanocarrier delivery of both the drug and the chemosensitizer is currently the most efficient way of
transporting compounds from the blood to a cancerous region in the brain. The ability of a nanocarrier
to carry both TMZ as well as curcumin would mean a more effective treatment with a lower
administered drug concentration, meaning less side-effects [101]. A research conducted to the dual
loading of nanostructured lipid carriers (NLCs) (Xu et al., 2020) showed promising results. The cold high
pressure homogenization method was used to mix the solid and liquid lipids and the curcumin and
temozolomide were added to this mixture in a weight-ratio TMZ/CUR/lipid of 2:1:40. After combining
this solution with the surfactant mixture, the emulsion is cooled by quickly immersing it into ice-water.
Magnetic stirring subsequently results in the formation of NLCs loaded with both TMZ and CUR, with
a particle size of 78.49 nm % 0.38. The encapsulation efficiency of both TMZ and CUR were around 70%.
Drug-release from the NLCs happens according to a simple diffusion mechanism. The drug release
study shows a much higher initial release rate of CUR compared to the initial release rate of TMZ. A
sequential release pattern is proposed (figure 9), explained by the highly hydrophobic character of
CUR. CUR is more hydrophobic than TMZ, which could have led to CUR arrangement nearby the outer
lipid walls, rather than in the center of the carrier. The location of CUR inside the NLC could account
for faster initial diffusion rates of CUR.
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Figure 9, Sequential CUR/TMZ release from TMZ/CUR-loaded NLCs.
(Figure taken from: [110])

In vitro and in vivo testing has shown the capability of TMZ/CUR-NLCs to cross the BBB,
accumulate in the tumor tissues in the brain and to sequentially release CUR and TMZ to enhance the
apoptosis ratio of GBM cells (figure 10). Besides that, no increased toxic effects of the NLCs at
therapeutic concentrations to non-target tissues were observed [110]. This research points out the
ability of TMZ/CUR-NLCs to enhance the inhibition of GBM tissues compared to single-drug
alternatives, without increasing toxic effects, which makes the usage of NLCs in dual-treatment
mechanisms very interesting for further clinical investigation.
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Figure 10, Apoptosis ratio of GBM cells in TMZ/CUR-NLC treatment, compared to TMIZ-NLC and CUR-NLC treatment.
Apoptosis ratio in percentages of GBM-cells that are untreated, treated with CUR-NLCs (3.33 ug/mL of CUR), treated with
TMZ-NLCs (6.67 ug/mL of TMZ) and treated with TMZ/CUR-NLCs (TMZ, 6.67 ug/mL; CUR, 3.33 ug/mL) .

*P<0.5, **P<0.01
(Figure taken from: [110])

7. Discussion

GBM-patient survival rates and quality of life would benefit from the use of nanocarrier drug-
delivery systems. Nanocarrier drug-delivery systems are able to increase GBM treatment-effectivity
and efficiency, while at the same time decreasing treatment-toxicity to non-target tissues. The ideal
nanocarrier for the use in GBM treatment is non-toxic to healthy tissues, able to carry TMZ, able to
efficiently cross the BBB, has a great affinity for GBM-tissue and is capable of GBM tissue-induced,
controlled and sustained release of TMZ. Transporting TMZ encapsulated in a nanocarrier has multiple
advantages over transport of TMZ in free form. The nanocarrier prevents the premature hydrolysis of
TMZ into MTIC in the blood, which increases the drug’s stability and also enhances the BBB crossing-
efficiency of the drug. The GBM tissue-specificity of encapsulated TMZ molecules is higher than that
of free TMZ molecules. Additionally, nanocarriers allow for the co-delivery of TMZ with a
chemosensitizer, like CUR, to GBM tissue. These factors all enable the administered dose of TMZ to be
lowered, while still reaching therapeutic TMZ concentrations in the GBM tissue, meaning a significant
decrease in detrimental side effects induced by the treatment.

The central question in this paper is the question of which nanocarrier system would be best
suited for the co-transport of temozolomide and curcumin to the brain, in order to improve the
effectivity and efficiency of the treatment of glioblastoma multiforme. In my opinion, based on the
currently available literature discussed in this paper, the best suited nanocarrier system for this
application would be an NLC carrier, since they have a large loading capacity and are capable of
controlled and sustained drug release. Both liposomes and polymer nanoparticles with dimensions
small enough to cross the BBB, often have a small drug loading capacity, which makes it harder to
reach therapeutic drug conditions in the brain. Encapsulation efficiencies of liposomes and polymeric
nanoparticles are typically lower than that of the NLCs. Another pre of using NLCs as nanocarriers is
their proven ability of dual-drug delivery. Loading the NLCs with a combination of TMZ and CUR will
further enhance the efficiency and effectivity of GBM treatment. To achieve the requirement of tissue-
specific targeting, receptor-mediated transcytosis must be chosen over adsorptive-mediated
transcytosis. Transferrin receptors are receptors that are very abundantly present in the brain and
much less in other tissues, which enhances the tissue-specificity of carriers targeting this receptor. The
ligand best suited for targeting this receptor is the T7 peptide, which has a very high affinity for TfRs,
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while avoiding competition with endogenous transferrin-peptides. Conjugation of T7 peptides to the
NLC surface can be done in combination with PEG conjugation in order to improve NLC circulation
time. For the release of the therapeutic agents, the extraordinary high glutathione concentrations in
tumor tissues can be utilized. Including disulfide bonds in the NLCs will make them susceptible for GSH
cleavage, which makes that they lose their structure inside the tumor and subsequentially release their
cargo.

More than 150 years after its discovery, long-term survival after diagnosis with GBM is still
extremely rare. Recent developments in the field of biomedical engineering have given perspective for
more effective treatment strategies, by controlled and localized drug-delivery using nanocarriers. Very
few currently available drug-delivery systems have already progressed into clinical trials, which
indicates the importance of the continuation of extensive research in this topic. Future research should
focus on the development and testing of reduction sensitive, pegylated NLC nanocarriers, stabilized by
disulfide bonds, dual loaded with TMZ and CUR by cold high-pressure homogenization, with T7-
peptides conjugated to the surface. Experimentation has to point out whether production of this
proposed nanocarrier system is feasible and whether the intended gain in treatment effectivity can be
practically achieved. Development of the ideal nanocarrier system to deliver chemotherapeutic agents
would increase the GBM patient-survival rates and additionally increase the patient’s quality of life
during and after treatment, finally enabling us to fight back at the most aggressive and detrimental
type of brain cancer known to this day.
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