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Abstract 

Background:  In recent years, the field of nanotechnology and nanomedicine has transformed the pharmaceutical 
industry with the development of novel drug delivery systems that overcome the shortcomings of traditional drug 
delivery systems. Nanostructured lipid carriers (NLCs), also known as the second-generation lipid nanocarriers, are one 
such efficient and targeted drug delivery system that has gained immense attention all across due to their myriad 
advantages and applications. Scientific advancements have revolutionized our health system, but still, brain diseases 
like brain tumour have remained formidable owing to poor prognosis and the challenging drug delivery to the brain 
tissue. In this review, we highlighted the application and potential of NLCs in brain-specific delivery of chemothera-
peutic agents.

Main body:  NLCs are lipid-based formulations with a solid matrix at room temperature and offer advantages like 
enhanced stability, low toxicity, increased shelf life, improved drug loading capacity, and biocompatibility over other 
conventional lipid-based nanocarriers such as nanoemulsions and solid lipid nanoparticles. This review meticulously 
articulates the structure, classification, components, and various methods of preparation exemplified with various 
research studies along with their advantages and disadvantages. The concept of drug loading and release has been 
discussed followed by a brief about stability and strategies to improve stability of NLCs. The review also summarizes 
various in vitro and in vivo research studies on NLCs encapsulated with cytotoxic drugs and their potential application 
in brain-specific drug delivery.

Conclusion:  NLCs are employed as an important carrier for the delivery of food, cosmetics, and medicines and 
recently have been used in brain targeting, cancer, and gene therapy. However, in this review, the applications and 
importance of NLCs in targeting brain tumour have been discussed in detail stating examples of various research 
studies conducted in recent years. In addition, to shed light on the promising role of NLCs, the current clinical status 
of NLCs has also been summarized.
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Background
A brain tumour is characterized by the development of 
an abnormal cellular mass in the brain tissue which can 
be malignant or non-malignant (benign) [1]. Benign 
tumours show slow growth and do not invade other tis-
sues, while malignant tumours have rapid growth and 
invade other tissues posing a greater challenge. Gliomas 
and glioblastoma multiforme are the most common types 
of malignant brain tumours, accounting for around 80% 
of the total malignant tumours [2]. Despite decades of 
study, brain tumours are still one of the most lethal can-
cers with a dismal prognosis and a high risk of recur-
rence [3]. The high rate of mortality can be attributed to 
the rapid progression, late detection due to the presence 
of common nonspecific symptoms like headache and lim-
ited availability of highly specialized equipment required 
for diagnosis, and limited therapeutic possibilities due to 
the intricate and complex brain structure. Regardless of 
the poor prognosis and high mortality of brain tumours, 
current treatment strategies offer only palliative care [4]. 
The existence of a blood–brain barrier (BBB) is one of the 
critical difficulties in treating brain tumours. The blood–
brain barrier is a protective and highly selective layer of 
endothelial cells that limits the entry of pathogenic organ-
isms and unwanted substances/molecules into the brain 
while allowing the supply of oxygen and other nutrients 
required for the proper functioning of the brain [5]. The 

BBB is highly selective and nearly impermeable and com-
prises various molecular components and transport sys-
tems that work together to form efflux mechanisms, or 
barriers, that prevent medicinal compounds from enter-
ing the brain [6]. The structure of BBB gets disrupted in 
the case of brain tumours and is known as the blood–
tumour barrier (BTB). Although BTB was reported to be 
leakier than BBB, it is still heterogeneously permeable to 
the medications, allowing only the passage of small-sized 
molecules to the brain [4]. Additionally, molecular efflux 
from the central nervous system (CNS) compartment to 
the blood is also mediated by several membrane trans-
porters like P-glycoprotein situated in the barrier [7]. 
Drugs with a molecular weight of fewer than 500 daltons 
and high lipophilicity can be delivered systemically and 
readily cross the BBB. However, because only 5% of medi-
cations fit these criteria, effective drug delivery systems 
are required to transport the remaining 95% of medica-
tions into the brain [8, 9]. The existing traditional drug 
delivery systems that release the drug into the systemic 
circulation fail to deliver it effectively to the brain. Even 
the effective anti-neoplastic medications like methotrex-
ate, paclitaxel, docetaxel, etc., belong to Biopharmaceu-
tical Classification Class-IV and are limited by minimal 
aqueous solubility, poor permeability across the lipoidal 
bilayer barrier, erratic absorption, and low bioavailability 
[10]. Therefore, there is a pressing need to develop and 
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design new approaches for treating brain diseases that 
specifically and effectively target the brain tissue.

In the search for a novel drug carrier that can cross 
the blood–brain barrier, researchers have formulated 
various drug delivery systems ranging from macro- to 
nanoscale. Some widely explored delivery systems are 
micro- and nanoemulsion, polymeric nanoparticles, 
liposomes, transferosomes, and lipid nanoparticles 
like solid lipid nanoparticles (SLNs) and nanostruc-
tured lipid carriers [11]. Although all of these have 
great applications and are widely used, all these systems 
have their shortcomings [12–14]. Thus, it becomes very 
challenging to develop a promising delivery system for 
various cytotoxic drugs and other therapeutic agents 
to deliver them into the brain. However, lipid nano-
particles owing to their several benefits like small size, 
high drug loading capacity, high surface-to-volume 
ratio, easy functionalization, and enhanced permeation 
across BBB have become a centre of attraction [15].

Main text
Nanostructured lipid carriers
Nanoparticles are a type of particulate system hav-
ing a size ranging from 10 to 1000  nm [16]. Solid lipid 
nanoparticles, the first-generation nanocarriers, were 
designed by Professor R.H. Müller and Professor M. 
Gasco in the early 1990s [17]. These are the simulation 
of oil in water nanoemulsions in which the internal oily 
phase is substituted by the solid fats to minimize the 
limitations associated with the conventional lipid-based 
formulations (Fig. 1) and has multitudinous benefits like 
avoiding the use of organic solvents during preparation, 
stability against hydrolysis of drug and comparatively 

stable during storage [18, 19]. However, SLNs as drug 
carriers were limited by drug expulsion on storage due 
to their rigid structure, unpredictable gelation tendency, 
particle growth, and unexpected polymeric transitions 
(triglycerides used for their fabrication undergo α (alpha), 
β (beta), and β′ (beta prime) crystal modification during 
their preparation and storage) [20–22].

To overcome the drawbacks associated with the solid 
lipid nanoparticles, nanostructured lipid carriers were 
developed. The solid lipids in the SLNs were replaced 
by the blend of liquid and solid lipids varying in a ratio 
of 70:30 up to a ratio of 99.9:0.1 [23]. Regardless of the 
presence of liquid lipids in a high proportion, the NLCs 
are solid at room temperature. The blend of solid and liq-
uid lipids gives rise to an unstructured matrix with more 
imperfections that holds a greater number of drug mol-
ecules than SLN and thus has high entrapment efficiency. 
The other advantages of NLC over SLN include low tox-
icity, drug protection, and reasonably more stability upon 
storage [24]. Due to the presence of less water content, 
NLC is less inclined to unexpected gelation which is a 
significant problem in the case of SLNs [25].

NLCs in brain targeting
BBB limits the delivery of drugs to brain, and hence, 
strategies to surpass this natural defence of our body are 
the key factor to deliver drug to brain tissues. The fol-
lowing qualities of NLCs make them a promising tool for 
brain targeting:

	(i)	 Small size The size in nano ranges enable the NLCs 
to easily transport and internalize through the 

Fig. 1  (i) Solid lipid nanoparticle; (ii) nanostructured lipid carrier
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microvasculature of brain via endocytosis/transcy-
tosis transport mechanism [26].

	(ii)	 Lipid solubility Almost all drugs for the brain pres-
ently in clinical practice are lipid-soluble small 
molecules. They can cross through lipid-mediated 
free diffusion across the BBB. It can be used to even 
coat/load a water-soluble drug and deliver to brain 
[27].

	(iii)	 Shielding labile drugs from degradation and 
improving bioavailability NLCs have shown to sig-
nificantly enhance the encapsulation efficiency for 
labile hydrophilic and hydrophobic drugs like cur-
cumin. It protects them from degradation in the 
body, improve their oral bioavailability, and release 
drug in a controlled manner [28].

	(iv)	 Potential to increase stability and penetration using 
polymeric coatings The NLCs are rapidly cleared 
by blood and the reticuloendothelial system (RES). 
This can be reduced with surface modified by par-
ticular hydrophilic polymers. Thus, the penetration 
and circulating half-life of drugs into BBB can be 
increased by coating SLNS with hydrophilic poly-
mers like poloxamer, polyethylene glycol (PEG), 
or amphipathic polymers with the hydrophilic 
part covering the surface and the lipophilic part 
inside the core. Increased penetration to BBB and 
enhanced drug delivery to the CNS were demon-
strated by a comparative study of SLNs and PEG-
modified SLNs loaded with antitumour drugs like 
camptothecin and doxorubicin [29].

	(v)	 Active targeting Active targeting involves modifica-
tion tools such as carriers like proteins/ligands or 
receptors to allow the carrier or receptor-mediated 

transport through the BBB. The ligand is chosen to 
bind to a receptor overexpressed by tumour cells 
or tumour vasculature and not expressed by nor-
mal cells. High drug retention in the tumour tissue 
along with a reduction in dose-related side effects 
are the main advantages [30].

	(vi)	 Passive targeting Abnormalities in tumour vessels 
lead to enhanced vascular permeability and leaky 
vasculature where the administered nanocarriers 
extravasate and get concentrated in the intersti-
tial space. This retention by passive phenomenon 
is termed as ‘Enhanced Permeability and Reten-
tion’ effect. This effect was shown by Tsai et al. by 
developing baicalein-loaded tocol NLC that dem-
onstrated enhanced and sustained brain delivery of 
baicalein [31].

	(vii)	Controlled release Unfortunately, the presence of 
active efflux transporters in BBB limits the thera-
peutic efficacy of drugs capable of entering the 
brain. To overcome this, a slow controlled release 
through NLCs can be used so as to achieve a steady 
drug concentration [27].

Classification of NLCs
Due to the polymeric transitions of triglycerides to a 
highly ordered β or β′ state, the drugs expel from the 
carrier upon storage as it abandons a little space for the 
active pharmaceutical ingredients. To eschew this prob-
lem, the vesicle must contain a controlled nanostruc-
ture that creates enough space to accommodate the 
drug molecules [32]. Based on where the drug is going 

Fig. 2  Different types of NLCs: (i) imperfect; (ii) multiple; and (iii) amorphous
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to incorporate, three different types of structure that can 
arise (Fig. 2) [33, 34]. These are:

NLC Type I, also known as the imperfect type
NLC Type II, also known as the multiple types
NLC Type III, also known as the amorphous type.

NLC type I  These are also known as imperfect crystal 
types due to their unstructured matrix. It is these imper-
fections that create ample space to integrate drugs and 
has high entrapment efficiency. In this case, the amount 
of liquid lipid used as compared to solid lipids is less. Solid 
lipids and the oils are mixed and blended to form an oil/
water (o/w) nanoemulsion that yields lipid particles upon 
cooling to room temperature [35, 36].

NLC type II  In type II NLCs, high concentrations of 
oils are used compared to solid lipids. As a result of high 
oil concentration during formulation, a miscibility gap 
occurs between the two lipids (solid lipid and oil). When 
these lipids are cooled, phase separation occurs due to 
the precipitation of small oily nano-compartments which 
are surrounded by the solid lipid matrix [36]. The type 
II NLCs are helpful in the controlled release of the drug 
from the matrix [18].

NLC type III  In type III NLCs, the central matrix is solid 
but in an amorphous state. The oils and solid lipids are 
blended in such a manner that the central core remains 
amorphous. This is done to avoid the crystallinity in the 
matrix to prevent the drug expulsion or to reduce the pro-
cess of drug leaking as crystallization often leads to drug 
expulsion [35, 36]. The special lipids like hydroxyocta-
cosanyl hydroxy stearate, isopropyl myristate, and dibutyl 
adipate are used to formulate the type III NLCs as these 
lipids do not undergo crystallization during the homog-
enization and cooling of the nanoemulsion [37].

Composition of nanostructured lipid nanocarriers
The composition and process parameters play an essen-
tial role in the regulation of particle size, drug entrap-
ment efficiency, and drug release profile. The researchers 
have cleverly exploited process parameters and composi-
tion to achieve desired effects [38]. To exemplify, it has 
been observed by Muchow et  al. that small-sized NLCs 
(200 nm) showed a higher area under curve values when 
compared to higher sized NLCs (600 nm) on oral admin-
istration in rats due to the higher mucoadhesion capabil-
ity of small-sized NLC in the body [39]. The degree of 
crystallization of various lipids used for the formulation 
also affects the drug entrapment and loading capacity 
[40].

A variety of lipids comprising both liquid and solid 
lipids and surfactants are used at a specific ratio for the 
preparation of NLCs. The materials chosen for the pro-
duction must be biocompatible, well-tolerated, non-
toxic, and biodegradable [18]. The lipid is the primary 
component responsible for the stability, drug loading 
capacity, and controlled release behaviour of the NLCs. A 
variety of lipids including fatty acids, waxes, and glycer-
ides are used to develop NLCs (Table 1) [41, 42].

Methods of preparation of NLCs
Generally, the formulation of NLCs involves the emul-
sification of the lipophilic phase consisting of a mixture 
of solid lipids and liquid lipids, with the aqueous phase 
having surfactant or emulsifiers [52]. The ratio of solid 
lipids to liquid lipids ranges from 70:30 to 99.9:0.1, and 
this highly dynamic system is stabilized by surfactant 
solutions whose concentration lies between 0.5 and 5% 
[53]. There are several methods used for the preparation 
of nanostructured lipid carriers. Some of these methods 
include:

High-pressure homogenization (HPH)
Solvent emulsification evaporation method
Solvent emulsification diffusion method

Table 1  List of excipients used in the preparation of NLCs

Excipient type Example References

Solid lipids Beeswax, Carnauba wax, Stearic acid, Cetyl palmitate, Glyceryl monostearate, Apifil®, Dynasan 112, 114, 116 
and 118, Precifac ATO, Glyceryl behenate, Hydroxyoctacosanyl hydroxystearate, Glyceryl palmitostearate, 
Tristearin, Cholesterol, Palmitic acid,Hydrogenated palm oil, Imwitor® 900 P, Geleol®

[43–47]

Liquid lipids Decyl Oleate, Miglyol® 812, Transcutol® HP, LabrafilLipofile® WL 1349, Labrafac® PG, Castor oil, Oleic acid, 
Davana oil, Palm oil, Olive oil, Isodecyloleate, Paraffin oil, Propylene glycol dicaprylocaprate, Linoleic acid, 
Decanoic acid, Argan oil, Coconut oil, 2-octyl dodecanol

[43–46, 48, 49]

Hydrophilic emulsifier Poloxamer 188 and 407, Tween 20, 40 and 80, Polyvinyl alcohol, Sodium deoxycholate, Sodium glycocholate, 
Sodium oleate, Polyglycerol methyl glucose distearate

[46, 50, 51]

Lipophilic emulsifiers Myverol® 18-04 K, Span 20, 40 and 60 [46, 50, 51]

Amphiphilic emulsifiers Egg lecithin, Soya lecithin, Phosphatidylcholines, Phosphatidylethanolamines [46, 50, 51]
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Solvent injection method
Microemulsion method
Double emulsion technique
Ultrasonication or high-speed homogenization
Phase inversion method
Membrane contractor technique
Supercritical fluid (SCF) method
Hot-melt extrusion (HME) technology

High‑pressure homogenization  It is one of the extensively 
used methods for the large-scale production of NLCs. In 
this method, the lipids are pushed through narrow pores 
under high pressure. The high shear stress on the lipids 
disrupts the lipids to submicron ranges [54]. Generally, 
the lipids are within the 5–10% range. High-pressure 
homogenization can be performed at both elevated tem-
peratures and below room temperature, known as hot 
high-pressure homogenization and cold high-pressure 
homogenization, respectively [55].

	(i)	 Hot HPH This method is appropriate for insoluble 
and hydrophobic drugs and thus is widely exploited 
for encapsulating the lipophilic drugs into NLCs 
[56]. The process begins with melting the solid 
lipids at a temperature of 5–10 °C above their melt-
ing point. To this, liquid lipids and the active phar-
maceutical ingredient (API) are added, and disper-
sion is made. This mixture is then dispersed in the 
aqueous solution of surfactant/emulsifier, which is 
previously heated at the same temperature with the 
help of high shear mixer to form a pre-emulsion. 
The pre-emulsion so formed is then introduced in 
piston gap homogenizer at controlled temperature 
and pressure. The nanoemulsion will be formed 
and cooled at room temperature to yield nanopar-
ticles [57–59].

	HPH offers several advantages, such as higher process-
ing temperatures resulting in smaller particle sizes 
due to the lipid phase’s reduced viscosity [60]. 
This method is suitable for both laboratory scale 
and large scale and has a low polydispersity index. 
However, this technique has some pitfalls too. 
This process may lead to the degradation of heat-
sensitive drugs [60]. As most of the surfactants 
have cloud points less than 85°C, this may cause a 
reduction in the emulsifying capacity of surfactants 
due to high temperature and hence imparts insta-
bility to NLCs [17]. More to above, it was reported 
that elevated temperature or increased number of 
the cycles during the process could lead to particle 
size growth owing to the high kinetic energy of the 
particles [61]. Another drawback of this approach 
is the drug’s penetration into the aqueous phase 

during the homogenization and the intricacy of the 
nanoemulsion crystallization stage [62].

	(ii)	 Cold HPH There are various disadvantages asso-
ciated with the hot HPH, and to vanquish those 
demerits, HPH can be carried at below room tem-
perature and is known as cold HPH. This technique 
involves the solidification of lipid melt along with 
the drug using liquid nitrogen or dry ice. The solid 
mass is then milled and grounded to microparticles 
(50–100 μm) and dispersed in a cold aqueous sur-
factant solution. This solution is then homogenized 
to yield nanoparticles [20, 56]. Although this pro-
cess reduces the thermal exposure, the nanoparti-
cles obtained are of variable sizes [63]. This tech-
nique may be utilized for loading both hydrophilic 
and lipophilic medicines into NLCs due to the low 
likelihood of drug diffusion into the aqueous phase 
[64].

Solvent emulsification evaporation method  This 
method can be employed for sizes ranging from 30 to 
100  nm depending upon the types of lipids and sur-
factants used [65]. In this process, the drug accompanying 
the lipids is added to organic solvent (water-immiscible) 
and emulsified with an aqueous solution of surfactant 
to form an o/w emulsion. The organic solvent is then 
removed by evaporation at low pressure that eventually 
forms NLCs due to lipid precipitation by aqueous media 
on evaporation of the organic solvent (Fig. 3A) [66]. This 
method is ideal for heat-sensitive medicines since it is 
devoid of thermal stresses. The most significant limita-
tion of this process is the usage of organic solvents, as 
sometimes residues of organic solvents remain in the 
final product, which may produce toxic effects after 
administration [56]. It was also reported that homog-
enization effectiveness gets reduced with an increase in 
the lipid concentration, resulting in highly dilute disper-
sions with very low lipid particle contents [64].

Solvent emulsification diffusion method  This method 
uses partly water-miscible solvents (such as ethanol, 
benzyl alcohol, tetrahydrofuran) as a means of dispers-
ing the lipids and the drugs [67]. This process begins 
with the mutual saturation of the solvent and water so 
as to maintain the thermodynamic equilibrium. After-
wards, API and lipids are added and emulsified to form 
an o/w emulsion. The emulsion is then diluted with 
water in a ratio varying from 1:5 to 1:10 to allow solvent 
diffusion into a continuous phase, thus precipitating 
the nanoparticles (Fig.  3B). The excess solvent can be 
removed by either lyophilization or ultrafiltration after 
the precipitation of NLCs [57, 67].
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Solvent injection method  This technique is also known 
as the solvent displacement method. It works on the 
principle of quick diffusion of solvent over lipids inter-
faced with an aqueous solvent. In this method, both the 
solid and liquid lipids are added to water-miscible sol-
vent (alcohols like ethanol, isopropyl alcohol) or a mix-
ture of water-miscible solvents and speedily injected 
into the surfactant solution with continuous stirring. 
As a result, the lipid nanoparticles get precipitated in 
the aqueous solution as the solvent migrates quickly 
through it [68].

This method is versatile and has a faster production 
rate, low shear stress, and high efficiency without using 
sophisticated equipment like a high-pressure homog-
enizer. However, particle size can be a concern with lipo-
philic solvents as more lipophilic solvents produce larger 
particles. The possibility of organic solvent residues can 
be another issue with this method [63, 69].

Microemulsion method  It is a popular method used for 
both polar and non-polar drugs. It involves the addition 
of melted lipids to an aqueous solution of the drug along 
with a surfactant and co-surfactant to form an emulsion, 
the nature of which depends upon the ratios of hydro-
philic and lipophilic phase used. The resulted emulsion 
is dispersed in chilled water in a ratio from 1:25 to 1:50 
under mild agitation, ultimately giving NLC dispersion 

(Fig. 4) [70–72]. Even though this method is simple, time-
saving and can be used for thermolabile substances, it 
is associated with various limitations like usage of large 
volumes of water for dilution and requires an appreciable 
quantity of surfactants for formulation [73, 74].

Double emulsion technique  This method is extensively 
employed for hydrophilic drugs as well as for thermosen-
sitive drugs [75]. In this approach, a hydrophilic drug in 
aqueous media is emulsified in lipid melt, with lipophilic 
surfactants to form w/o emulsion. The primary emulsion 
is then added to an aqueous solution of hydrophilic sol-
vent to form w/o/w emulsion (double emulsion); there-
upon, the NLCs are purified from the dispersion by sol-
vent evaporation and ultrafiltration [75, 76]. Although 
this method is simple, requires a modest energy input and 
there is no need for sophisticated instruments, it is only 
suitable for systems with a low lipid content [77].

Ultrasonication or  high‑speed homogenization  This 
method works on the principle of cavitation and is one of 
the least studied techniques. Firstly, the lipids are melted, 
and the active drug is added to them. This melt is added to 
the surfactant solution previously heated to the same tem-
perature, followed by emulsification using a high-speed 
stirrer. The obtained pre-emulsion is further ultrasoni-
cated with the help of a probe ultrasonicator. The disper-

Fig. 3  A Solvent emulsification evaporation method; B solvent emulsification diffusion method

Fig. 4  Microemulsion technique
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sion is cooled to get the lipid nanoparticles [78–80]. This 
technique saves both time and energy, but NLCs obtained 
from ultrasonication suffer from several shortcomings 
like contamination by metals, clumping of particles on 
storage, and low stability of NLCs [80–82].

Phase inversion temperature method  As the name sug-
gests, this technique is based on the principle of tem-
perature-induced phase inversion of an emulsion. In this 
process, non-ionic polyoxyethylated surfactants are used 
whose properties are dependent on the temperature. At 
low temperatures, the hydrophilic–lipophilic balance 
(HLB) value of these surfactants is high because of the 
hydration of the hydrophilic groups. But as the tempera-
ture increases, their HLB value starts to decrease because 
of the dehydration of the ethoxy groups. There is a point 
(temperature) where the surfactant molecule has an equal 
affinity towards both lipophilic and hydrophilic phases, 
and this temperature is known as phase inversion temper-
ature [83–85]. When the temperature is above the phase 
inversion temperature, w/o-type emulsion is formed and 
vice versa [86]. The lipids, oils, water, and surfactants are 
mixed and heated above the phase inversion temperature, 
followed by stirring using a magnetic stirrer to form a w/o 
emulsion. Subsequently, three cycles of heating and cool-
ing (85 °C–60°C–85 °C) are applied at a rate of 4 °C/min. 
This hot mixture is then diluted with cold water to allow 
phase inversion (from w/o emulsion to o/w emulsion) and 
leads to the formation of NLCs [86, 87]. This is a novel 
method offering the advantage of incorporating thermo-
labile drugs without using any organic solvent [88, 89].

Membrane contractor method  It is a relatively recent 
approach for the production of NLCs. The procedure 
involves heating the lipid phase to a temperature over 
its melting point in a pressured tank. The liquid is then 
passed down a tube and pushed against membrane pores, 
resulting in the production of tiny droplets. The aqueous 
phase sweeps away any droplets accumulating at the pore 
outputs as it circulates inside the membrane module. The 
dispersion so obtained is cooled to precipitate the NLCs. 
The particle size is determined by the temperature of the 
lipid and aqueous phases, the membrane aperture size, 
and the lipid phase pressure. The advantages of this tech-
nique include the ability to regulate particle size by vary-
ing the process parameters and the simplicity of scale-up 
[90, 91]. However, clogging of the membrane is the only 
problem with this procedure [92].

Supercritical fluid (SCF) method
A wide range of applications, such as extraction, green 
chemical reactions, and chromatography, have made use 
of supercritical fluids. Recently, this technology has been 

explored for the formation of micro- and nanoparticles. 
However, the use of supercritical fluid technology in par-
ticle production is still in its early stages of development.

A supercritical fluid is a liquid or gas that can coexist 
at temperatures and pressures above the critical tempera-
ture and critical pressure. It has characteristics that are 
distinct from those of gases or liquids under normal cir-
cumstances [93]. Supercritical carbon dioxide is one of 
the widely used SCFs owing to its abundance, inertness, 
non-flammable, and easily attainable critical conditions 
(Tc =  ~ 31 °C and Pc = 73.8 bar) [94]. Generally, the solid 
lipids are melted and added to SCF along with the drug 
and liquid lipids to solubilize them. Either a gas-saturated 
suspension or a solution is formed depending on the 
components’ solubility in the SCF. Afterwards, the result-
ant dispersion is atomized and is sprayed in an enclosed 
chamber, where the decompression and evaporation of 
the gas lead to the formation of nanostructured lipid car-
riers [95]. Chattopadhyay et al. employed a different tech-
nique (SCF extraction of emulsions) for preparing NLCs 
using SCF. The research group formed an o/w emulsion, 
which was added to the extraction column and extracted 
using supercritical carbon dioxide. There is a rapid and 
complete removal of the solvent, resulting in the pre-
cipitation of NLCs. In addition, it was reported that the 
NLCs formed had a uniform particle size [96].

SCF method offers numerous benefits, including the 
avoidance of organic solvents and the production of dry 
powder particles rather than suspensions. Also, as the 
density of SCFs fluctuates with pressure, a simple depres-
surization process with pressure adjustments may be 
used to separate and recover the solvent [97].

Hot‑melt extrusion (HME) technology
It is one of the most widely used processing techniques 
in the plastic industry. Earlier, the HME method was 
used for manufacturing tubes, plastic bags, and pipes. 
However, since the 1980s, there has been a rising inter-
est in the use of HME in the pharmaceutical industry 
and has now been used for manufacturing tablets, cap-
sules, implants, etc. [98]. This method involves pump-
ing the APIs and excipients with a heated rotating screw 
(extruder) at a higher pressure and is passed through a 
die to form uniform-sized nanoparticles. An emulsion is 
formed when the APIs and excipients are passed through 
an extruder, and afterwards, the size of the obtained 
emulsion is reduced by passing through the die [99, 100].

HME method has several advantages, such as no sol-
vents are used in this method; hence, there is no need for 
the drying process. Also, it is used for enhancing the sol-
ubility and bioavailability of hydrophobic drugs. Further-
more, it is a cost-effective method that involves a shorter 
manufacturing time, fewer stages, and continuous 



Page 9 of 31Garg et al. Future Journal of Pharmaceutical Sciences            (2022) 8:25 	

operation. HME is chosen over other fusion processes 
because the mixture’s residence time in the extruder is 
short, preventing deterioration of heat-sensitive compo-
nents [99, 101]. HME, on the other hand, is performed at 
high temperatures that cannot be used to formulate ther-
molabile compounds. HME requires excipients with high 
flow properties. Additionally, the equipment is relatively 
expensive, and the driving unit requires a significant 
amount of energy. However, the majority of these draw-
backs may be mitigated by adjusting process parameters 
appropriately [99, 101, 102] (Table 2).

Methods of drug loading in NLCs
Depending upon the position of the drug in the nanocar-
rier, there are three ways by which a drug can be encapsu-
lated in NLC. These three models of drug encapsulation 
are the homogeneous matrix model, drug-enriched shell 
model, and drug-enriched core model (Fig. 5).

Homogenous matrix model
This model is also known as the solid solution model. In 
this system, the drug molecules are homogeneously scat-
tered in the lipid matrix, in the form of either molecules 
or amorphous clusters [24]. This type of drug encapsula-
tion is seen when the cold homogenization technique is 
used without surfactants [178]. An example of this model 
is a betamethasone dipropionate-loaded NLC prepared 
by Hanna et al., which could release the drug inside the 
deeper layers of the skin [179].

Drug‑enriched shell model
In this type, the drug molecules are concentrated near 
the shell, while the lipid matrix is free from the drug. This 
type of drug encapsulation occurs when a phase sepa-
rates during the cooling of the solution and lipids precipi-
tate out, giving a drug-free lipid core. At the same time, 
the drug repartitions in liquid lipids, thus concentrating 
the drug molecules in the outer core [22, 180]. This type 
of NLCs shows burst release [24, 80]. Uprit et al. synthe-
sized NLCs encapsulated with minoxidil in which the 
drug is concentrated in the shell and showed an initial 
burst drug release followed by the sustained release of 
the drug [181].

Drug‑enriched core model
In this system, the drug molecules are condensed in the 
central core of the nanostructured lipid carriers. These 
nanoparticles exhibit prolonged release owing to the 
saturation solubility of API in lipids, and this release is 
governed by Fick’s first law of diffusion [178]. This system 
can be formulated when the drug precipitates before the 
lipid. One way of forming this type of structure is to liq-
uefy the drug in the lipid till its saturation solubility and 

form a nanoemulsion. When this emulsion is cooled, the 
drug becomes supersaturated in the lipid melt and pre-
cipitates the drug before the precipitation of lipids [180, 
182, 183].

Drug release from nanostructured lipid carriers
The drug release from the NLCs depends upon various 
factors such as partition coefficient of the drug mole-
cule, production temperature, type and concentration 
of the emulsifier used, and the production technique 
[45]. Besides these factors, polymer degradation and 
diffusion of the drug from the matrix are the signifi-
cant factors governing drug release from NLCs. This 
release can also be triggered by various impulses like 
increasing temperature or water evaporation of NLCs 
[184]. This property is well exploited in the treatment 
of various skin disorders like psoriasis and eczema. 
Cyclosporine lipid particles cream is used topically for 
the treatment of psoriasis. When the cream is rubbed 
against the skin, it increases the temperature and leads 
to the evaporation of water from the formulation, lead-
ing to better penetration of cyclosporine into the skin 
[185]. This triggered impulse converts the NLCs into 
ordered structures, thus expelling the drug from the 
matrix and initiating the desired burst release. The ini-
tial burst is due to the accumulation of the drug in the 
outer shell followed by a sustained drug release which 
is due to the drug entrapped in the lipid matrix. This 
biphasic release is helpful in diseases like cancer, where 
an initial burst release serves as the primary immedi-
ate dose followed by the sustained release of the drug 
at the tumour site [18, 186, 187]. Melatonin-loaded 
nanostructured lipid carriers prepared exhibit bipha-
sic drug release in vivo, showing a burst release in the 
first 2 hours accompanied by sustained release in 48 h 
in which 92% of the drug is released [188]. In the case 
where the nanoparticles are coated with polymers, 
the drug release is then governed by diffusion of drug 
across the polymeric membrane as the polymeric layer 
acts as a barrier for the drug [189, 190].

Apart from these, the drug release from NLCs also 
depends on the following factors:

	(i)	 Particle size The nanoparticles having smaller par-
ticle size exhibit faster release rates because of their 
greater surface area [63]. Additionally, in a study by 
Loo et al., it was reported that smaller-sized NLCs 
had greater physical stability than large-sized parti-
cles [191].

	(ii)	 Lipid matrix The type of lipid used for the pro-
duction of NLCs also affects the drug release rate 
as every lipid has its melting point and HLB value, 
which in turn affects the affinity of drug binding 
with lipid. Nanjwade et al. synthesized NLCs using 
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Table 2  Example of the various drug-loaded NLCs prepared by different research groups using different methods in the last 6 years 
(2016–2021)

S. No. Method of preparation Drug loaded Particle size (nm) References

1 Hot homogenization/hot homogenization–ultrasonica-
tion method

Simvastatin 125.4 ± 2.66 [103]

Ciprofloxacin 193.1 ± 5.1 [104]

Methotrexate 278 ± 10 [105]

Vitamin D3 77–2504 [106]

Docosahexaenoic acid 211 [107]

Epigallocatechin gallate 85 [108]

Cinnamon essential oil 99.98–119.4 [109]

L-ascorbic acid and Gold Tri.E 30 139.9–277.1 [110]

Zotepine 145.8 ± 2.5 [111]

Doxorubicin and β-elemene 190 [112]

Itraconazole 147.31 ± 1.43 [113]

Isotretinoin 154.1 [114]

Fentanyl citrate 90 [115, 116]

Econazole nitrate 134.8–182.73 [117]

Pyrazinamide 200–230 [118]

Progesterone 179 [119]

Melatonin 119 [120]

Dithranol < 300 [121]

Isoliquiritigenin 150.19–251.69 [122]

2 Cold homogenization method Ondansetron hydrochloride 206–280 [123]

Propranolol hydrochloride 385–880 [124]

Apremilast 758 [125]

Carvedilol 308.3–477.1 [126]

Spironolactone or progesterone 225.92 ± 0.41–447.80 ± 0.66 [127]

3 Solvent emulsification evaporation method Doxorubicin 134.0 ± 2.3 [128, 129]

Tacrolimus 400 ± 6.08 nm -1 ± 4.93 µm [130]

Salvia off. Extract 149.1 ± 7.25 [131]

Docetaxel 240.83 ± 3.44 [132, 133]

Vincristine suphate 187 ± 3.52 [134]

4 Solvent emulsification diffusion method Rivastigmine 201–458 [135]

Resveratrol 155.08 ± 3.28 [136]

Adefovir dipivoxil 240.2 ± 2.5 [137]

Cyproterone acetate 100, 300 and 600 [138]

Temozolomide 153.5 ± 1.9 [139]

Olanzapine 158.5 [140]

5 Solvent injection method Etoposide and curcumin 114 [141]

Temazepam 306.6 ± 49.6 [142]

Ondansetron hydrochloride 185.2 ± 1.9 [143]

Resveratrol 88.3 ± 3.1 [144]

Alendronate 186.1 ± 2.8 [145]

Rivastigmine 123.2 ± 2.3 [146]

Etoposide 82.16 ± 2.87 [147]
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Table 2  (continued)

S. No. Method of preparation Drug loaded Particle size (nm) References

6 Microemulsion/microemulsion–sonication method Aceclofenac 230 [148]

Olmesartan medoxomil 250 [149]

Voriconazole 250.2 ± 03.1 [150]

Triamcinolone acetonide 112.27–227.18 [151]

Miltefosine 143 ± 16 [152]

Curcumin 225.8 ± 2.3 [153]

Vorinostat 150 [154]

Mefenamic acid 160–310 [155]

Carvacrol 98.42 ± 0.80 [156]

Docetaxel 150–180 [157]

Piroxicam < 300 [158, 159]

Mometasone furoate 163.2 ± 0.522 [160]

7 Double emulsion–solvent evaporation/double emul-
sion–solvent diffusion method

Ceftriaxone 86 [161]

Ficus deltoidea extract 155.9 ± 7.11 [162]

5-fluorouracil 232.4 ± 2.20 and 228.0 ± 1.85 [163]

Epidermal growth factor and curcumin 331.8 [164]

Baclofen 127 ± 10 – 253 ± 5 [165]

Chloroquine phosphate 66.50 ± 1.21 [166]

8 Phase inversion temperature method Vitamin D3 15.69 ± 1.45 nm–58.16 ± 2.41 [167]

Metronidazole 276.1 ± 4.36 [168]

Idebenone and tocopheryl acetate 26.76 ± 0.33 [169]

Ferulic acid and Lavandula essential oil  < 150 [170]

Fluconazole 158.33 ± 2.55 [171]

Astrocaryummurumuru butter 33.4 ± 0.81–33.7 ± 1.15 [172]

9 Supercritical fluid method Trans-resveratrol 180–190 [173]

10 Hot-melt extrusion method Itraconazole 101.20 ± 1.69 [174]

Lidocaine < 50 [100]

Ginsenoside 150–200 [175]

Celecoxib 250.9 [176]

Peppermint essential oil 40–250 [177]

Fig. 5  Methods of drug loading in NLCs
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two different solid lipids (Precirol ATO 5 and Com-
pritol 888) and studied their effects on the formu-
lation and drug loading efficiency of NLCs. It was 
observed that NLCs in which Preciol ATO 5 was 
used as solid lipid had a smaller particle size with 
higher drug loading and entrapment efficiency 
[192]. Similarly, in another study by Teng et  al., 
NLCs fabricated using Precirol ATO 5 as solid lipid 
were found to be smaller in size and had higher 
entrapment efficiency than the NLCs prepared 
using glyceryl monostearate [193].

	(iii)	 Surfactant Surfactants affect the physicochemi-
cal properties of the lipid nanoparticles owing to 
the interactions between lipid and surfactant used. 
Surfactants reduce the surface tension between the 
interface of the particles, inducing particle portion-
ing and thus increasing surface area. The surfactant 
concentration highly influences the particle size 
of lipid nanoparticles. When a higher surfactant/
lipid ratio was selected, smaller particle sizes were 
observed in general. During storage, a decrease in 
surfactant concentration may result in an increase 
in particle size [194]. Mura et  al. investigated the 
effect of different surfactants (Pluronic F68, Tween 
80, and Gelucire) on the physical and chemical 
characteristics of NLCs. The results revealed that 
when Gelucire was used, NLCs formed were of the 
smallest size (< 100 nm) as compared to tween 80 
(> 500 nm) and Pluronic F68 (300–400 nm). When 
utilizing Gelucire in conjunction with either tween 
80 or pluronic, a further reduction in nanoparticle 
size was seen along with an increase in homogene-
ity [195].

	(iv)	 Drug loading The type by which a drug is loaded 
into NLC affects the drug release. Drug-enriched 
shell-type drug loading shows immediate release, 
while the drug-enriched core system shows sus-
tained release [196, 197].

	(v)	 Use of auxiliary ingredients The use of auxiliary 
ingredients during the formulation can impact the 
drug release profile of NLCs due to their interac-
tion with the active molecules. In case of an auxil-
iary ingredient and drug interactions to form a less 
water-soluble complex, the system will show only 
sustained release with almost zero burst release 
[190].

	(vi)	 Stirring time Stirring should be performed for an 
optimal time to form a smooth nanoemulsion as 
less stirring results in the formation of larger-sized 
particles [194].

	(vii)	Temperature The desired formulating temperature 
must be 5–10  °C above the melting point of solid 
lipids. The solid will not melt if the temperature is 

below the melting point, making it impossible to 
integrate the drug within NLCs. The lipid, on the 
other hand, will degrade if the temperature is high 
[194].

	(viii)	Preparation method The preparation method used 
for the fabrication of NLCs influences the particle 
size of the nanoparticles, which in turn affects the 
polydispersity index and zeta potential of the for-
mulation. When hot HPH is used, the aqueous sol-
ubility of the drug increases, and when the solution 
is cooled, the lipid phase undergoes repartitioning. 
At the recrystallization temperature, a solid core 
forms, and the crystallized core is no longer avail-
able for drug repartitioning; thus, the drug accu-
mulates in the shell or onto the surface of the nan-
oparticles, resulting in burst release. In contrast, 
NLCs prepared by cold HPH exhibit prolonged 
drug release due to the formation of core-enriched 
NLCs [63].

Stability of nanostructured lipid carriers
Although NLCs represent a perfect delivery system for 
both hydrophilic and hydrophobic drugs, they are still 
associated with some unresolved issues like an increase 
in particle size, drug expulsion from the matrix, greater 
lipid transitions and modification, aggregation due 
to incompatible lipids, and gelation of the dispersion 
upon long-term storage, all of which limit their market 
availability [198]. Measurement of the particle size (by 
dynamic light scattering, laser diffraction, photon corre-
lation spectroscopy), zeta potential, and thermal analy-
sis (by differential scanning calorimetry) are some of the 
ways used to determine the physical stability of the NLCs 
[199].

A major problem with SLNs is their aggregation on 
long-term storage. When highly concentrated NLC dis-
persions are stored, they interlink and form a pearl-like 
network, thereby fixing their position and restricting their 
movement, making it impossible for them to undergo 
collision and perikinetic flocculation. When these disper-
sions are administered, it will get diluted with body fluids 
like gastrointestinal fluid or plasma depending upon the 
route of administration and releases single non-aggre-
gated particles (Fig. 6). On the contrary, in less concen-
trated nanoparticle dispersion, particles collide with each 
other and aggregate [24, 200].

Strategies used for enhancing NLC stability
	(i)	 Lyophilisation It is one of the most efficient ways to 

amplify the stability of nanoparticles, especially of 
NLC loaded with hydrolysable drugs. This is mostly 
used to prevent Ostwald ripening and to avoid the 
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hydrolysis of moisture-sensitive drugs [201]. How-
ever, if the process of lyophilization is used without 
cryoprotectant, it would result in the aggregation 
of the lipid particles [201, 202]. Some of the com-
monly used cryoprotectants are polyhydroxy sug-
ars like sorbitol, glucose, mannitol, lactose, sucrose, 
mannose, and trehalose [202].

	(ii)	 Spray drying It is an alternative to lyophilization 
and cheaper also. The lipid nanoparticles are spray-
dried for improving their physical and chemical 
stability. The resultant powder can be stored for a 
long period of time or can be used to develop other 
formulations such as tablets or capsules [203]. Care 
must be taken before the spray drying of NLCs can 
be done only when the melting point of lipids is 
greater than the boiling point of the spraying liquid 
used to prevent the degradation of the lipids. Etha-
nol–water or polyvinylpyrrolidone–water mixture 
can be employed instead of pure water to minimize 
the melting of thermosensitive lipids [204].

	(iii)	 Addition of Poloxamers Poloxamer is a non-ionic 
triblock polymer that is made up of poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide) 
chains [205]. There are different grades of polox-
amers used as a stabilizing agent. These are widely 
used to enhance the stability of nanoparticle gels. 
Poloxamer 188 increases the mechanical stability of 
nanoparticles, while poloxamer 407 when comes in 
contact with organic solvents like ethanol and pro-
pylene glycol self-assembles into micellar cubic and 
hexagonal structures, and these structures are ther-
modynamically stable [206, 207].

	(iv)	 Addition of PEG Nanoparticles are coated with 
hydrophilic substances like PEG 4000 as it provides 
a gut of benefits like [206, 208]

•	Imparts good physical stability
•	Enhances colloidal stability in body fluids
•	Improves dispersibility of colloids
•	Expedites the transport of colloids across tissues
•	Reduces the modification of lipids as well as 

growth of NLCs
•	Increases blood circulation time
•	Aids in specific drug delivery and drug targeting 

by modifying the interactions of colloids with the 
mucosal membrane.

In vivo fate of NLCs
The understanding of the in vivo ADME (absorption, dis-
tribution, metabolism, and excretion) of NLCs is critical 
for ensuring their effectiveness, safety, and reliability. In 
fact, a thorough and systematic investigation of the phar-
macokinetic data can lead to [209]

•	 A greater grasp of the drug’s fundamental phar-
macokinetic characteristics, notably in the disease 
matrix of the target patient population.

•	 A greater knowledge of the potential interactions 
between NLCs and tissues.

•	 Evaluation of potential approaches to alter the ADME 
of nanoparticles in order to improve the drug’s safety 
and effectiveness.

Fig. 6  Stabilization effect in highly concentrated lipid particle dispersions (This figure has been adopted and modified from reference [24])
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Despite the significant progress made in the produc-
tion of NLCs, only a few studies have focused on the ulti-
mate fate of these lipid nanoparticles (LNPs) once they 
enter the body, and hence, there is a dire need for in vivo 
pharmacokinetics studies to pass the regulatory hurdles 
as well as for commercialization. The below section illu-
minates the in vivo fate of LNPs as found in the published 
literature.

The in vivo fate of LNPs depends upon a number of fac-
tors, the route of administration being the most impor-
tant. It was reported that LNPs have adhesive properties, 
allowing them to stick to the gut wall and release medi-
cines for direct absorption into the enterocytes [210]. 
This was confirmed by Beloqui et al. The authors studied 
the fate of spironolactone NLCs following oral adminis-
tration. To underline the exact absorption mechanism 
of prepared NLCs, the authors studied the biodistribu-
tion studies using 99mTc radiolabelled NLCs and reported 
that spironolactone NLCs adhered to the gut wall and 
were subsequently taken up by the epithelial cells pre-
sent in the small intestine [211]. In parallel, after oral 
administration, the LNPs boost the secretion of lipase 
or co-lipase in the duodenum. Lipases, which are found 
in numerous organs and tissues, are probably one of the 
most significant enzymes responsible for the breakdown 
of LNPs. Triglycerides, an integral component of NLCs, 
are broken down into diglycerides, which are further bro-
ken into monoglycerides and finally into the fatty acid 
micelles in the GIT (gastrointestinal tract) [212]. These 
formed micelles resolubilize the drug that is released 
during the breakdown of LNPs in the GIT. Addition-
ally, the bile salts combine with these micelles to form 
mixed micelles, that aid in the absorption of these col-
loidal particles by enterocytes, transporting the medicine 
into the cells. Together, these absorption mechanisms 
are referred to as the “Trojan Horse effect” [213]. Fol-
lowing their absorption, these micelles are converted to 
chylomicrons in the enterocytes by re-esterification via 
the monoacyl glycerol or phosphatidic acid pathways, fol-
lowed by phospholipid stabilization. Unfortunately, the 
penetration of the unstirred water layer and mucin into 
the GIT are the rate-limiting components. The generated 
chylomicrons are subsequently transported to the lym-
phatic system via mesenteric lymph and eventually reach 
the systemic circulation by lymphatic drainage through 
the thoracic duct [213]. Although lipolysis is considered 
as the principal mechanism governing the in vivo fate of 
LNPs, most lipolysis studies are based on in vitro mod-
els rather than in vivo models since identifying LNPs or 
lipolysates in the GIT is challenging [214]. Apart from 
the GIT, lipolysis can occur within the cells too, such as 
degradation of triglycerides of LNPs by lysosomal acid 
lipase following endocytosis [215]. The other mechanism 

regulating the fate of LNPs is the surface erosion due to 
hydrolysis or dissolution of the lipid matrix, particularly 
for fatty acid-based matrices that are not susceptible to 
lipolysis. The rate of erosion is normally gradual, and 
it decreases as the chain length of fatty acids increases. 
Consequently, the rate of medication release is usually 
slow. Several surfactants, like sodium dodecyl sulphate 
and bile salts, are employed to increase the rate of lipid 
matrix degradation, resulting in faster drug release. In 
general, surface erosion plays a little role in determining 
the fate of LNPs [216].

After the systemic injection of LNPs, protein corona 
comes into play, which starts to form a cover on the sur-
face of LNPs. This protein corona is composed of two lay-
ers: a soft corona and a hard corona. During the initial 
stage, the soft corona layer is composed of low-affinity 
proteins with a high relative abundance that are in con-
tinual interchange with the biological media and LNPs 
surface starts depositing. Afterwards, in the later stages, 
low-affinity proteins are gradually replaced with proteins 
with a lower relative abundance but a greater surface 
affinity, allowing them to stay near the surface for longer. 
The creation of the protein corona significantly alters the 
characteristics of nanosystems, influencing their size, 
shape, and ultimate surface composition, thereby trans-
forming them into a new biological identity. The inclu-
sion of complement system proteins, also known as 
opsonins, occurs during the development of the protein 
corona. The complement system, which is a component 
of the innate immune system, aids in the identification of 
LNPs by the mononuclear phagocytic system, resulting in 
their increased clearance and a decrease in their systemic 
residence duration [217]. Apart from increased uptake by 
RES, the protein corona also affects the LNPs in terms of 
their deactivation and degradation as well as their capa-
bility to traverse the BBB [218].

Intravenously injected LNPs have the same fate as non-
camouflaged particles, i.e. opsonin adsorption, RES rec-
ognition, and accumulation in RES organs such as the 
liver, spleen, lung, and kidney. The majority of LNPs that 
reach the liver are degraded and subsequently removed 
from circulation. PEGylation (coating of NLCs with PEG) 
prolongs circulation duration and prevents RES absorp-
tion, shifting LNPs to non-RES organs, including the 
brain [216]. Furthermore, PEGylation lowers transen-
dothelial electrical resistance of cells and enhances 
paracellular transport of NLCs [213]. In a recent study 
by Fang et  al., the authors reported that PEGylation of 
cysteine-functionalized docetaxel NLCs have doubled 
the circulation time of docetaxel (24  h) in comparison 
with the drug solution (12  h) as well as increased the 
drug plasma levels. The research team further reported 
that PEGylation inhibited opsonin from attaching to 
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intact NLCs in systemic circulation, thus preventing their 
macrophage uptake [219].

Applications of nanostructured lipid carriers in the drug 
delivery to the brain tumours
NLC has a surprisingly wide variety of applications and is 
an important carrier for the delivery of food, medicines, 
and cosmetics. NLCs are used to administer pharmaceu-
ticals through nasal, parenteral, ocular, pulmonary, topi-
cal, and transdermal routes. However, in this review, we 
are only focusing on the applications of NLCs in the tar-
geting and treatment of brain tumours.

Several factors such as complexity of the brain struc-
ture, insufficient knowledge of the pathophysiology of 
oncogenesis, lack of accurate biomarkers to keep a check 
on whether the drug reaches its intended location in 
the brain, inefficient technology, and a dearth of vali-
dated animal models for preclinical studies make brain 
tumours a lethal malignancy. This is further complicated 
by BBB and blood–cerebrospinal fluid barrier because of 
the restricted drug penetration in the CNS and efflux of 
transported drugs from the brain to the blood circula-
tion [220]. Several delivery mechanisms like disrupting 
the BBB, intracerebral delivery, use of prodrugs, carrier-
mediated transport, receptor-mediated transport, etc., 

have been reported in the literature for the drug delivery 
to the brain [221]. However, nanocarriers give a consider-
able edge to existing BBB penetration methods.

NLCs are the suitable carriers for drug delivery to 
brain tissues as they can enhance the drug permea-
tion through BBB by both active (through receptor and 
carrier transport) and passive diffusion (through para-
cellular and transcellular pathways). However, the tran-
scellular mediated transport was reported to deliver 
only a limited number of lipophilic drugs [222]. Several 
studies also revealed that nanostructured lipid carriers 
can cross the blood–brain barrier by opening the tight 
junctions present between them and by transcytosis of 
NLCs through the endothelium layer [222]. Further-
more, the transcellular transport of the drugs across the 
BBB can be enhanced by coating the surface of NLCs 
with surfactant or permeation enhancer, which helps in 
dissolving the lipids present in brain capillary endothe-
lial cells, thereby enhancing the drug delivery [222, 223]. 
Due to the easy functionalization of NLCs, their surface 
can be functionalized with peptides such as lactoferrin, 
transferrin, cell-penetrating peptides, and low-density 
lipoproteins, which aids the interaction between the 
lipid particles and receptors present at the blood–brain 
barrier, thus enhancing the drug penetration and trans-
port in the brain [224]. In order to attain the therapeutic 

Fig. 7  Physiological pathways through the BBB (The figure is reproduced from reference [225], an open access article under the terms of the 
Creative Commons Attribution License (http://​creat​iveco​mmons.​org/​licen​ses/​by/4.0)

http://creativecommons.org/licenses/by/4.0
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concentrations in the brain, the nanocarriers must be 
capable of regulating the efflux transporters along with 
the functionalization or coating of NLCs with specific 
polymers as the efflux mechanisms are the major road-
block in the drug delivery of cytotoxic drugs across BBB 
[222]. Figure 7 summarizes the various pathways through 
which the drug molecules can cross the BBB.

The intranasal route is another viable route recently 
explored for drug delivery to the brain. The significant 
advantage of this route is that the medication reaches 
directly the brain by circumventing the BBB through 
olfactory and trigeminal nerve pathways [226]. A high 
permeability, thin endothelium membrane, and high sur-
face area which allow the passage of both small and large 
molecules make the nasal cavity ideal for drug delivery to 
the brain [227]. Thus, there has been a great deal of inter-
est in nose-to-brain drug delivery. In addition, this route 
of drug administration is non-invasive, bypasses the first-
pass metabolism, and reduces the exposure of the drug 
to other organs, which in turn minimizes the adverse 
effects [228]. Moreover, the drugs and enzymes that are 
not stable in the gastric fluids and degraded can be easily 
delivered to the brain via the intranasal route. Compared 
to the oral route, the nasal cavity’s strong vascularization 
and neural network increase medication absorption and 
boost bioavailability in the brain [229]. All of the above-
stated advantages provoked researchers to further study 
this route of drug delivery. Many researchers have uti-
lized this pathway to deliver cytotoxic drugs across the 
BBB, which have been explained later.

In the following section, various research studies have 
been summarized in which the NLCs encapsulated with 
cytotoxic drugs have been used for drug delivery to the 
brain.

Curcumin, a well-known natural antioxidant and the 
anticancer compound obtained from Curcuma longa, is 
reported to exhibit its anti-proliferative effects by induc-
ing the apoptotic pathway and by inhibiting several cell 
signalling pathways such as transcription factors, growth 
factors, apoptotic proteins, proliferative proteins, pro-
tein kinases, genes, and receptors [230, 231]. Despite its 
excellent medicinal properties, the efficacy of curcumin 
is restricted by its low bioavailability owing to its low 
water solubility, instability at basic pH, fast metabolism, 
and erratic absorption from the GIT [232]. All these fac-
tors made drug delivery of curcumin to the brain a chal-
lenging task; however, Chen et al. loaded curcumin into 
NLCs (Cur-NLCs) by hot HPH method for the treat-
ment of brain cancer. The TEM studies had shown that 
Cur-NLCs had a mean particle size (MPS) of 214 nm and 
entrapment efficiency (EE) of 88.6%. In vitro cytotoxicity 
studies were performed on A172 cell lines (human brain 
cancer cell lines) using MTT assay. It was found that the 

inhibiting action of curcumin increases as the concen-
tration of the drug increases and the inhibitory effect 
was found to be maximum (90%) at the concentration 
of 80  mg/mL. Furthermore, the findings showed a sub-
stantial increase in cellular reactive oxygen species (ROS) 
levels (2.6 times greater than control) which decreased 
cell viability by triggering A172 cell death. The Cur-NLCs 
were found to release the drug in a time-dependent man-
ner, which is necessary for an effective anti-proliferative 
effect. The pharmacokinetics studies of Cur-NLCs were 
done in female mice having xenografts of human lung 
cancer. As per the findings, the half-life of curcumin 
was prolonged from 3.1 to 5.7  h, while the bioavailabil-
ity was increased by 6.4 times. Moreover, the tumour 
volume was reduced by 82.3% by Cur-NLCs in a short 
time span (19 days). The study suggested the potential of 
NLCs in brain tumour therapy [233]. Likewise, Madane 
and Mahajan developed curcumin-loaded NLCs for the 
intranasal delivery to the brain. They fabricated the NLCs 
by hot HPH method using Precirol ATO5 and Capmul 
MCM as solid lipid and liquid lipid, respectively, tween 
80 as a surfactant, soya lecithin as a stabilizer and man-
nitol as cryoprotectant. The MPS was reported to be 
146.8  nm, while EE was found to be 90.86%. Curcumin 
was released in two phases from the NLCs, with burst 
release at the beginning and sustained release afterwards. 
The permeation and histopathological investigations 
were done on sheep nasal mucosa and reported that the 
curcumin loaded lipid nanoparticles permeated swiftly 
from the nasal mucosa to the brain (around 76.71% in 
11  h) in contrast to the drug solution and exhibited no 
detrimental effects on the nasal mucosa, indicating that 
NLCs are relatively safe for intranasal drug delivery to 
the brain. MTT assay was used to assess the cytotoxic 
potential of Cur-NLCs on U373MG cell lines. NLCs were 
reported to possess higher antitumour efficacy than drug 
solution. This could be either due to the adherence of the 
nanoparticles onto the surface of tumour cells or their 
transportation into the cells, which releases the curcumin 
either near or inside the cancerous cells leading to a high 
local concentration of the drug and, thereby, high anti-
tumour efficacy. Further, in  vivo biodistribution inves-
tigations reported that curcumin delivery across BBB is 
significantly enhanced (Cmax = 86,201 ± 8182.1  ng/g at 
tmax of 2 h) by the use of lipid nanocarriers in contrast to 
the drug solution. This study explored a new non-inva-
sive route of drug delivery to the brain which might lead 
to new directions in treating gliomas and glioblastomas 
[234].

Artemisinin, although is a potent anti-malarial agent, 
has also shown anticancer potential in solid tumours 
in various studies [235]. Emami et  al. reported the syn-
thesis of artemisinin-loaded NLCs (Art-NLCs), which 
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were then functionalized with transferrin as a targeting 
ligand. The in  vitro studies were done on U87MG cell 
lines (a type of brain cancer cell line with overexpres-
sion of transferrin receptors) employing MTT assay. 
The prepared NLCs were coated with transferrin to 
guide the NLCs to the tumour, thereby enhancing the 
permeation of the drug across BBB. The MPS, EE, and 
mean release time (MRT) of Art-NLCs were found to be 
145 nm, 82.3% and 24 h, respectively. The in vitro cyto-
toxicity of transferrin-coated Art-NLCs was found to be 
significantly higher than Art-NLCs and artemisinin solu-
tion which is due to enhanced permeation of transferrin 
Art-NLCs across the brain through receptor-mediated 
transport. Furthermore, the aqueous solubility, site speci-
ficity, drug targeting, and permeation of the artemisinin 
were reported to be enhanced by encapsulating the drug 
into NLCs [236]. The same research group also have 
reported the synthesis of paclitaxel-loaded NLCs conju-
gated with transferrin by solvent evaporation technique. 
The pharmacokinetic attributes such as MPS, EE, and 
MRT of the formulation were observed to be 205.4 nm, 
91.8%, and 29.32  h, respectively. The drug release pat-
tern exhibited sustained release of the drug with around 
77% release within the 3  days of administration. MTT 
assay was used to assess the in vitro cytotoxicity of blank 
NLCs, paclitaxel-loaded NLCs, paclitaxel-loaded NLCs 
conjugated with transferrin and Anzatax® (a marketed 
formulation of paclitaxel) on U87 brain cancer cell lines. 
Even at very high-test doses, blank NLCs showed no sig-
nificant cytotoxicity on U87 cells. At concentrations less 
than 0.352 µM, no considerable differences were seen in 
the anti-proliferative activity of the marketed drug and 
transferrin-coated paclitaxel NLCs. However, when the 
concentration of paclitaxel in the NLCs was raised from 
0.352 to 1.17  µM, drug-loaded NLCs conjugated with 
transferrin were found to be more effective. Although the 
in vitro studies look promising, in vivo investigations are 
necessary to comment on the efficacy and effectiveness of 
paclitaxel-loaded NLCs [237].

Sharma and his team employed NLCs for the treat-
ment of meningeal leukaemia. They loaded cytarabine 
into lipid nanoparticles and further coated them with 
polysorbate 80 to enhance the drug permeation across 
BBB. Cytarabine, being highly hydrophilic, cannot cross 
the brain in the required concentrations; therefore, a 
very high dose is needed to treat meningeal leukaemia, 
which leads to severe side effects and cytotoxicity to nor-
mal cells. Therefore, a suitable carrier is needed which 
can enhance the transport of the drug across the BBB. In 
this study, the researchers formulated cytarabine-loaded 
NLCs using melt emulsification–ultrasonication and lyo-
philization, with an average size of 96.94 nm and an EE 
of 49.5%. In  vitro drug release was around 89.90% with 

15.8% release in the first hour showing an initial burst 
release followed by a slow sustained release for 3  days 
Furthermore, cell viability assay on EL4 cell lines showed 
higher activity of cytarabine NLCs with around 96–97% 
cytotoxicity at a concentration of 10 µM in 24 h. Also, no 
significant changes were reported after storing the for-
mulation for 3 months [238].

In this sequence, to determine the potential of lipid 
nanoparticles to target a cytotoxic medication across BBB 
via intranasal route, Khan et  al. synthesized a series of 
NLCs loaded with temozolomide by HPH method using 
Gelucire as solid lipid, vitamin E as liquid lipid, Transc-
utol and tween 80 in the ratio of 40:60 as surfactant and 
mannitol as cryoprotectant. The prepared nanoparticles 
were optimized using the Box–Behnken design. The opti-
mized NLCs have a size of 131.58 nm with a drug release 
efficiency of 81.4%. The in vitro drug release studies indi-
cate the prolonged release of temozolomide from the 
lipid nanoparticles over 24 h, whereas the temozolomide 
dispersion released 80% of the drug within the initial 
8 h. Also, the permeation of NLCs to the brain through 
the intranasal route was found to be twice more than 
the drug solution. Concurrently, an increased temozolo-
mide concentration was seen in the mouse brain in the 
case of drug-loaded NLCs administered via the intrana-
sal route compared to intravenous administration. In a 
nutshell, on encapsulating temozolomide into NLCs, the 
brain targeting efficiency rose to 457% if the nanoparti-
cles were given via the intranasal route [239]. Similarly, 
Qu et al. developed three different types of nanocarriers: 
polymeric nanoparticles, SLNs, and NLCs for the deliv-
ery of temozolomide to the brain. Solvent diffusion tech-
nique was used to develop temozolomide-loaded NLCs. 
U87 MG cells were used to test the drug’s cytotoxicity 
in  vitro, and its biodistribution and antitumour efficacy 
were evaluated in mice with malignant glioma. The par-
ticle size and EE of NLCs were reported to be 121.4 nm 
and 81.4%. Temozolomide-loaded NLCs exhibited a sus-
tained release pattern, and the drug was released over 
3 days. As per the cytotoxicity investigations, NLCs were 
found to be much more effective than the SLNs and 
polymeric nanoparticles. These results were confirmed 
by in  vivo studies. The tumour growth was significantly 
inhibited on the administration of drug-loaded NLCs. On 
the whole, it was observed that NLCs were more effec-
tive than other carriers in the treatment of brain tumours 
[240]. Likewise, Song et  al. used the solvent diffusion 
method to fabricate NLCs encapsulated with temozolo-
mide, which was later functionalized using arginine–gly-
cine–aspartic acid peptide (RGD). The prepared NLCs 
had an MPS of 118.3 nm and an EE of 84.7%. The RGD-
modified NLCs exhibited a controlled release as per the 
in vitro studies and showed complete release of the drug 
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after 24  h, while in the case of temozolomide-loaded 
NLCs, it was achieved in 36 h. In addition to this, higher 
cytotoxicity (10 times) was seen on U87MG cells in the 
case of RGD-functionalized NLCs compared to the aque-
ous solution of the drug. The in vivo investigation yielded 
similar findings, with RGD–temozolomide–NLC dem-
onstrating higher tumour inhibition (83.3%) [241]. These 
studies profess the potential of NLCs as a novel therapeu-
tic strategy for the treatment of gliomas.

Wu and his colleagues conducted another intriguing 
study to investigate the brain targeting effectiveness of 
NLCs. They formulated NLCs and SLNs loaded with two 
different drugs, temozolomide and vincristine, to assess 
their synergistic effect on glioma tumour cells and to 
compare the efficiency of SLNs and NLCs in delivering 
the drugs to the brain tissue. Both the carriers showed a 
similar EE of more than 85%, but NLCs had a smaller par-
ticle size (117.4 nm) in contrast to SLNs (180 nm). A sus-
tained drug release was observed in both formulations, 
taking around 48 h to release both the drugs completely 
from NLCs. On the other hand, vincristine and temozo-
lomide were almost completely released from SLNs after 
24 and 36 h, respectively. Overall, the tumour inhibition 
efficiency of NLCs was higher than SLNs at any concen-
tration. Further, NLCs carrying two drugs (vincristine 
and temozolomide) were reported to be 2.4 times more 
cytotoxic to U87MG tumour cells than temozolomide-
loaded NLCs. A similar set of outcomes was obtained 
during the in  vivo experiments. Over 80% of tumour 
development was reduced by temozolomide–vincristine 
NLCs, compared to 56% for SLNs and 70% for temozo-
lomide-loaded NLCs [242]. On a similar note, Chen and 
his group prepared NLCs encapsulated with green fluo-
rescence protein plasmid DNA and temozolomide using 
solvent diffusion technique. The prepared NLCs were 
179 nm in size with gene loading and EE of 91% and 83%, 
respectively. Temozolomide–DNA–NLCs were reported 
to have four times higher in vitro antitumour activity in 
contrast to the drug solution. The in vivo studies showed 
similar results where the NLCs resulted in substantial 
suppression of cell proliferation (3.3 times higher effi-
ciency than drug solution). According to the findings, 
temozolomide–DNA–NLCs significantly boosted brain 
targeting, anti-proliferative activity, and gene transfec-
tion efficacy without increasing toxicity [139]. Recently, 
Shirazi et  al. fabricated SN38-loaded NLCs using cetyl 
palmitate, oleic acid, and polyvinyl alcohol as starting 
materials. SN38, chemically known as 7-ethyl-10-hy-
droxycamptothecin, is a metabolite of the anticancer 
drug irinotecan and is USFDA-approved for colorectal 
cancer [243]. Although it is a highly effective drug, its 
clinical use is limited due to its low aqueous solubility. To 
improve its water solubility and bioavailability, SN38 was 

encapsulated into NLCs and assessed on U87MG cells 
to demonstrate its efficacy on glioblastoma multiforme. 
Around 80% of the drug was released from the NLCs as 
indicated by the ex vivo drug release study. The drug was 
released in three phases with a burst release for the first 
hour, releasing about 30% of the entrapped drug. Follow-
ing this, a slower and prolonged release was reported for 
up to 72  h in which 50% of the drug was released, and 
the remaining 10% of the drug was released constantly 
for up to 120 h. Regarding the cytotoxicity studies on the 
U87MG cell line, it was observed that at low concentra-
tion (0.01 µg/ml), SN38-loaded NLCs had no discernible 
cytotoxicity after 24  h of exposure. On the other hand, 
drug-loaded NLCs showed a substantial increase in cyto-
toxicity after 48 and 72  h and were found to be highly 
effective as compared to the free drug. This increase in 
cytotoxicity could be ascribed to the increased cellular 
uptake as visible in confocal microscopy [244].

Diet is an important part of living a healthy lifestyle. 
Natural components in our food, like flavonoids, can 
slow the growth of cancerous cells and prevent them 
from spreading further. Quercetin, a commonly found 
antioxidant in various fruits and vegetables, is reported 
to have an anticancer effect in addition to anti-inflamma-
tory and anti-allergic activity. The exact mechanism of its 
cytotoxic activity on brain tumours is not clear; however, 
it is proposed that quercetin alters the JAK2/STAT3 sig-
nalling, decreases MMP‐2 expression, and induces cell 
death [245]. The poor aqueous solubility limits its use, 
and to overcome this problem, Patil and Mahajan pre-
pared quercetin-loaded NLCs through the hot HPH tech-
nique. The nanoparticles had a mean size of 118.2  nm 
and an EE of 88.74%. A sustained drug release pattern 
was observed from NLCs encapsulated with quercetin. 
The findings from in  vitro nasal permeability showed 
that quercetin diffused at a higher pace from the NLCs 
via the nasal cavity to the brain than the quercetin solu-
tion. A total of 76.71 ± 1.97% of the drug diffused from 
the NLCs into nasal mucosa after 6 h of the administra-
tion, which was threefold more than the amount of the 
drug diffused from the drug solution (26.73 ± 3.60%). The 
lipid particles were found to be safe and did not show 
any adverse effects on the nasal mucosa. The formulation 
showed the cytotoxicity of U373MG cells at 40  μg/ml. 
The drug distribution studies on the sheep demonstrated 
that a high concentration of quercetin was achieved 
in the case of NLCs (93.63 ± 19.88  μg/g) as compared 
to drug dispersion (42.26 ± 99.04  μg/g) after 90  min of 
administration. On the whole, when quercetin-loaded 
NLCs were administered intranasally, the drug was deliv-
ered directly to the CNS by bypassing the BBB, resulting 
in higher drug concentrations in the brain and enhanced 
CNS availability [246]. Kumar and his team undertook 
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an amazing piece of work on nose-to-brain drug deliv-
ery. The group has reported the synthesis of resveratrol-
loaded NLCs and chitosan-coated NLCs having MPS 
of 317.7 nm and EE of 77.42%. Resveratrol is a naturally 
occurring antioxidant found in berries, grapes, nuts, and 
wines. Besides its powerful antioxidant activity, resvera-
trol has been discovered to possess antitumour potential 
[247]. The formulation manifested a dual drug release 
pattern with a burst release initially followed by slow 
release over the prolonged period. Moreover, when com-
pared to the uncoated formulation and drug solution, the 
chitosan-coated nanoparticles were reported with the 
highest cumulative permeation from sheep nasal mucosa 
possibly due to the interaction of chitosan with biologi-
cal membranes, leading to weakened intercellular tight 
junctions and enhanced intracellular permeability to the 
brain. Although the studies provided good results, fur-
ther in vivo and preclinical studies are required to com-
ment on their therapeutic potential [248]. Carbone and 
his group conducted similar research on antioxidants for 
glioblastoma cancer therapy. The team studied the anti-
proliferative effects of ferulic acid (FA)-loaded NLC on 
human glioblastoma cancer. The NLCs of different com-
positions were prepared by the phase inversion tempera-
ture method. The optimized NLC formulation (NLC O3) 
had the highest EE of 90.7% and showed slow prolonged 
release of the drug from the NLCs as compared to other 
formulations. In vitro cytotoxicity on U87MG cells using 
MTT assay showed that FA NLCs were most effective at 
a concentration of 36 µM [249]. This research work was 
carried forward by Grasso et al. and studied some cellu-
lar pathways responsible for the cytotoxic effect of FA-
NLCs on U87MG cells. The prepared NLCs were in the 
range of 150–200  nm size and had a high EE of 90.5%. 
Furthermore, the NLCs loaded with FA were determined 
to reduce the levels of ERK1/2 kinases, c-Myc, and Bcl-2 
proteins and studied its anti-proliferative effect. Indirect 
immunofluorescence was used to determine the influ-
ence of ferulic acid nanocarriers on the apoptotic cas-
cade by measuring caspase-3 and PARP-1 cleavage. An 
increase in the activity of caspase-3 was noted in the 
presence of FA-NLCs. Additionally, significant levels of 
cleaved PARP-1 were detected in the cytosol and nucleus 
in U87MG cells upon exposure to NLCs, and all of the 
cells displayed apoptotic characteristics. Following the 
pro-apoptotic effects reported in this investigation, FA-
NLCs appear to be an effective therapy for brain cancer 
[250]. In another study, Simão et  al. have reported the 
synthesis of NLCs loaded with hesperetin. Hesperetin 
belongs to the flavanone class and has hypoglycaemic, 
cholesterol-lowering, antioxidant, anti-inflammatory, 
and anti-proliferative actions. However, due to its poor 
aqueous solubility and degradation by GIT enzymes and 

microbial flora, NLCs were fabricated to enhance bio-
availability. The reported MPS and EE were below 80 nm 
and 72.7%, respectively. Moreover, the prepared lipid 
nanoparticles were found to be stable for a year at 25 °C. 
Using the dialysis bag diffusion method, in  vitro drug 
release pattern was studied, and it was discovered that 
the drug was released in a sustained manner from the 
NLCs without any initial burst release. The cytotoxicity 
of free hesperetin and hesperetin-loaded NLC was tested 
on the T98G glioblastoma cell line using MTT assay. 
Overall, the drug-loaded NLCs were found to be more 
cytotoxic than the free drug at all concentrations. At a 
concentration of 33.08 and 36.39 µM, hesperetin-loaded 
NLCs exhibited a highly cytotoxic effect on T986G cells, 
reducing the cell viability to around 12.5%. Such out-
comes stimulate future research into NLCs containing 
phytochemicals for their application in cancer treatment 
[251].

Various exciting studies that evaluated the possibility 
of NLCs as an effective carrier for delivering anticancer 
drugs to the brain are summarized in Table 3.

Clinical status of NLCs
The last two decades saw a slew of discoveries and innova-
tions that offered up previously unimaginable possibilities 
to clinicians. One such discovery of lipid nanoparticles in 
the early 1990s has transformed the currently available 
therapies and diagnostics. Since then, drug delivery using 
NLCs has seen steadfast growth. NLCs have been widely 
used in the pharmaceutical and biomedical fields over the 
last decade owing to their extraordinary properties such 
as high drug loading capacity, enhanced stability, ability 
to target specific tissue, versatile drug release, and easy 
functionalization. As a result, they can be used for diag-
nosis, treatment, and control of various diseases such as 
pain, infections, allergic reactions, cardiovascular dis-
eases, cancer, infections and more [257]. Despite the fact 
that NLCs have a lot of potential as drug carriers, pre-
clinical and clinical research is still lacking. As a result, 
there is a need to broaden the scope of their applications 
to encompass clinical trials in accordance with suitable 
ethical laws [258]. A serious concern regarding the safety 
and biocompatibility of the lipid nanoparticles demands 
more research to precisely assess the safety margins and 
to successfully bring these carriers into the market [18]. 
Although a number of patents concerning lipid nano-
particles have been registered in the previous years, cur-
rently only NLCs-based cosmetics are available for the 
public (summarized in Table 4) [34, 259–262].

Future concerns and perspectives
There has been a steadfast growth in the study and 
development of NLCs and their heap of biomedical 
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applications, particularly in targeting and treating sev-
eral neurological disorders. NLCs have been considered 
as a smart drug delivery cargo and offer a multitudinous 
advantage such as high drug loading capacity, entrap-
ment of both lipophilic and hydrophilic drugs, burst 
as well as prolonged drug release, physical and chemi-
cal stability, and enhanced permeation across the BBB. 
Even though NLCs made significant progress in the field 
of therapeutics and diagnostics, they are not still suc-
cessful in making their way to preclinical and clinical 
studies. This might be due to a lack of rigorous investiga-
tion on the safety profile of NLCs as drug transporters. 
For example, because of its cytotoxic effects on normal 
cells, there is a need to further improve its therapeutic 
usage as an anticancer drug by more research on nor-
mal cells and animal models. Furthermore, additional 
research into the absorption, distribution, metabolism, 
and excretion of NLCs will help to confirm their prom-
ising properties. Besides, the potential of NLCs must be 
thoroughly explored at both the preclinical and clinical 

levels in order to land these carriers in the pharmaceuti-
cal market.

Conclusions
Nanostructured lipid carriers have proved to be a prom-
ising drug delivery vehicle for enhancing the drug per-
meation and transportation across the BBB. Having the 
benefits of other nanocarriers like liposomes, SLNs and 
by circumventing some of their drawbacks, NLCs have 
become a centre of attraction for scientists. NLCs as drug 
carriers offer a high drug loading capacity for drug distri-
bution through a variety of routes, including parenteral, 
nasal, topical, ophthalmic, and pulmonary routes, while 
improving the physical and chemical stability of the med-
ications, providing versatile release regulation, shielding 
them from degradation, and provide improved biophar-
maceutical attributes. Because of their many advantages 
over first-generation systems, future NLC formulations 
have the potential to boost the lipid carrier system’s pros-
perity. In this review, an outlook of the various research 

Table 4  Various marketed formulations of NLCs

Manufacturer Product name Route of 
administration

Dr. Rimpler Cutanova Cream Nano Repair Q10 Dermal

Intensive Serum Nano Repair Q10

Cutanova Cream Nano Vital Q10

AmorePacific IOPE Super Vital Cream Dermal

IOPE Super Vital Serum

IOPE Super Vital Extra moist softener

IOPE Super Vital Extra moist emulsion

IOPE Super Vital Eye cream

Beate Johnen NLC deep effect eye serum Dermal

NLC deep effect repair cream

NLC deep effect reconstruction cream

NLC deep effect reconstruction serum

Chemisches Laboratorium (Dr. Richter) Nano Lipid Restore CLR Dermal

Nano Lipid Q10 CLR

Nano Lipid Basic CLR

Nano Lipid Repair CLR

Dr. Theiss Olivenöl Anti Falten Pflegekonzentrat Dermal

Olivenöl Augenpflegebalsam

Isabelle Lancray Surmer Crème Legère Nano-Protection Dermal

Surmer Crème Riche Nano-Restructurante

Surmer Elixir du Beauté Nano-Vitalisant

Surmer Masque Crème Nano-Hydratant

Surmer Crème Contour Des Yeux Nano-Remodelante

Kemin Industries FloraGlo Oral

La Prairie Swiss Cellular White Illuminating Eye Essence Dermal

Swiss Cellular White Intensive Ampoules

Scholl Regenerations Creme Intensiv Dermal
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studies of drug-loaded NLCs in the treatment of brain 
tumours has been briefly discussed, indicating their val-
uable use in the field of therapeutics and theranostics. 
Indeed, many in vitro and in vivo studies have shown that 
NLCs could optimize the administration of anti-neoplas-
tic drugs across the BBB, leading to enhanced safety pro-
files, effectiveness, and pharmacokinetic characteristics.
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