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A B S T R A C T

Advancements in both material science and bionanotechnology are transforming the health care sector. To this
end, nanoparticles are increasingly used to improve diagnosis, monitoring, and therapy. Huge research is being
carried out to improve the design, efficiency, and performance of these nanoparticles. Nanoparticles are also
considered as a major area of research and development to meet the essential requirements for use in nano-
medicine where safety, compatibility, biodegradability, biodistribution, stability, and effectiveness are re-
quirements towards the desired application. In this regard, lipids have been used in pharmaceuticals and medical
formulations for a long time. The present work focuses on the use of lipid nanostructures to combat brain tumors.
In addition, this review summarizes the literature pertaining to solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (LNC), methods of preparation and characterization, developments achieved to overcome blood
brain barrier (BBB), and modifications used to increase their effectiveness.
1. Introduction

Nanomedicine is the use of nanoparticles and application of nano-
technology in medicine. This implies the use of nanomaterials for the
diagnosis, monitoring, control, prevention, and treatment of diseases [1].
It could be considered a huge step in both the advancement and
personalization of therapy since it has the potential to overcome
numerous problems of conventional medicine such as solubility, target-
ing, and drug release [2]. Whether it achieved its full potential is still a
matter of dispute, but there is no doubt that many advancements have
been accomplished [3, 4]. Nanomedicine had a huge effect in numerous
diseases such as cardiovascular [5], cancer targeting [6], diagnosis and
therapy [7], human immunodeficiency virus (HIV) [8], and Alzheimer's
disease [9]. However, cancer has been the most affected by the ad-
vancements made in nanomedicine and nanobiotechnology. Along this
line, cancer continues to be a global concern, despite the advent of
technological and pharmaceutical improvements over the past few de-
cades. Conventional strategies to combat cancer include the use of anti-
cancer drugs (chemotherapy), surgery, and radiotherapy. Both surgery
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and radiotherapy are most effective in early stage tumors, but are
insufficient for stage III and IV tumors, and the use of chemotherapy
becomes essential [10]. In this respect, drug delivery (either passive or
targeted) is becoming very promising in reducing the side effects and
increasing the therapeutic index of chemotherapy.

Brain tumor is the 10th leading cause of death of all cancer patients
worldwide, and patients still suffer from the very poor prognosis and
therapy. The median survival time for this disease is about 14 months
after diagnosis [11]. There are several factors that render brain tumor
therapies ineffective; these include the blood brain barrier (BBB), which
limits penetration of drugs to brain, and the limitations of surgery in
removing tumors due to its location in the central nervous system (CNS)
without affecting the quality of life of survivors [12]. For this, nano-
medicine can be a game changer. In addition, it has the potential of
personalization of therapy and overcoming the BBB to achieve better
delivery and distribution of anticancer drugs [13].

Numerous nanoparticles, including liposomes, polymeric nano-
particles, micelles, dendrimers, and gold nanoparticles among others,
have been investigated for their drug delivery efficiency as anticancer
ak).
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drugs. In this review, the use of lipid nanostructures for the treatment of
brain cancer will be discussed. In this context, lipids are amphiphilic
biomolecules that are, generally insoluble in water, and have been used
in pharmaceutical formulations in emulsions, lotions, and ointments
among others. They are nontoxic, biocompatible, and biodegradable,
which are the main requirements for the design of nanoparticles for
biomedical applications. In addition, functionalization of these nano-
particles is a relatively easy process, converting them to smart delivery
systems [14].

In a similar fashion, solid lipid nanoparticles (SLNs) and nano-
structured lipid carriers (NLCs) are mainly composed of biocompatible
natural substances and/or a combination of natural lipids. These nano-
particles undergo –in general-safe biodegradation, which depends on the
lipids used, have minimum influence on the extracellular/intracellular
environment due to the similarity between these nanoparticles and cell
membrane (both chemically and structurally), and provide good
controlled release of numerous encapsulated biologically active com-
pounds for long periods of time [15, 16, 17]. They have a small average
size that enables them to simply flow in the blood avoiding macrophages
uptake. As other lipid or polymeric nanoparticles, SLNs and NLCs can be
modified with several targeting ligands such as peptides, aptamers, an-
tibodies, or even small targeting molecules [18]. These nanoparticles
were considered ideal candidates to deliver mRNA for covid-19 vaccines
due to the thorough optimization process SLN and NLC went through for
delivering nucleic acids [19]. Moreover, SLNs and NLCs are considered
the best candidates for targeting CNS diseases due to their high biocom-
patibility and low immunogenicity [16]. Based on the preceding discus-
sion, and due to thewide range of therapeutic potentials of SLNs andNLCs
in cancer treatment, this review highlights the current knowledge dealing
with the therapeutic capacity of these particles. For this purpose, we ob-
tained the most recent relevant references pertaining to these topics from
different known databases such as, Google Scholar, Science Direct,
MEDLINE (PubMed), Scopus, Scientific Information Database (SID), and
SciFinder. We hope this work will be a valuable addition to the field and
will be a great help for researchers and health professionals.

2. Methodology

To accomplish this task, a literature search in known databases
including Science Direct, Google Scholar, MEDLINE (PubMed), Scopus,
Scientific Information Database (SID), and SciFinder was conducted.
Search was carried out using the keywords “solid lipid nanoparticles” and
“lipid nanocarriers” pairing with cancer, brain cancer, therapeutics, and
drug delivery system. In our search, we did not impose language re-
strictions; however, articles with full text in English were included for
further analysis. Titles and abstracts of published articles recognized in
the search were examined following inclusion and exclusion criteria.
Within this context, inclusion criteria involved: (a) In vitro, in vivo or ex
vivo experimental and clinical studies on solid lipid nanoparticles and
lipid nanocarriers in cancer and brain cancer treatment, (b) Studies
related to synthesis and properties of solid lipid nanoparticles and lipid
nanocarriers, and (c) Studies with or without proposed mechanism for
anticancer use of solid lipid nanoparticles and lipid nanocarriers. On the
other hand, exclusion criteria included (a) Duplicated data, titles and/or
abstracts that did not meet the inclusion criteria, (b) Unpublished data
and overlapped evidence, and (c) The literature focusing on other effects
of solid lipid nanoparticles and lipid nanocarriers. A large number of
references pertaining to the nanoparticles were found in the aforemen-
tioned databases, and the overall findings are discussed below.

3. Solid lipid nanocarriers

3.1. Introduction

Cancer, a global public health concern, is characterized by the
abnormal cell growth that can infiltrate other parts of the body and
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destroy them [20]. Cancer traditional treatments, which involve surgery
[21], radiotherapy [22], and chemotherapy [23, 24, 25], are aggressive
and have various adverse effects [22, 24, 26]. Moreover, cancer cells may
develop resistance against most cytotoxic drugs during or shortly after
therapy [27, 28]. Recently, a new approach was applied to support and
improve traditional treatments of tumors by utilizing nano-sized-carriers
to overcome the side effects [29, 30], enhance the low therapeutic effi-
cacy, and show acceptable controlled release of the drug load [31].
Additionally, fabrication of nanocarriers with targeting moieties is
possible, making them selectively bind to specific receptors overex-
pressed in cancer cells [32, 33, 34]. The composition of these nano-
materials, which are made of either synthetic or natural substances,
determines their properties [35]. Nanocarriers are classified into inor-
ganic [36], polymer-based [37], and lipid-based nanocarriers [38]. Use
of lipid-based nanocarriers is a promising strategy to manage various
types of brain tumors [39, 40, 41]. In this section of the review, various
types of nanostructure lipids that generally target brain diseases and are
responsible for the delivery of chemotherapeutics to the brain tumors are
discussed.

3.2. Types of lipid-based nanocarriers

Based on their physical and chemical properties and the process of
their production, lipid-based nanocarriers are categorized into niosomes
[42], transferosomes, liposomes [43], solid lipid nanoparticles (SLNs),
and nanostructured lipid carriers (NLCs) [16] (Figure 1). Lipid nano-
carriers possess a brain-targeting ability that improves the drugs selec-
tivity and therapeutic efficacy [44]. Furthermore, these carriers protect
sensitive drugs from enzymatic degradation and enhance the bioavail-
ability of drugs by increasing their diffusion through biological mem-
branes [45]. On the other hand, solid lipid nanoparticles and
nanostructured lipid carriers are most useful for treating central nervous
system (CNS) diseases [46, 47].

3.2.1. Solid lipid nanoparticles (SLNs)
SLNs were first described in 1990 and introduced to overcome several

disadvantages of some colloidal carriers including polymeric nano-
particles, liposomes, and nano emulsions [15, 48]. These colloidal
nanocarriers suffer setbacks of toxicity, instability, and low loading ca-
pacity [49, 50, 51]. SLNs consist of a mixture of one or more solid lipid
with bioactive compounds entrapped within the lipid matrix and stabi-
lized by a surfactant or polymer. They have average diameters between
50 and 100 nm, and are solid at both room and body temperatures [52].
Several characteristics make SLNs interesting for drug delivery systems;
they are prepared from biocompatible and biodegradable lipids that
make them safe and feasible for large-scale production at low cost [53].
SLNs show good physical stability and improved bioavailability of hy-
drophobic drugs [54]. In addition, they protect the incorporated drug
from degradation and enable controlled drug release (sustained or fast),
while their preparation does not require toxic organic solvents [54, 55].
Furthermore, grafting specific surfaces with antibody receptors, proteins,
and peptides enables them to actively target the infected location [49]. In
this respect, three forms of solid lipids are used in the production process,
purified triglycerides (e.g., tripalmitin, tristearin (Figure 2a and b)),
complex glyceride mixtures (e.g.,Witepsol®W35), and waxes (e.g., Cetyl
palmitate (Figure 2c)), Carnauba wax, and Beeswax) [15, 56].

Bioactive molecules are incorporated into SLNs based on three basic
models: drug-enriched shell, drug-enriched core, and homogeneous
matrix model as shown in Figure 3 [54,57]. SLNs transfer from an α form
(α: less ordered polymorph having hexagonal chain packing) and β0 form
(β0: an orthorhombic perpendicular chain packing) to β form (β: triclinic
parallel chain packing) [58, 59]. This transition to a more ordered form
phase is responsible for reducing the loading capacity and enhancing
drug expulsion (α< β0 < β) [59]. Therefore, the presence of a high degree
of order reduces those defects in the crystal lattice, leading to drug
expulsion and decreases the loading capacity [60]. On the other hand, a



Figure 1. Lipid-based nanocarriers A) Niosomes B) Liposomes C) Transferosomes D) SLNs E) NLCs.
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less ordered solid lipid matrix is necessary to have a higher loading ca-
pacity of the incorporated drugs [48]. As a result, the lipid matrix con-
sisting of similar molecules such as tristearin is replaced bymore complex
lipids (mono, di-, triglycerides, with different chain lengths) to enhance
the loading capacity and reduce drug expulsion via increasing imper-
fections. Besides drug expulsion and limited loading capacity, SLNs suffer
from the high water content of dispersion (more than 70%). Hence,
nanostructured lipid carriers (NLCs) have been developed to solve the
drawbacks associated with SLNs [52, 61].

3.2.2. Nanostructured lipid carriers (NLCs)
NLCs are the second generation of SLNs and are formulated by mixing

liquid lipids with solid lipids [57]. The most commonly used liquid lipids
are: castor oil, oleic acid, palmitic acid, olive oil, linoleic acid, and co-
conut oil (Figure 4). The ratio of liquid lipid to solid lipid ranges from 30:
70% to 0.10: 99.9%, and the particles are stabilized by adding 0.5–5%
surfactant solutions [48, 62]. Although NLCs contain liquid lipids, they
are still solid at room and body temperatures. Development of these
nanosized compartments supports overcoming many of the limitations
associated with SLNs [63, 64]. In this regard, NLCs enhance the loading
capacity of drugs, control release properties, improve encapsulation ef-
ficiency, and extend chemical stability [65]. Furthermore, adding liquid
lipids to the lipid matrix prevents drug expulsion, hence increases the
drug incorporation capacity compared to SLNs [57]. Additionally, more
imperfections are created in the crystal structure to generate more space
for drug inclusion [66].

NLCs are convenient for different routes of administration: Ocular
[67], topical [68], oral, and parenteral [69]. They are classified into three
types [66] as shown in Figure 5: (1) Type I, the imperfect: This type is
characterized by imperfection in crystal formation (Figure 5a) where a
fraction of the solid lipid is replaced by liquid lipids to increase the ratio
of imperfections in the lipid matrix's lattice, leading to more free space
for drug accommodation. Therefore, the loading capacity increases, and
the incorporated drug will not be expelled outside the core formulation
[70]. (2) Type II, the amorphous: In this type, the drug remains
embedded in a solid amorphous (formless) matrix (Figure 5b). Liquid
lipids such as hydroxyoctacosanyl hydroxystearate and isopropyl myr-
istate are mixed to obtain α-polymorph (less ordered polymorph) instead
of the imperfect crystal. In general, amorphous type NLCs are more
favored than the imperfect NLCs because they are more stable and have a
higher loading capacity [71]. (3) Type III, multiple oil-in-fat-in-water
3

(O/F/W): This type is derived from water-in-oil-in-water (w/o/w)
emulsions and compromises an oil-in-fat-in-water dispersion (Figure 5c).
This type is usually prepared by mixing solid lipids with large amounts of
liquid lipids using hot homogenization technique [48]. Then, oily
nano-compartments appear after cooling due to phase separation of the
excess liquid lipid. This type of NLCs is so attractive, specifically for drugs
with higher solubility in liquid lipids than in solid lipids, and gives high
loading capacity [72]. Additionally, the external lipid matrix surround-
ing the nano-compartments performs as a barrier that prevents drug
leakage and allows the controlled release [38].

3.3. Formulation of SLNs and NLCs

Preparation methods of NLCs and SLNs can be divided into three
types. High energy based-methods, low energy-based methods, and
organic solvent-based methods as shown in Figure 6 [73].

3.3.1. High energy-based methods
High energy-based methods involve high-pressure homogenization,

ultrasound, and supercritical fluid (SCF) as depicted in Figure 7 [74]. The
high-pressure homogenization technique, developed byMuller and Lucks
[75], depends on reducing the size of particles through high-pressure.
This approach can be performed at high temperature, called hot
high-pressure homogenization, or at low temperature, called cold
high-pressure homogenization [76]. In this method, the bioactive com-
pound is dissolved, dispersed, or solubilized in the lipid that is melted at
approximately 5–10 �C above its melting point. In a high-pressure pro-
cess, the drug-containing lipid melt is solubilized under stirring in a hot
aqueous surfactant solution of the exact temperature of lipid melt by
high-speed stirring [77]. The obtained pre-emulsion is passed through a
homogenizer and cooled to room temperature, the standard production
conditions are 500 bar and two or three homogenization cycles [78]. In
the cold homogenization technique, the active compound-containing
melt lipid is cooled and solidified. After that, the lipid matrix is quickly
grounded under liquid nitrogen to produce lipid microparticles. The lipid
microparticles are then dispersed in a cold surfactant solution by stirring
to obtain a micro-suspension. This micro-suspension is passed through a
high-pressure homogenizer at low temperature or at room temperature to
break down to the solid lipid nanoparticles. The standard production
conditions are 500 bar and five homogenization cycles [79]. The pro-
duced particles by a cold process have larger diameters and higher



Figure 2. Chemical structures of solid lipids used in SLNs formulations.

Figure 3. Models of bioactive molecules incorporation into SLNs.

H. Nsairat et al. Heliyon 7 (2021) e07994
polydispersity indices. The cold homogenization technique is recom-
mended to encapsulate hydrophilic and extreme temperature-sensitive
compounds to protect its partition from the liquid lipid phase to the
4

water phase. On the other hand, the high-pressure homogenization is the
most preferred preparation method because of its simplicity and low cost
of production [79].



Figure 4. Chemical structures of liquid lipids used in NLCs formulations.

Figure 5. Different polymorphic types of NLCs A) Imperfect B)Amorphous C) Multiple.
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The ultrasoundmethod contains an initial stage that is similar to high-
pressure homogenization where the active compound is dissolved,
dispersed, or solubilized in the lipid melted 5–10 �C above its melting
point [57]. The aqueous surfactant solution, preheated at the same
temperature, is added to the drug-lipid melt and dispersed by a high
shear mixer to obtain coarsely hot oil in-water emulsion. The emulsion is
5

ultrasonicated by a probe sonicator until the desired size is reached, and
then allowed to reach room temperature. This preparation method could
be a health risk because the formulations are susceptible to metallic
contamination from the probe [80, 81]. On the other hand, the super-
critical fluid (SCF) combines the best properties between liquids and
gases such as high density, high solvation power, high diffusivity, and



Figure 6. General classification of SLNs and NLCs preparation methods.

Figure 7. Classification of high energy-based methods.
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viscosity. These properties make SCF, especially supercritical carbon
dioxide (SCF–CO2), feasible for formulating SLNs [82]. In this respect,
there are three types of SCF technologies used in SLNs formulations.
These include supercritical fluid extraction of emulsion solvent (SCEE)
[83], particles from gas saturated solution (PGSS) [84], and the
gas-assisted melting atomization (GAMA) [85].

3.3.2. Low energy-based methods
Low energy based methods include microemulsion [81], membrane

contractor [86], and phase inversion as described in Figure 8 [87]. In the
microemulsion method, a melted lipid and a preheated bioactive mole-
cule dissolved in oil are mixed in an optimized ratio. Then the mixture is
added to an aqueous surfactant solution at the same temperature to
obtain a transparent dispersion subjected to mechanical stirring at the
same temperature to allow the formation of the microemulsion [88]. This
warm microemulsion is added to cold water (2–10 �C) under mild stir-
ring, causing the lipid phase to precipitate as fine particles. This method
is simple, economical, and flexible to formulate NLCs incorporated with
polar and/or non-polar drugs [89]. The main drawback of the micro-
emulsion method is the need to use a large amount of surfactant. In
addition, the formulation needs to be concentrated by lyophilization or
ultrafiltration [90].

In the membrane contractor method, a melted lipid matrix is pressed
through membrane pores. The aqueous phase spreads inside the
6

membrane module and sweeps away the droplets forming at the pore
outlets, and the formulation is then cooled to room temperature [91].
Advantages of this technique are high scale production and simplicity.
Moreover, particle sizes are easily adjusted by manipulating various
parameters such as lipid phase pressure, cross-flow velocity, membrane
pore size, and aqueous phase and lipid phase temperatures. However,
membrane clogging is the major drawback of the low energy approach
[86].

In the phase inversion method, a phase inversion occurs due to
temperature variation. Typically, three heating and cooling cycles
(85–60–85 �C) are involved in achieving a consecutive phase reversal
from an O/W emulsion to a W/O emulsion until finally reaching an O/W
emulsion [92]. In each inversion step, sizes of drops are reduced, thus
permitting the collection of nanoparticles (SLNs or NLCs) in the last step
by cold water. The phase inversion process has received considerable
attention due to achieving the particles' reduced size without the need to
use organic solvents or consume a large amount of energy, as in the case
of the ultrasound method and high-pressure homogenization [87].

3.3.3. Organic solvent based methods
The organic solvent based methods include solvent emulsification-

evaporation, solvent emulsification-diffusion [93], and solvent injec-
tion as shown in Figure 9 [94]. In the solvent emulsification-evaporation
method, a bioactive molecule and lipid mixture are dissolved in a



Figure 8. Classification of low energy-based methods.
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water-immiscible organic solvent such as chloroform and cyclohexane.
The prepared solution is emulsified in an aqueous phase by a high shear
homogenizer or ultrasonic probe followed by organic solvent evapora-
tion under reduced pressure [95]. In the solvent emulsification-diffusion,
water-immiscible solvents are replaced by partially water-miscible sol-
vents. A partially water-miscible solvent (e.g., ethyl formate and benzyl
alcohol) is previously saturated with water to ensure initial thermody-
namic equilibrium with water [96]. The lipid is dissolved in the
water-saturated solvent, emulsified with solvent-saturated aqueous sur-
factant solution at elevated temperature. The dispersed phase is diluted
by excess water under continuous stirring to produce solid nanoparticles
[97]. On the other hand, the solvent injectionmethod relies on dissolving
the lipid in a water-miscible solvent such as isopropanol, ethanol, and
acetone. The formed solution is injected into an aqueous phase under
stirring with the aid of a syringe needle. Then upon contact with an
aqueous phase, the lipid precipitates into nanoparticles. The main ad-
vantages of the solvent injection method are avoidance of heating and
low energy input [97, 98].

3.4. Characterization of SLNs and NLCs

3.4.1. Particle size
Determination of the mean particle size and polydispersity index

(PDI) is an exceptionally vital part of assessing solubility, physical sta-
bility, biological performance, and release rate. In general, diameters of
lipid-based nanocarriers extend from 10 nm to 1000 nm [99]. Only,
nanocarriers within the range of 50–300 nm should be used with
chemotherapeutic agents and the central nervous system. This range
permits crossing of the blood-brain barrier (BBB) and provides enhanced
uptake in cells [100]. Diameters of lipid-based nanocarriers are
controlled by adjusting numerous factors such as properties of lipids,
types of surfactants, manufacturing process, and the processing temper-
ature. In this respect, adding a high surfactant/lipid ratio contributes to
reducing the sizes, whereas adding low surfactant concentrations causes
growth in the diameters [101, 102, 103].

Numerous instruments are designed to measure diameters of lipid-
based nanocarriers in a submicron scale, with high accuracy and
repeatability. These instruments are mainly non-destructive technique
based on the interaction between a laser beam and a dispersion, and the
indirect calculation of the particle size from their light scattering effect.
7

Dynamic light scattering (DLS), also known as photon correlation spec-
troscopy (PCS), measures the variance of the intensity of the scattered
light caused by particle movement (diffusion) and is useful to measure
diameters ranging from a few nanometers to 3 μm. However, laser
diffraction (LD), also known as static light scattering, is recommended to
measure particles with diameters greater than 3 μm in the SLN and NLC
formulations [104, 105]. LD is related to the diffraction angle on the
particle radius (Fraunhofer spectra); smaller particles cause intense
scattering at high angles compared with the larger ones [81]. It is always
preferable to simultaneously utilize both PCS and LD methods if the
particles are not spherical [106].

Poly dispersity index (PDI) indicates the size distribution of all
nanoparticles including SLNs and NLCs. PCS usually measures PDI by
analyzing the scattered light intensity as a function of the angle between
the incident and scattered beams depending on a suitable light scattering
theory. Formulations with PDI values within the range 0.0–0.5 are
described as homogeneous and monodispersed (narrow size distribu-
tion). However, those with PDI values more than 0.5 are described as
heterogeneous and polydispersed (broad distribution). In most cases, PDI
values less than 0.3 are considered the optimum for SLNs and NLCs
[107].

3.4.2. Surface charge
Zeta potential (ζ-potential) is a measure of the effective electric

charge on the nanoparticle's surface. The magnitude of the zeta potential
provides information about particle stability. Nanoparticles with high
zeta potential values exhibit high stability because of a larger electro-
static repulsion between particles surfaces [108]. Zeta potential depends
on various factors such as the nature of particles surfaces, the particles
environment such as ionic strength, pH, and the nature and concentration
of the electrolyte present in the solution [45, 109]. Zeta potential values
greater than �30 mV show great repulsion between charged particles,
which guarantees minimum aggregation or flocculation; the stabilization
is electrostatic. Sometimes, steric stabilizers are combined with electro-
static stabilizer to obtain steric and electrostatic stabilization. In such
cases, zeta potential with minimum values of �20 mV is acceptable and
sufficient [110]. The positively charged particles are helpful in many
cases because they tend to stick to biological surfaces (since these are
negatively-charged surfaces). Analytical instruments used to determine
the zeta potential depend on electrophoretic/electroacoustic mobility.
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For many commercial pieces of equipment, zeta potential and DLS are
coupled in a single piece of equipment. Therefore, the particle size and
particle potential can be determined by the same instrument [110].

3.4.3. Morphology and shape
Both PCS and LD calculate particle size of the nanoparticles from light

scattering. Advanced microscopy techniques are usually used to gain
more detailed information regarding the structure, size, and surface
morphology of the nanoparticles [45]. Advanced microscopy techniques
include scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), and atomic force microscopy (AFM). These techniques
help determining the particle size, surface topography, morphology, state
of aggregation, and even the internal structure of the lipid-based nano-
carriers [111, 112]. SEM provides details about the surface characteris-
tics and the three-dimensional morphology of the particles whereas AFM
helps in analyzing the three-dimensional morphology of the particles.
Since lipid-based nanocarriers consist of chemical elements with few
atomic numbers, it requires per-treatment of the samples to increase the
contrast before measurements using high vacuum. In this respect, SEM
requires drying of samples (mostly by freeze-drying) and coating them
with a thin metallic layer (e. g: gold, gold/palladium) to permit con-
duction of electrons [113, 114].

TEM provides two-dimensional images of the internal structure of the
lipid-based nanocarriers. In general, samples are negatively stained with
uranyl acetate or phosphotungstic acid to contrast the particle [114]. By
comparison, TEM is more beneficial than SEM due to its higher resolution
power (0.4 nm for TEM and 3–4 nm for SEM) and the absence of exposure
to the vacuum, which protects particles from structural change [114]. On
the other hand, AFM technique depends on the force occurring between a
surface and a probing tip resulting in a spatial resolution of up to 0.01 nm
for imaging. AFM is characterized by the simplicity of sample prepara-
tion, performing analysis without vacuum, and samples do not require
drying or coating. Therefore, nanocarriers are measured in the hydrated
form to prevent any morphological distortions [115].

3.4.4. Crystallinity and lipid modification
In NLCs and SLNs formulation, the crystal structure and the poly-

morphic forms of lipid components significantly affect the efficiency of
encapsulation and release profile of bioactive compounds [116]. In
principle, as the thermodynamic stability and lipid packing decrease, the
bioactive encapsulation increases according to the following sequence:
β-modification (a perfect crystal of triclinic parallel packing with few
imperfections) < β0-modification (orthorhombic perpendicular) <

α-modification (hexagonal packing) < supercooled melt. In this regards,
crystallization and modification changes can be delayed due to the
presences of emulsifier and the small size of particles. Differential scan-
ning calorimetry (DSC) and X-ray diffraction are frequently used to
investigate the crystalline patterns and polymorphic behavior of the
constituents of NLCs and SLNs formulations [52, 116]. DSC is a
thermo-analytical technique that provides useful information about lipid
melting and crystallization behavior. DSC measures various thermal
transitions associated with physicochemical transformation within
nanoparticles when heated or cooled in a controlled manner. Many de-
tails about polymorphism, crystal structure, eutectic systems, and glass
transition temperatures can also be obtained [117, 118, 119]. On the
other hand, X-ray diffractions can identify polymorphism status of
nanoparticles including NLCs and SLNs. Wide angle diffraction may
elucidate the crystalline order of NLCs [115]. Moreover, X-ray scattering
enables determining the length of the long and short spacing of the lipid
lattice [120].

3.4.5. Drug loading (DL) and encapsulation efficiency (EE)
Drug loading (DL) of SLNs or NLCs is expressed as the ratio of an

encapsulated bioactive compound to the quantity of lipid phase or lipid
nanoparticles in SLN and NLC formulation multiplied by 100 (equation
1); high DL is helpful in minimizing the cost of production [121].
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Similarly, encapsulation efficiency (EE) is defined as the ratio of an
encapsulated bioactive compound in nanoparticles to the original
amount of bioactive compound incorporated into the lipid phase of NLCs
and SLNs formulation multiplied by 100 (equation 2) [122]. After
quantification of the encapsulated portion or free portion of the bioactive
compound, the EE can be measured. The free portion of the bioactive
compound may dissolve in an aqueous solution or crystalizes as a pre-
cipitate in micron size. Then, the free portion of the bioactive compound
is collected from the aqueous solution by extraction with an organic
solvent, or separated from nanoparticles by microfiltration, ultrafiltra-
tion, (ultra-) centrifugation, and size exclusion chromatography, and
quantified by sensitive techniques such as HPLC and UV spectroscopy
[123, 124, 125].

DL %¼ ½Encapsulated bioactive compound �
½Total lipids amount � � 100% (1)

EE %¼ ½Encapsulated bioactive compound �
½Total amount of bioactive compound � � 100% (2)

Similarly, magnetic resonance techniques such as nuclear magnetic
resonance (NMR) and electron spin resonance (ESR) are also helpful in
the study of dynamic phenomena in SLNs and NLCs formulations. NMR is
based on various nuclei relaxation times (which depends on the local
magnetic field experienced by the nucleus under study) in the liquid and
semisolid/solid-state [79]. NMR can be used to determine both the size
and the qualitative nature of nanoparticles. NMR chemical shifts provide
information on the physicochemical status of components within the
nanoparticle. Moreover, NMR can detect supercooled melts in lipids and
investigate the reduced mobility of molecules due to the lipid protons'
broad and weak amplitude signal [126, 127]. In the ESR characteriza-
tion, a paramagnetic probe is required to evaluate NLCs and SLNs
formulation. Other techniques such as infrared and Raman spectroscopy
can also be used to investigate structural features of NLCs and SLNs
formulations [63].

4. Brain tumors and the role of blood brain barrier (BBB)

Brain tumors result from the unusual growth of cells inside the brain.
Brain tumors can be either cancerous and non-cancerous [128].
Cancerous tumors are, in turn categorized as primary and secondary.
Primary tumors begin inside the brain whereas metastatic (secondary)
tumors extend from tumors found outside the brain [129, 130]. The
major types of primary tumors are glioblastoma (glioma) which is the
most aggressive kind of cancer originated inside the brain. On the other
hand, meningioma and lymphoma are non-cancerous primary tumors
[128]. Glioma is usually characterized according to its origin, astrocytes
or oligodendrocytes or from both former origins. Glioma was graded
from 2 to 4 according to its aggressiveness [131]. Common treatments of
brain tumors include surgery, chemotherapy, and radiotherapy [132].
These traditional treatments are life-threatening and cannot completely
cure some invasive types of cancerous tumors such as glioma [133]. The
major challenge in brain cancer treatments, and even any CNS diseases, is
the blood brain barrier (BBB). This barrier limits the delivery of thera-
peutic drugs into CNS. In order for drugs to be delivered, they must be
functionalized with special targeting moieties or/and they should be
carried by an appropriate delivery system [134]. Within this contest,
numerous continuously improved nanostructures carriers such as lipid
nanostructures are able to penetrate the BBB and deliver the drug into the
targeted affected area in the brain [40].
4.1. Blood brain barrier (BBB)

Blood brain pressure is a term used to describe the distinctive prop-
erties of the microvasculature of the CNS. CNS blood vessels tightly
regulate the movement of ions, molecules, and cells between the blood
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and the brain [135]. BBB contains three barriers sequentially arranged
from the blood to the brain: the glycocalyx, endothelium, and extravas-
cular compartment [136]. Specialized proteins such as cadherins,
occludin, and claudin, hold together the endothelial cells to create tight
junction (TJs) regions where adjacent endothelial cells are physically
kept together. This makes it incredibly difficult for passive transcellular
transport of small hydrophilic molecules to permeate the necessary nu-
trients into the brain while serving as a barrier to the passage of unde-
sired substances from plasma [137].

Most large molecules and more than 98% of small biomolecules that
target CNS are unable to cross BBB, and are thus phased out and cleared
in the initial screening [138]. In order to successfully cross the BBB, drugs
should have a low molecular weight (400 Da) with high lipid solubility
[139]. Different approaches were used to enable drugs transport across
the BBB. For example, lipid-soluble molecules as anesthetics and heroin
can diffuse passively into the brain [140], whereas polar molecules may
be transported across the brain endothelial cell membrane by means of
facilitated transporters or secondary active transporters as L-DOPA drugs
[141, 142, 143]. Efflux transporters represent a significant transport
mechanism at the BBB. For example, nitrogen and oxygen-rich lip-
id-soluble molecules use this mechanism to cross the BBB [144].
Receptor-mediated transcytosis (RMT) is a method that utilizes the ve-
sicular transport system of the endothelial cells to take substrates across
the brain side of the barrier [145].

4.2. Nanoparticles and the BBB

Biocompatible nanoparticles are promising drug carriers to fit the
BBB transport and cause drug release in the brain. This delivery system
uses a wide variety of nanoscale drug delivery platforms such as lipid-
and polymer-based nanoparticles (NPs) that guarantee a controlled and
improved release of their load into site of action [146]. Main recent ef-
forts focused on increasing the ability of NPs to effectively target the
therapeutic site, thus minimizing the doses of drugs released at undesired
sites. In this regard, multiple pathways were involved in the transport of
brain drugs into the BBB through surfactant-coated nanoparticles (NPs)
[147]. SLNs and NLCs have unique advantages as drug carriers. However,
the mechanism behind translocating these lipid nanoparticles into the
brain remains unclear. They may follow a simple passive diffusion or
open the tight junctions between endothelial cells in the brain micro-
vasculature and create a paracellular pathway for their translocation
[148].

4.3. Brain tumors

Brain tumors include a wide range of neoplasms that can be primary
or metastatic. The primary brain tumors are known as gliomas. The
metastatic ones arise from nearby malignancies and then develop within
the brain [130, 149]. In this respect, the World Health Organization
(WHO recognizes two major types of brain tumors), gliomas and
nongliomas:

4.3.1. Gliomas
Glioma is the most common CNS neoplasm that originates from glial

cells. Gliomas are very diffusely infiltrative tumors that affect the sur-
rounding brain tissue [150]. Gliomas are classified into astrocytoma,
oligodendroglioma, and ependymoma [151]. Astrocytoma is a tumor
that originates in astrocytes and in the cerebrum and the cerebellum.
Astrocytoma makes up around 50% of all critical brain tumors [152].
Oligodendroglioma is a tumor that develops in oligodendrocytes and
makes up approximately 4% of primary brain tumors [153]. Ependy-
moma is a tumor that affects ependymal cells [154]. On the other hand,
glioblastoma is the most malignant astrocytomas type while pilocytic
astrocytoma is the least malignant brain tumor [150]. Research findings
indicated that this type of brain cancer may resist treatment because it
contains stem cells that are responsible for driving the formation of blood
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vessels (angiogenesis), spread of the tumor (metastasis), and resistance to
treatments [155].

4.3.2. Non-gliomas
Non-gliomas are tumors that do not originate from glial cells [131].

The most common examples of non-gliomas include meningiomas and
medulloblastomas. Meningioma tumors are regularly formed from
arachnoid cells. These cells are responsible for absorption of the cere-
brospinal fluid (CSF). Meningioma is responsible for 13–30% of all tu-
mors growing inside the skull [156]. Medulloblastoma is the most
common type of cancerous brain tumor in children. This tumor occurs
exclusively in the posterior fossa and has the potential for leptomeningeal
spread [157]. Brain cancer treatment is still one of the major challenges
in oncology. The most commonly used therapies for brain tumors include
the use of surgical approaches and/or radiotherapy, which not only pose
a grave danger to the patient, but are also unable to treat more effectively
aggressive glioma type [158, 159].

4.4. CNS drug delivery

Chemotherapeutics that targets brain tumors are still insufficient in
achieving the desired effects in brain cancer treatment. Most drugs have
low aqueous solubility, are unable to cross the BBB, and have low po-
tency in the CNS, leading to high toxicity and major side effects [160].
Therefore, development of drug delivery models could be promising for
brain cancer treatment. Within this context, SLNs and NLCs have been
utilized for the treatment of various diseases affecting CNS and have
become the major drug nanocarriers for brain tumor managements [44].
SLNs have succeeded in overcoming numerous limitations reported with
other conventional polymeric or lipid nanocarriers such as high toxicity
and insufficient stability. Furthermore, an improved encapsulation effi-
ciency could be obtained during the nanoparticle mixing, recrystalliza-
tion and preparation steps [161]. Adding liquid lipids to the SLN formula
leads to the formation of NLCs, which have an imperfect crystal structure
with more internal space that provides higher loading capacity. More-
over, SLNs and NLCs functionalization with a wide range of ligands en-
ables them to deliver treatments specifically to the target tissue [15].

4.5. Blood–brain–tumor barrier (BBTB)

Brain tumors reduce the stiffness and selectivity of the BBB giving a
new vasculature form, known as the blood-brain-tumor barrier (BBTB).
BBTB is more leaky with a high discharge of blood products due to the
unorganized and heterogeneous structure of BBTB based on the
enhanced permeability and retention (EPR) effect of most cancerous
tissues [162]. In BBTB, a new shaped capillaries are structurally pro-
duced and are more permeable than even normal peripheral capillaries
[162]. BBTB contributes to the delivery of nutrients and oxygen to the
tumor, and enables glioma cell migration to other parts of the brain.
Although BBTB is considered leaky in glioblastomas but its more closely
similar to the normal BBB, and prevents efficient passage of cancer
therapeutics including small molecules and antibodies [163]. Both BBB
and BBTB barriers constitute a major challenge in brain tumor manage-
ment by limiting the delivery of enough quantities of potentially effective
anticancer agents [164]. Transport of anticancer drugs by nanocarriers
may be achieved by taking advantage of this leaky BBTB associated with
human brain cancers by the selective passive diffusion of large nano-
particles compared to free drugs [165].

5. Lipid nanostructures for brain cancer targeting

Published research showed that drug nanocarriers and their surface
modification exhibit higher bio-distribution and improved bioavail-
ability of drugs with a positive effect on BBB uptake [79]. Since SLNs and
NLCs are mainly composed of biocompatible natural substances and/or a
combination of natural lipids, they undergo safer biodegradation with



H. Nsairat et al. Heliyon 7 (2021) e07994
limited effects on the extracellular/intracellular environment, and pro-
vide good controlled release of numerous encapsulated biologically
active compounds for extended periods of time [158]. At the same time
they protect loaded drugs from degradation due to their higher stability
than other lipid-based nanoparticles [15, 16, 17, 166]. They additionally
have a small average size that enables them to simply flow in the blood
avoiding uptake of macrophages. As other lipid or polymeric nano-
particles, SLNs and NLCs can be modified with several targeting ligands
such as peptides, aptamers, antibodies, or even small targeting mole-
cules. Moreover, SLNs and NLCs are considered the best candidates for
targeting CNS diseases due to their high biocompatibility and low
immunogenicity [167, 168].

5.1. SLNs and NLCs targeting brain

SLNs and NLCs generate smart drug carrier systems. They are
composed of a solid lipophilic core encapsulating the hydrophobic drug
in a stable lipid matrix. Their small size (10–200 nm) allows them to cross
the endothelial cells of the BBB and penetrate through the endocytosis
mechanism [169, 170]. Passive targeting of CNS is based on
non-modified surface nanoparticles that increase the drug concentration
gradient across the BBB, whereas active targeting of the CNS is based on
functionalization of the nanocarriers' surface with targeting ligands [171,
172]. In this respect, the enhanced solubility of the hydrophobic drug in
the biocompatible liquid lipids is a key factor for NLCs development and
has superior formulation properties over SLNs [79]. Both NLCs and SLNs
are stable at room temperature. However, NLCs were more potent in
achieving the preferred drug release, and showed enhanced stability
compared to SLNs [58].

SLN and NLCs have been investigated for brain targeting of water
sparingly soluble and lipophilic drugs, without the need for organic
solvents. In this case, numerous drugs that target neurodegenerative
diseases belong to class II (decreased water solubility and high perme-
ability) drugs [172, 173]. For example, NLCs were used to enhance the
bioavailability of curcumin (CRM) and increase its localization in the
brain cells to cure brain tumors. For this, CRMwas encapsulated into NLC
and into NLC coated with polysorbate 80 to examine the effect of the
surfactant on the brain targeting ability of NLC taken by intravenous
injection. Both in vivo and ex vivo studies confirmed a more brain depo-
sition of surfactant-coated NLC with respect to bare NLC [112]. More-
over, CRM-loaded NLC showed an enhanced BBB penetration of CRM
with increased accumulation in CNS of mice compared to free CRM [174,
175]. Similarly, baicalin-loaded NLC also exhibited a higher baicalin
accumulation in the brain compared to baicalin dispersions [176].

A brain targeting nanosystem based on OX-26 antibody attachment
on PEGylated cationic SLNs loaded with baicalin was prepared, and re-
sults showed a baicalin entrapment efficiency of 83.03 � 0.01%. In a
similar fashion, OX-26 conjugation on PEGylated SLNs enhanced the
uptake of baicalin through the BBB by eleven folds on the brain of male
Wistar rats compared to free baicalin [177]. Recently, pralidoxime
chloride loaded SLNs were formulated to investigate their ability to
target and cross BBB. In vivo studies showed a high BBB penetration with
the benefit of moderating toxicity side effects of free paraoxon [178].
Similarly, in vivo studies indicated that olanzapine-loaded SLN may
significantly increase drug bioavailability up to 23-fold over the pure
drug suspension, due to the high ability of SLN to cross the BBB [170].
Furthermore, NLC greatly improved apomorphine brain targeting as
compared to an aqueous solution of the drug [175]. Vyas and coworkers
investigated the transport of efavirenz (EFV, a non-nucleoside reverse
transcriptase 8 inhibitor) via SLN across BBB using phenylalanine (PA) as
a targeting amino acid. A controlled release profile for more than 24 h
was observed in an in vitro study. Moreover, transcytosis studies verified
the ability of PA-SLN to cross BBB 10-fold higher compared to EFV [179].

Lazaroid (LAZ), a potent inhibitor of lipid peroxidation, which ex-
hibits an in vitro anti-proliferative activity, was loaded into NLC (LAZ-
NLCs) to enhance LAZ brain exposure. The optimal LAZ-NLCs have a size
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of 172.3 � 3.54 nm, a charge of �4.54 � 0.87 mV, and an entrapment
efficiency of 85.01 � 2.60%. Results indicated that the LAZ exposure in
brain was doubled with a decreased lipid content by half for the NLCs
group compared to the free LAZ [180]. NLCs containing idebenone
(IDE-NLCs), an antioxidant and essential component of the electron
transport chain, were developed for brain delivery. IDE-NLCs reached
90.68 � 2.90% encapsulation efficiency with almost three-fold
enhancement in brain concentration compared to the drug in aqueous
dispersions [181]. In a recent study, temazepam (TZP), a
gamma-aminobutyric acid (GABA) modulator, was loaded into NLCs to
enhance the bioavailability and brain targeting for insomnia treatment; a
75.2 � 0.1% entrapment efficiency was achieved with a sustained drug
release profile. Besides, the NLC formulation demonstrated a distinctive
targeting affinity to rat brain over free TZP [182].

5.2. SLNs and NLCs targeting brain tumors

SLNs and NLCs have been used for the treatment of several brain
diseases but mostly for brain cancer due to their attractive properties.
Various studies introduced SLNs and NLCs as efficient nanocarriers with
extraordinary properties to enhance the therapeutic efficacy of anti-
cancer agents used to treat brain tumors. Moreover, SLNs and NLCs help
anticancer agents to penetrate easily through the BBB and show a high
accumulation in brain tumors [169]. SLNs and NLCs are favorable lipid
nanocarriers that might effectively target a brain tumor [183]. For
example, cationic solid lipid nanoparticles (CA-SLNs) have been syn-
thesized to encapsulate carmustine (CRN), and further decorated with an
anti-EGFR receptor for targeting malignant glioblastoma cells. In this
regard, the number of cationic surfactants used affect CRN entrapment
efficiency. Results showed efficient delivery and anti-proliferative effects
against U87 cell line. Moreover, an enhanced cell viability with low
expression of tumor necrosis factor (TNF-α) was observed when tested on
human brain microvascular endothelial cells [184].

Kuo and coworkers investigated the effect of several types of solid
lipids to encapsulate a variety of antitumor agents including doxorubicin
(DOX), tamoxifen (TAM), and etoposide (ETP) functionalized with
different ligands to target brain tumors using HBMEC, human U87 ma-
lignant glioma, and human astrocytes cell lines. Based on the type of
lipids used, drug encapsulation efficiency varied from 17 to 95% with
size ranging from 80 to 280 nm, and the surface charge was either
negative or positive depending on the targeting ligand. In addition, re-
sults demonstrated that all types of tested SLNs were safe, had anti-
proliferative effects, and could penetrate the BBB [85, 96, 99, 184,
185, 186, 187, 188, 189]. Furthermore, in vitro and in vivo studies on C6
glioma cell line and C6 glioma xenograft tumor, respectively, were
conducted using the anticancer drug edelfosine (EDF) encapsulated in
SLNs composed from Compritol® or Precirol®. Results showed that these
SLNs accumulate in the brain tissue resulting in an anti-proliferative ef-
fect and a major decline in the tumor growth [190].

Cytarabine (CRB), a hydrophilic drug used to target meningeal leu-
kemia, was encapsulated in SLNs, and offered a size of 90 nm with 50%
entrapment efficiency. CRB-SLNs showed in vitro sustained release over
72 h and a higher dose-dependent cytotoxicity compared to free drug
against EL-4 cell line [191]. Similarly, small interfering RNAs (siRNAs)
were incorporated into SLNs, to deliver them and to enhance their
therapeutic index. These SLNs were made from low-density lipoprotein
(LDL) conjugated with a PEGylated c-tyrosine-protein kinase (c-Met).
Results indicated a decrease in cell proliferation, down-regulation of the
expression levels of c-Met, and a tumor suppression when these SLNs
were tested in vitro and in vivo on U87MG cell line and U87MG xenograft
tumor. Results showed the feasibility of using siRNA-PEG/SLN com-
plexes as a potential carrier of therapeutic siRNAs for the treatment of
glioblastoma in the clinic [192]. Studies dealing with the effectiveness of
NLC loaded with ferulic acid against U87MG glioblastoma cancer cell
lines, and with loaded NLCs decorated with didodecyldimethylammo-
nium bromide to compare the anticancer effectiveness with uncoated
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NLC were conducted. Results showed the effectiveness of the NLC
compared to uncoated free drug [193].

Rhodamine 123 (R123), a florescent substance, was utilized to eval-
uate the cellular uptake of cetyl palmitate (CP) SLNs in various gliomas
(U373, U251, U87 and A172) cell lines compared to macrophages
(THP1) cell line. Experiments results showed a higher uptake of SLNs of
200 nm and –20 mV surface charge into gliomas compared to THP1 cell
line [194]. The same SLN encapsulated with camptothecin (CPT) indi-
cated similar cellular uptake results when tested on porcine brain
capillary endothelial cells (BCEC) compared to macrophages
(RAW-264.7). Furthermore, CPT-loaded SLNs demonstrated a decrease
in BCEC cell viability compared to free CPT [195] Similarly, a modified
CP SLNs with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
were prepared to improve the in vitro release of CPT. This formula led to a
higher and a prolonged concentration of the loaded CPT in the brain over
the free drug [210]. Moreover, CP-based NLCs were formulated with
different fatty amines to encapsulate etoposide, and modified with an
anti-transferrin receptor (anti-Trf) to target myelogenous leukemia. The
etoposide-loaded NLCs conjugated with Trf exhibited higher cellular
uptake and enhanced anti-proliferative effect against K562 cell line
compared to the unconjugated formula [196].

Interestingly, new formulas of lipid nanocapsules (LNC) were pre-
pared and functionalized with L1 peptide to load locked nucleic acid
(LNA) for silencing the oncogenic miR21. LNC showed a reduction of
miR21 expression against U87 malignant glioma (U87-MG) cell line
[197].

LNCs again confirmed their ability to deliver drugs across the BBB and
enhance their sustained release. For example, CRM-loaded LNCs (CRM-
LNC) exerted higher cytotoxicity when tested against U251MG cell line.
Besides, in vivo studies showed a reduction in tumor size and malignancy
with prolonged animal survival in rats bearing C6 gliomas compared to
free CRM [198]. A 90% loading efficiency of CRM was achieved in NLCs
(CRM-NLCs) with a size of 150 nm and –20 mV. Furthermore, CRM-NLCs
enhanced cytotoxicity towards the U373MG cell line with a higher
accumulation in the brain compared to free CRM [108]. Similar studies
indicated that CRM-NLCs showed 75% lower IC50 than free CRM, and
prolonged CRM blood half-life by 6.4-folds. CRM-NLCs also displayed an
enhanced-tumor growth inhibition ratio up to 82.3% in mice bearing
A172 xenografts [104].

Indomethacin was also encapsulated in LNCs (IndOH-LNCs). This
new formula exhibited high selectivity toward C6 and U138-MG glioma
cell lines compared to human astrocytes through reduced cell viability by
promoting apoptosis of glioblastoma cells [199]. Additionally, a higher
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concentration of resveratrol (RVR) in the brain was achieved when the
drug was loaded inside the non-targeting-SLNs as compared to free RVR.
This result proves the intrinsic ability of SLNs passive targeting into the
brain [171]. In a similar fashion, doxorubicin (DOX) and paclitaxel (PTX)
were also loaded inside positively charged SLNs to improve drugs spread
through an in vitro BBB model. The positively charged stearyl amine and
glycol chitosan based SLNs showed higher permeation through an
hCMEC/D3 cell monolayer compared to the free DOX. In addition, an
increase in toxicity towards glioblastoma cells was obtained from the
PTX-loaded SLNs [200, 201]. Research findings revealed that the ability
of bevacizumab (BVZ) to cross the hCMEC/D3 monolayer of cells
increased by 100–200-fold when BVZ-SLNs was used compared to free
BVZ [202]. Findings also indicated that in U87MG cells, the cytotoxic
effectiveness of PTX-loaded NLCs and functionalized with Trf is superior
as compared to unconjugated NLCs [106]. In this regard, Emami et al.
(2018) developed a transferrin-conjugated NLC encapsulated artemisinin
(ART) (TF-ART-NLCs) for brain delivery of artemisinin (ART). The
cytotoxic activity of TF-ART-NLCs against U-87MG brain cancer cell line
was much higher compared to non-targeted NLCs and free drug [103].

A novel NLCs of temozolomide (TMZ), a short half-life alkylating
agent with good ability to penetrate BBB, along with DNA or function-
alized by an arginine-glycine-aspartic acid (RGD) peptide were reported
by Chen and coworkers [109] and Song and colleagues [105], respec-
tively, with a size of 120–180 nm, þ23 to þ28 mV, and 83–85%
encapsulation efficiency. These NLCs demonstrated potent anti-tumor
activity against U87MG cells [105, 109]. Other TMZ-NLCs were pre-
pared to enhance brain targeting via nasal route administration.
TMZ-NLCs showed a nanometer size range with high drug loading and
prolonged drug release, where a double brain targeting enhancement
ratio was obtained compared to free TMZ [110]. NLCs were also
co-encapsulated with TMZ and vincristine (VCR) and then
co-functionalized with lactoferrin- and RGD for targeting glioblastoma
multiforms (GBM). This combination targeting therapy was stable with
high drug encapsulation efficiency and showed sustained-release, high
cytotoxicity, and synergy effects with increased drug accumulation in the
tumor tissue [203].

The therapeutic efficacy of SLNs and NLCs loaded with TMZ and VCR
were also evaluated. Results revealed that co-delivery of the two
encapsulated drugs was better than the use of TMZ or VCR alone in gli-
oma in vitro and in vivo studies [86]. Costa and colleagues studied the
delivery of anti-miR21 for treatment of GBM using NLCS coated with
chlorotoxin (CTX), a toxin which binds preferentially to glioma cells;
results showed a high drug encapsulation efficiency with a better



Table 1. A detailed summary of SLNs and NLCs targeting brain tumors.

Sr. Type of
carrier

Solid lipid Liquid lipid Emulsifiers/
stabilizers/
surfactants

Preparation method Therapeutic molecule Targeting ligand Bioassay Ref.

1 Cationic
SLN

Cacao butter or
Compritol 888 ATO
Hexadecyl trimethylammonium
bromide

- Sodium
dodecylsulfate
(SDS)

Microemulsion Carmustine anti-EGFR or serotonergic 1B
receptor antagonist

U87MG cells [185,
187]

2 Cationic
SLN

Cacao butter and cardiolipin or
tripalmitin

Hexadecyl
trimethylammonium
bromide

Sodium
dodecylsulfate
(SDS)

Microemulsion Doxorubicin Anti-EGFR, or aprotinin, U87MG cells [99,
185]

3 Cationic
SLN

Cacao butter and cardiolipin
tripalmitin

Hexadecyl
trimethylammonium
bromide

Sodium
dodecylsulfate
(SDS)

Microemulsion Etoposide melanotransferrin antibody U87MG cells [206]

4 Cationic
SLN

low-density lipoprotein (LDL)
PEGylated c- tyrosine-protein
kinase (c-Met)

Cholesteryl oleate and
glyceryl trioleate

- Emulsification-solvent evaporation siRNAs - U87MG cell lines
and U87MG
xenograft tumor

[192]

5 Cationic
SLN

Glyceryl tripalmitate
glyceryl tristearate

- Tween 80 High pressure homogenization
method

pemetrexed and miR-21 - U87MG cells [207]

6 SLN cacao butter and tripalmitin
Behenic acid

- - Microemulsion Carmustine Tamoxifen and lactoferrin U87MG cells [96]

7 SLN palmitic acid, stearic acid
1,3-ditetradecanoyloxypropan-
2-yl tetradecanoate

- - Emulsification-solvent evaporation Etoposide p-aminophenyl-α-D-manno-
pyranoside and folic acid or
8314MAb

U87MG cells [208]

8 SLN Compritol® or Precirol - Tween 80 Hot homogenization method Edelfosine _ C6 glioma cell line
and C6 glioma
xenograft tumor

[190]

9 SLN Stearic acid Oleic acid Polysorbate 80 Emulsification–ultrasonication Cytarabine _ Meningeal
leukemic EL-4 cell
line

[191]

10 SLN Cetyl palmitate - Polysorbate 60
and 80

High shear homogenisation and
ultrasonication techniques.

Rhodamine 123 - (U373, U251, U87
and A172) cell
lines

[194]

11 SLN Cetyl palmitate, dynasan 114,
Witepsol E85

- Polysorbate 20,
40, 60 and 80

Hot high pressure homogenisation Camptothecin - BCEC cell [195]

12 SLN Cetyl palmitate1,2- dimyristoyl-
sn-glycero-3-phosphocholine
(DMPC)

- Polysorbate 60, 80 Hot high pressure homogenisation Camptothecin - Human glioma
cell lines (A172,
U251, U373, 153,
U87)

[209]

13 SLN Resveratrol and Compritol 888
ATO

- Tween 80
polyvinyl alcohol

Solvent evaporation with high
speed homogenization and
ultrasonication

Resveratrol glyceryl behenate C6 glioma cells [175]

14 SLN Sodium stearate, sodium
palmitate arachidic acid, ehenic
acid

Sodium dioctyl
sulfosuccinate and
hydrochloric acid

- Fatty acid coacervation technique Doxorubicin - hCMEC/D3 cell
monolayer

[204]

15 SLN Stearylamine and glycol
chitosan sodium Behenate

- Tween_80, sodium
dodecyl sulfate,
Triton X-100

Fatty acid coacervation technique Paclitaxel - hCMEC/D3 cells
monolayer and
GBM cell lines

[205]

16 SLN Stearic acid (SA) and palmitic
acid (PA)

- polyvinyl alcohol fatty acid coacervation technique Bevacizumab - hCMEC/D3
monolayer of cells

[95]

17 SLN Soya Lecithin
Stearic acid
Glyceryl monostearate

- Tween 80 Emulsification and solvent
evaporation method

Docetaxel p-Aminophenyl-a-
Dmannopyranoside

U-87 MG cells and
Swiss albino mice

[83]

(continued on next page)
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Table 1 (continued )

Sr. Type of
carrier

Solid lipid Liquid lipid Emulsifiers/
stabilizers/
surfactants

Preparation method Therapeutic molecule Targeting ligand Bioassay Ref.

18 SLN Soya Lecithin
Stearic acid
Glyceryl monostearate

- Tween 80 Emulsification and solvent
evaporation method

Docetaxel Lactoferin U-87 MG cells and
Swiss albino mice

[84]

19 SLN Monostearate
Distearate
Tristearate

- Poloxamer 188 Solvent evaporation and hot
homogenisation technique

Asiatic acid - U87 MG cells [210]

20 SLN Stearic acid
Compritol 888 ATO
Cardiolipin
Cholesteryl hemisuccinate

- Tween 80 Emulsification and solvent
evaporation method

Etoposide Surface 83-14 monoclonal antibody
and antiepithelial growth factor
receptor

U87MG cells and
HBMECs

[85]

21 SLN Glyceryl monostearate
Glycerol tristearate
Sodium cholate

- Poloxamer188 Emulsification–ultrasonication β-Elemene - U87MG cells
C6 glioma cells
GL261 glioma

[87]

22 SLN Cetyl palmitate,
Propylene glycol

- Cremephor RH
40, Peceol

Melt-emulsification technique Small interfering RNAs Cyclic peptide: iRGD U87MG cells
GL261 glioma
mice bearing
malignant glioma

[90]

23 SLN Glycerol monostearate - Poloxamer-188 Solvent injection and
ultrasonication method

Vincristine Red blood cell membrane
NGR peptide (CYGGRGNG)
T7 peptide (CHAIYPRH)

C6 glioma cells
ICR mice (male
and female)

[94]

24 SLN Cetyl palmitate - Tween 80 Solvent evaporation and hot
homogenisation technique

Kiteplatin/Pt (IV)-
prodrugs:
SMF 111
SMF 196
SMF 200
SMF 144

16: 0 PEG-2-PE U87MG cells
hCMEC/D3

[97]

25 NLC Cetyl palmitate
isopropyl myristate
isopropyl palmitate

Glyceryl oleate Isoceteth-20
ceteth-20
oleth-20

PIT method Ferulic acid didodecyldimethylammonium
bromide

U87MG
glioblastoma
cancer cells line

[193]

26 NLC Cetylpalmitate,
Octyldodecanol Soy lecithin

Different fatty amines
tearylamine (SA),
dodecylamine (DA) and
spermine (SP)

Poloxamer 188 Emulsion-solvent evaporation
method followed by probe
sonication

Etoposide Anti-transferrin Myelogenous
leukemia K562
cell line

[196]

27 NLC Precirol soya lecithin Capmul Tween 80 Hot high pressure homogenization Curcumin - U373MG cell line [111]

28 NLC Tripalmitin Oleic acid Polysorbate 80 Hot high pressure homogenization Curcumin - mice bearing
A172 xenografts

[104]

29 NLC Cholesterol, triolein, soy
lecithin, transferrin

Stearylamine, Poloxamer
188

solvent evaporation method Paclitaxel anti-transferrin U87MG cells [106]

30 NLC Compritol stearylamine, soy
lecithin

oleic acid Tween 80 Solvent evaporation method Artemisinin anti-transferrin U-87MG brain
cancer cell line

[103]

31 NLC Compritol 888
ATO soya lecithin

Polyoxyl castor oil Tween-80 and
DDAB

Solvent diffusion method Temozolomide DNA U87MG cells [109]

32 NLC NH2-PEG-DSPE
Compritol 888

stearic acid DDAB
888 ATO

Solvent diffusion method Temozolomide arginine-glycine-aspartic acid (RGD) U87MG cells [105]

33 NLC Gelucire
Transcuto

Vit E Tween 80 High-pressure homogenization
followed
by ultrasonication

Temozolomide - Kinetic model [110]

(continued on next page)
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Table 1 (continued )

Sr. Type of
carrier

Solid lipid Liquid lipid Emulsifiers/
stabilizers/
surfactants

Preparation method Therapeutic molecule Targeting ligand Bioassay Ref.

34 NLC Compritol 888 ATO stearic acid,
soybean phosphatidylcholine

Polyoxyl castor oil DDAB Solvent diffusion method Temozolomide
Vincristine

Lactoferrin and RGD Glioblastoma
multiforme
(GBM)

[203]

35 NLC and
SLNs

Soya lecithin Stearic acid DDAB
888 ATO,
Cremophor

solvent displacement technique
solvent diffusion method

Temozolomide
Vincristine

- U87MG cells [86]

36 NLC DSPC
C16 Ceramide PEG2000
DSPE-PEG-Maleimide

- DODAP postinsertion method Chlorotoxin anti-miR21 Glioblastoma
(GBM)

[204]

37 NLC Glyceryl monostearate medium chain
triglycerides

Poloxamer 188 Microemulsion method TemozolomideCurcumin - C6 glioma cell line [205]

38 NLC Labrasol®
Lauroglycol 90
Kolliphor® HS15
ynasan®114

Four liquid lipids - Hot homogenisation technique Docetaxel - U87MG [107]

39 NLC Cetyl palmitate Soy
phospholipid Labrasol®
Transcutol® HP

Stearylamine Tween 80 High shear homogenization
followed by an ultrasonication

Atorvastatin Curcumin Hyaluronic acid conjugates that
contain the cRGDfK and H7k(R2)2
peptides, and folic acid

U87MG cells mice
bearing malignant
glioma

[108]

40 NLC Phosphatidyl choline glycerol
trioleate and Precirol ATO 5

Cholesterol oleate Polysorbate 80 Solvent evaporation technique Curcumin - RAW 264.7, b.
End3, Sprague-
Dawley rats and
ICR mice

[112]

41 LNC triglycerides: Labrafac® WL
1349

- Solutol lecithins Phase inversion microemulsion
process

Locked nucleic acid
(LNA)

L1 peptide U87 malignant
glioma (U87-MG)
cell line

[197]

42 LNC poly(e-caprolactone), sorbitan Monoestearate
grape seed oil

Polysorbate 80 Interfacial deposition Curcumin - U251MG cell
lineC6 gliomas

[198]

43 LNC Poly(ε-caprolactone) sorbitan
monostearate

Capric/caprylic
triglycerides

Polysorbate 80 Interfacial deposition Indomethacin - C6 and U138-MG
glioma cell lines

[199]
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accumulation within brain tumors compared to the free anti-miR-21
[204]. Researchers formulated TMZ and CUR co-loaded NLCs to
enhance the synergistic anticancer efficacy of combined drugs. These
researchers demonstrated that the co-loaded NLCs exhibit improved
inhibitory effects on glioma cells compared to single drug loaded NLCs,
and can accumulate in the brain and tumor sites effectively and achieve a
major synergistic anticancer effect in vivo [205]. A comparative study to
evaluate the effectiveness of lipid nanostructures (SLNs and NLCs)
against glioblastoma with polymeric nanoparticles (PNPs) was per-
formed, where nanoparticles were loaded with TMZ. In vitro and in vivo
studies emphasized that TMZ loaded-NLCs have the best antitumor ac-
tivity than other preparations with higher glioma inhibition over drug
loaded-PNPs [95]. Table 1 provides a detailed summary of SLNs and
NLCs targeting brain tumors.

5.3. Toxicity and biocompatibility

Since most of the components involved in SLNs and NLCs were
approved for use in pharmaceutical formulations, these lipid nano-
formulations are considered safe drug nanocarriers. Similar to other
nanoparticles, toxicity of SLNs and NLCs may arise from the used linkers
for targeting ligand attachment. In this regard, toxicity assessment of
SLNs and/or NLCs involves investigating all components making the
nanoparticles' backbone for their biological compatibility and safety
[211].

In vitro studies involving SLNs in prostate cancer cell lines showed
insignificant cytotoxicity with 90% cell viability of up to 3 mg/mL of
dispersions [212]. However, precautions must be taken when using sta-
bilizing or targeting agents such as cationic cetyltrimethylammonium
bromide (CTAB) or different types of surfactants in the preparation of
solid nanoparticles [213]. Within this context, CTAB-coated SLNs dis-
played decreased toxicity at concentrations up to 1 mg/mL with certain
risks that CTAB promotes the release of calcium from neutrophil and
induces their destruction [214, 215]. Intravenous injection of mice with
SLNs caused neuroinflammation and neurovascular injury due to incor-
poration of cationic ingredients into SLNs [214, 216]. Moreover,
CTAB-coated SLNs showed signs of oxidative stress activation in HepG2
liver cancer cells [217], which remarkably decreased with incorporation
of an antioxidant active constituents into SLNs formulation [218, 219].
Similarly, polysorbate 80 and poloxamer 188 surfactants displayed
acceptable biocompatibility and low toxicity as compared to cationic
surfactants [220]. Furthermore, NLCs made from a combination of
glycerol monostearate and polysorbate 80 exhibited a minor hemolytic
effect, even at lipid doses of 1 mg/mL [221]. Research findings indicated
that the major side effect of lipid-based nanoparticles is related to the
loaded chemotherapeutic agents and not the nanocarrier itself [211]. In
general, solid lipid nanoparticles are safe after oral, ocular, and dermal
administration [222, 223].

On the other hand, stability enhancement of SLNs and NLCs was
achieved by adding polyethylene glycol (PEG), which is appropriate to
eliminate inflammatory reaction [64, 215]. Physical instability of NLC in
terms of aggregation during storage is a major concern. In this respect,
two methods can be used to enhance physical stability of the NLC; water
elimination from the nanoparticle by freeze-drying and adding a pre-
servative to the formulation [70].

6. Conclusions and future perspectives

Brain cancer is one of the common types of human cancers, which is
known by being a fatal and non-curable disease with poor outcomes.
There are various brain tumor treatment options, including surgery, ra-
diation therapy, chemotherapy, and immunotherapy. However, these
therapies do not have a high survival rate due to drug resistance and the
high protection advantage by the blood brain barrier (BBB). BBB is
characterized by a very low permeability for biomolecules required to
regulate metabolism of the brain due to the presence of tight junctions,
15
efflux transporters, and low enzymatic activity. Although these proper-
ties protect the CNS from the bloodstream components, they also limit
most effective drugs reaching the CNS, thereby raising challenges of
finding drugs and drug delivery systems that can cross the BBB. Nano-
medicine can provide fertile grounds for the development of passive and
active drug delivery systems that can reach the brain. In nanomedicine,
different types of organic and inorganic nanoparticles such as lipid,
polymeric, micelles, and metallic nanoparticles could be used for diag-
nosis, and the delivery of anticancer agents to the brain. In this context,
lipid nanoparticles are the most successful drug delivery systems, and are
in clinical use due to properties including biocompatibility, biodegrad-
ability, low toxicity, and acceptable pharmacokinetics and pharmaco-
dynamics properties. Indeed, several studies provided proof-of-concept
for the ability of lipid nanocarriers to cross the BBB in vivo, thereby
confirming the important value of nanomedicine as a treatment strategy
for brain cancer.

Despite the potent applications of lipid nanocarriers to reach the brain
through crossing the BBB, the strategies and protocols require careful
optimization to reach an optimal therapeutic index. First, materials used
in formulating lipid nanoparticles should be selected based on the high
biocompatibility and low toxicity; thereby not harming normal tissues
and the integrity of BBB. Second, lipid nanocarriers should be stable for
enough time in the bloodstream to achieve the required task properly.
Third, functionalizing the surface of lipid nanoparticles to cross the BBB
and reach the brain should be investigated to limit accumulation of the
lipid nanoparticles in normal tissues and/or the BBB. Fourth, choosing
proper animal models is crucial in pre-clinical trials. In summary, a
quality-by-design (QbD) approach to investigate the efficacy of lipid and
any type of nanocarriers can address all-important requirements for
proper therapeutic outcomes.
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