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Nanostructured lipid carriers (NLCs) as drug delivery platform: Advances in
formulation and delivery strategies

Abstract

NLCs have provoked the incessant impulsion for the development of safe and valuable drug
delivery systems owing to their exceptional physicochemical and then biocompatible
characteristics. Throughout the earlier period, a lot of studies recounting NLCs based formulations
have been noticeably increased. They are binary system which contains both solid and liquid lipids
aiming to produce less ordered lipidic core. Their constituents particularly influence the
physicochemical properties and effectiveness of the final product. NLCs can be fabricated by
different techniques which are classified according to consumed energy. More utilization NLCs is
essential due to overcome barriers surrounded by the technological procedure of lipid-based
nanocarriers’ formulation and increased information of the core mechanisms of their transport via
various routes of administration. They can be used in different applications and by different routes
such as oral, cutaneous, ocular and pulmonary. This review article seeks to present an overview on
the existing situation of the art of NLCs for future clinics through exposition of their applications
which shall foster their lucid use. The reported records evidently demonstrate the promise of NLCs

for innovate therapeutic applications in the future.
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1. Introduction

Nanoparticulate systems present potential platform for drug therapy that can improve its
performance and rise above its limitations. Among the different investigated nano-systems, lipid
nanoparticles keep immense promise in the area of drug delivery. Historically, Miiller and Gasco
around 1990s were firstly developed and nominated solid lipid nanoparticles (SLN) for the sake of
avoiding organic solvents involved in preparation of polymeric nanoparticles (H. Muller, Shegokar,
and M. Keck 2011). SLN became one of the most emerging systems as it provided better stability
than liposomes (previously developed), solidified at body temperature which controlled drug release
and deprived from toxic effects associated with organic solvent involvement (Teeranachaideekul,
Miiller, and Junyaprasert 2007). As its lipid content represented only by solid lipid, low drug
payload is the major challenge for applicability owing to internal rearrangement of crystal lattice
and then drug expulsion. In order to increase drug loading, the second generation lipid
nanoparticles; nanostructured lipid carriers (NLCs) was developed. NLCs are binary system which
contains both solid and liquid lipids which in turn produced less ordered lipidic core (Muller,
Radtke, and Wissing 2004)(Radtke, Souto, and Miiller 2005). This imperfection of internal
arrangement aids more drug accommodation. So, NLCs overweigh SLN (Figure 1) as the former
can encapsulate higher drug amounts, contains lower water content and improves drug entrapment
with minimized leakage during storage(Mehnert and Mader 2012). They also since then, researchers
paid attention to NLCs and discovered different applications.

In this review paper, we have tried to present an inclusive elucidation of the following
features: a) a concise overview of NLCs' components and their integration to technological aspects
of the formulations; b) the current art in development of NLCs together with their different
categories; ¢) major applications and current challenges for the development of NLCs as delivery

systems by different routes of administration.



Components and formulation attributes

Basically and like emulsions, NLCs are composed lipid phase, aqueous phase and
surfactant(s). However, selection of the components and their ratios can particularly influence the
final behavior of the developed formulation. Regarding lipid phase, it consists of an imperfect solid
lipid matrix prepared by mixing solid and liquid lipids. There are various types of lipids that had
been used in formulations of NLCs (Table 1) such as triglycerides, partial glycerides, fatty acids,
steroids and waxes. Oils (liquid lipids) and fats contain mixtures of mono-, di- and triglycerides of
fatty acids of different chain length and degree of unsaturation (Hauss 2007)(Souto and Miiller
2010). In general, the selection of lipid relies on physiological tolerance, physiochemical structure,
drug solubility and solid lipid/liquid lipid miscibility. Firstly, the lipids should be categorized as
Generally Recognized As Safe (GRAS) which could not produce significant toxic effects in the
concentration used. Secondly, physicochemical structure will determine the state of lipid at room
temperature. Thirdly, before fabrication of NLCs, solubility of active drug in lipid should be
essentially determined. If the drug is not preferentially solubilized in lipid core, it will attach to
particles' surface or incorporate into micelles in the aqueous phase and hence the drug entrapment
and loading will be very low. Fourthly, the compatibility between solid lipid and liquid is not
admitted which in turn requires miscibility study by checking the macroscopic lipid phase
homogeneity/separation below melting point of fat. Molten lipid phase should consist single phase
(Doktorovova et al. 2010). It was reported that Miglyol was incompatible with Suppocire A, Geleol,
cacao butter and Witepsol E75 (M. Elmowafy et al. 2016). It is preferred to blend solid lipids and
liquid lipids in a ratio of 70:30 up to a ratio of 99.9:0.1 (Ana Beloqui, Solinis, et al. 2016). However
and depending on the formulation attributes, the ratio may vary. For example, liquid lipid
percentage increases in case of multiple emulsion NLC (Khosa, Reddi, and Saha 2018). Also higher

encapsulation efficiencies with higher oil percentages have been recently reported by Elmowafy and



coworkers in case of the drug is very soluble in oil as higher oil percentages created sufficient
spaces for accommodation of lipophilic drugs in lipid matrix (Mohammed Elmowafy et al. 2019).
In addition, faster drug release was observed with higher liquid lipid content by Fathi and
coworkers (Fathi et al. 2018). Long chain fatty acids and long chain triglycerides were reported to
produce larger particle size when compared to medium chain fatty acids and medium chain
triglycerides (Pokharkar, Patil-Gadhe, and Kaur 2018). The authors attributed the effect of chain
length on particle size to increased mobility of internal lipid and fluidity of surfactant layer.
Feasibility to combine different lipids made the NLC a facile system to attain the desired
characteristics. On the other hand, long chain lipid based NLCs were reported to be absorbed via
intestinal lymphatic system with enhanced bioavailability and prolonged half-life (Shete et al.
2013). Incorporation of combined fatty materials in lipid matrix also influenced the system pattern.
Controlled release behavior of progesterone was observed by incorporation of fatty alcohol in lipid
matrix of NLCs (M. Elmowafy et al. 2018). Specifically, chain length of saturated fatty alcohols
particularly influenced econazole nitrate flux and permeability through porcine skin. The higher the
chain length, the higher flux values (Sanna, Caria, and Mariani 2010). The authors attributed that
behavior to stronger interaction between solid lipid (precirol) and longer chain fatty alcohol which
led to greater disorder of the densely packed lipids in the extracellular spaces of stratum corneum
when compared to shorter chains fatty alcohols. On contrary to this study, shorter chain fatty
alcohols (Cyp and C;;) were reported to be more effective as skin penetration enhancers of
theophilline in non-nanoparticles' system (Sloan et al. 1998). In addition, bees wax was reported to
improve in vitro release of carbamazepine due to higher degradation rate (Mohammed Elmowafy et
al. 2018). Shifting towards natural lipids was also exploited as safe alternative to synthetic lipids.
Ribeiro and coworkers developed lidocaine loaded NLCs with pure natural lipids (copaiba oil,
sesame oil and sweet almond oil as liquid lipids and beeswax, shea butter and cacao butter as solid

lipids). Authors demonstrated excellent biocompatibility in term of cellular viability and improved



in vivo performance in terms of heart rate of zebra fish larvae and blockage of sciatic nerve in mice
(Ribeiro et al. 2017).

Regarding surfactant, NLCs may be stabilized by single surfactant or combination of more
than one surfactant with content ranging from 1.5% to 5% (w/v). However, surfactant type and
concentration play important role in designing NLCs. NLCs are stabilized by different types of
surfactant which are efficiently adsorbed onto particles' surfaces reducing the interfacial tension.
Mostly, a mixture of (hydrophilic and lipophilic) surfactants is used for the preparation instead of
sole surfactant, as the blend improved physical stability and functional properties of the developed
system (Hasenhuettl 2008). In some cases, a combination of surfactants and biopolymers had been
used (Zheng et al. 2013). Recently, Kanwar and coworkers have formulated biosurfactant
(sophorolipids; microbial glycolipid) stabilized NLCs aiming to develop biocompatible drug
delivery system. The concentration of the surfactant particularly influences the particle size of
NLCs. Generally, the higher the surfactant concentration, the smaller the particle sizes. The most
widely used surfactants in the literature are Poloxamer 188 (Liu et al. 2012)-(Han et al. 2008),
Tween 80 (Sharma et al. 2016):(Pradhan et al. 2015)and lecithin (S. Khan et al. 2016)/(Zhang et al.

2011).

Methods of preparation and classes of NLCs

There are methods used for production of NLCs. Based on the energy required, methods can

be categorized into three types (Figure 2).

1- High energy required methods:

There are many techniques used for production of NLCs and required high energy input
such as high pressure homogenization (HPH), high shear homogenization/sonication, supercritical
fluids and microwave based. In this review, I will focus on HPH and high shear
homogenization/sonication as they are the most widely used techniques.
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a- High pressure homogenization

This method is considered as one of the most preferred methods because no solvents are added
during the preparation. It has been considered as a consistent and powerful technique for the large-
scale production of NLCs(Das and Chaudhury 2011) as it produces highly stable particles and
require no organic solvent addition(Fang et al. 2008).

Hot homogenization: During this method, the drug is added to the molten lipid mixture which

dispersed in heated aqueous solution of surfactant using high speed stirring. Finally, the pre-
emulsion is further homogenized by high pressure homogenizer. NLCs are formed once the
obtained nanoemulsions recrystallize at room temperature. The drawbacks of this method include
heat degradation of thermolabile actives, reduction of emulsification power of some surfactants at
higher temperatures and low drug encapsulation efficiencies as it may be partitioned in both lipid
and aqueous surfactant solution at high temperature which promotes drug escaping into aqueous
phase (Uner 2006).
Cold homogenization: In this method, the molten lipid mixture with the drug is solidified by rapid
cooling under the effect of liquid nitrogen or dry ice. Subsequently, it is micronized and dispersed
in a cold aqueous surfactant solution. The obtained dispersion is finally processed by high pressure
homogenizer is applied. This technique can relatively overcome the drawbacks of hot methods such
as avoiding heating of drugs and surfactants. Additionally, desired crystal structure can be obtained
by controlling the crystallization process. On the other hand, the produced particles may exhibit
higher particle sizes and heterogeneity when compared with hot homogenization method (del Pozo-
Rodriguez et al. 2009).

b- High shear homogenization/sonication
In this method, lipophilic drug is dissolved or dispersed in molten solid lipid/liquid lipid mixture.
The temperature used should be 10 °C above the melting point of solid lipid to make difficult to

recrystallize. The aqueous surfactant solution of the same temperature is poured to lipid phase and



pre-microemulsion is formed under the effect of high speed stirrer. The pre-emulsion is further
homogenized using high shear homogenizers followed by probe sonicator treatment.

2-  Low energy required methods:

a- Microemulsion

Microemulsion is prepared by similar procedure of high shear homogenization/sonication
technique. Then the hot microemulsion is added to cold water to form nanoemulsion, which then
recrystallizes to form NLC.

b- Double emulsion

In this method the prepared microemulsion is added to cold water (2-10 °C) which facilliate
precipitation of uniformly distributed NLCs particles.

c- Phase inversion

In this method the whole components' mixture are exposed to three heating and cooling cycles.
After that, the hot mixture is shocked by dilution with cold water and NLCs are formed by phase
inversion.

d- Membrane contractor

Small lipid droplets are obtained by pressing the molten lipid against porous membrane.
Concurrently, they are circulated inside the membrane module and sweeps away from the pore.

NLCs are formed after cooling at room temperature.

3- Very low or no energy required methods:

a- Emulsification solvent evaporation

In this technique, active substance as well as lipids is dissolved in water immiscible solvent. The
resultant solution is then emulsified with aqueous surfactant solution. Subsequently, the solvent is
evaporated under continuous stirring resulting in NLCs formation. As there is no heat involved, this

method is suitable for heat sensitive actives. The main disadvantages of this technique is solvent



residue associated toxicity and diluted particles of NLCs due to inadequate solubility of the lipids in
the solvents used (Shahgaldian et al. 2003).

b- Emulsification solvent diffusion

In this method, active substance and lipids are dissolved in organic solvent which is saturated
with water for thermodynamic equilibrium. The resultant momentary o/w emulsion is distributed
into water under stirring until solidification of the dispersed phase.

c- Solvent injection

In this method, active substance and lipids are dissolved in organic solvent and injected in with
aqueous surfactant solution.

Types of the developed NLCs

According to the lipidic structure of prepared NLCs, there are three categories of NLCs

based on the composition of lipid mixture and the method used for their preparations (Figure 3).

a- Imperfect type

In this type, imperfection of the lipid matrix is obtained by using lipids which are different in
their chemical characters such as carbon chain length and saturation degree. Mixing of such lipids
creates crystal lattice disorder and crystallization is altered. Consequently, the lipid matrix can
accommodate more drug amounts (Rainer H Miiller, Radtke, and Wissing 2002) and it will be less

likely to be expelled during storage than in case of using single lipid.



b- Amorphous type

In this type, obtaining structureless solid amorphous matrix leads to high drug payload as the
lipid matrix will crystallize in less ordered amorphous state. Using medium chain triglycerides,
hydroxyoctacosanylhydroxystearate, or isopropylmyristate with solid lipid can produce such
pattern. Nuclear magnetic resonance (NMR) and differential scanning calorimetry confirm lipid

solid state and transition temperature respectively.

c- Multiple type

In this type, the solid lipid matrix includes several nanosized liquid oil in which the drug is
highly dissolved. As a result, the drug encapsulation is increased. In addition the drug is released in
controlled release behavior and the drug leakage is less pronounced (Battaglia and Gallarate 2012)

(stability factor) as the tiny oil droplets are bounded by solid lipid matrix.

Applications of NLCs

1- Oral application:

As oral route of administration is the most favored route owing to its painlessness, accurate
dosing, ease of administration and patient compliance, I will begin with application of NLCs in oral
route.

a- Enhancement of oral bioavailability

According to the US Food and Drug Administration (FDA), bioavailability can be defined as
the rate (how fast the active ingredient goes into the general circulation) and extent (how much of
the supposed strength get to the general circulation) to which the active ingredient or active moiety
is absorbed from a drug product and becomes available at the site of action (Food 2014). Poor
bioavailability is remaining an issue of orally administered drugs. However, it is mainly ascribed to
either physiologically associated issues such as extensive first pass effect, enterocytes' efflux

transportation, instability of the dug moiety in gastric fluids, fast gastric emptying and restriction by



the intestinal barrier or physicochemically/formulatory associated issues such as poor solubility,

improper drug partition coefficient and high molecular size of the drug. Interestingly, smart

structure of NLCs can overcome most of mentioned poor bioavailability causing factors. However,

there are many mechanisms in the literatures were reported for enhancing oral bioavailability

(Figure 4) which will be summarized as follows:

As low drug solubility represents one of the hurdles that roots low bioavailability,
improving drug solubility is considered as one mechanism for enhancing bioavailability
especially for class II (such as raloxifene (Shah et al. 2016), resveratrol (Neves et al. 2013),
lovastatin (C.-C. Chen et al. 2010):(J. Zhou and Zhou 2015), spironolactone (Ana Beloqui,
Solinis, et al. 2014) and vinpocetine (Zhuang et al. 2010) and class IV (such as saquinavir
(Ana Beloqui, Solinis, et al. 2013) and etoposide (Zhang et al. 2011)) drugs.

Owing to the fatty nature of NLCs, they are digested by lipase and co-lipase into micelles
(consisting of drug and lipis monoglycerides) which stimulate bile flow to form mixed
micelles. Mixed micelles are absorbed by chylomicron formation into lymphatic vessels
avoiding first pass effect and hence increase the carrier transport across the unstirred layer,
presented between the bulk fluid and brush border membrane of enterocytes, enhancing
drug absorption (X. Zhou et al. 2015). As the drug is incorporated of in the chylomicron, it
will be absorbed alongside by fat absorption process (Trojan horse effect (Rainer H Miiller,
Radtke, and Wissing 2002)).

Nanoparticulate systems including NLCs were reported to improve oral drug bioavailability
by intracellular uptake by M-cells of Peyer’s patches (Harde, Das, and Jain 2011).
Inhibition of efflux transporter (P-gp) through the action of some surfactants used in the
preparation such as Tween 80.

Slow degradation of the particles due to steric hindrance effect of Pluronics used as

hydrophilic surfactant during preparation.
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e As the drug release from nanoparticles is efficient (large surface area), drug diffusion
through gastrointestinal barrier will be maximized as the passive diffusion will continue as
long as the concentration gradient is maintained.

e Transient opening of tight junctions (gaps between two adjacent intestinal epithelial cells)
due to the effect of highly lipophilic surfactants (Pathak and Raghuvanshi 2015) improving
paracellular absorption.

e Adhesion of nanoparticles to the intestinal underlying epithelium leading to improved
retention and uptake (A Beloqui et al. 2013).

e Increases the residence time in stomach and upper small intestine owing to lipidic nature
leading to enhanced absorption.

Table 2 depicts list of some low bioavailable drugs which their bioavailability enhanced after
incorporation into NLCs.

b- Treatment of GIT local diseases

Local diseases in GIT such as inflammatory bowel diseases (as Crohn’s disease and ulcerative
colitis) are characterized by highly secreted mucous, crypt distortions, ulcers and immune cell
infiltration. Inflammatory bowel diseases are also considered as targets of orally administered NLCs
due to their enhanced adhesion to and retention in gut wall epihthelium (Ana Beloqui, Solinis, et al.
2014). In addition, and regarding to such disease, the physiological characteristics of intestinal
barrier are changed specially for intestinal lipids which are deficient in such cases (Ana Beloqui,
Coco, et al. 2014). Furthermore, NLCs have the ability to modulate immune response (Landesman-
Milo and Peer 2012). Sinhmar and coworkers developed budesonide loaded Eudragit S100 coated
NLCs in order to achieve colonic targeting (Sinhmar, Shah, Chokshi, et al. 2018). Though the
authors performed only the in vitro evaluation of enteric-coated pellets, they concluded that
Eudragit S100 coated NLCs could be used as a promising tool for the treatment of inflammatory

bowel disease. Chanburee and Tiyaboonchai examined the influence of polymer types
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(polyethylene glycol, polyvinyl alcohol and chitosan) on the mucoadhesive properties of polymer-
coated NLCs in order to deliver curcumin to intestinal mucosa (Chanburee and Tiyaboonchai 2017).
Polyethylene glycol and polyvinyl alcohol coated NLCs exhibited higher adhesion with porcine
intestinal mucosa than chitosan coated formulation. Authors attributed that to larger particle size
and un-protonated chitosan at neutral pH leading to reduced interaction with mucin. Sinhmar and
coworkers fabricated mannosylated NLCs for active targeting of budesonide to the inflamed bowel
tissues (Sinhmar, Shah, Rawal, et al. 2018). As the surface of macrophages present at the site of
inflammation overexpress C-type lectin receptors which can easily recognize mannose, decoration
of mannose group to the NLC surfaces could actively deliver the encapsulated drug to inflamed
tissues. And aiming to maximize drug release at the desired location and protect the system from
drastic gastric conditions, the system was further coated with Eudragit S100. Cytotoxicity results
proved that the developed NLCs were non-toxic whereas in vivo evaluation revealed marked
decrease in clinical activity scoring, macroscopic and microscopic indexing, colonic
myeloperoxidase activity and inflammatory cytokines. Beloqui and coworkers successfully develop
curcumin (Ana Beloqui, Memvanga, et al. 2016) and budesonide (Ana Beloqui, Coco, et al. 2013)
loaded NLCs and deliver them to inflammatory bowel diseases. Authors suggested that using of
anti-inflammatory drugs in lipid based nanocarrier could be a powerful strategy to target
inflammatory bowel diseases. Regarding curcumin study, the authors compared NLCs with self
nanoemulsifying drug delivery systems (SNEDDS) and lipid core-shell protamine nanocapsules
(NC). In vitro results showed that NC exhibited the highest permeability across Caco-2 cell
monolayers whereas only NLCs and SNEDDS could significantly reduce tumor necrosis factor
alpha (TNF-a) secretion by lipopolysachharide-activated macrophages. Interestingly via in vivo
evaluation, only NLCs could reduce submucosal edema and altered mucosa structures during
histopathological examination and neutrophil infiltration and the expression of the pro-

inflammatory cytokine TNF-o. Regarding budesonide, blank and drug loaded NLCs decreased
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reduced in vitro TNF-a secretion by about 100% and in vivo IL-1p and TNF-a in the colon with
marked histological improvement of altered tissue characteristics.

c- Mitigation of drug associated toxic effects

In case of highly metabolized drugs in liver, overproduction of highly reactive metabolite is
considered as the main toxicity predisposing factor. So, bypassing liver and absorption via
lymphatic pathway could minimize the production of such metabolite and then alleviate hazardous
effects. Elmowafy and coworkers formulated carbamazepine in bees wax containing NLCs in order
to enhance drug dissolution, diminish plasmatic fluctuation and lessen carbamazepine induced
toxicity (Mohammed Elmowafy et al. 2018). The authors studied the hepatic and testicular toxicity
after 2 months of administration. NLCs exhibited the safest formulation when compared with
carbamazepine suspension and market product (Tegretol™) in terms of biochemical, histological
and immunohistochemical changes. As the toxicity of carbamazepine was directly correlated to the
reactive metabolite; carbamazepine-10,11-epoxide (Kalapos 2002)(Martins, Marques, and Antunes
2015), the authors suggested that bypassing liver by NLCs will help in lessen toxicity though they

did not determine serum carbamazepine-10,11-epoxide concentrations.

2- Cutaneous application:

Shifting of the administration to be through the skin is essential if the local cutaneous effect
(dermal) is desired as the skin is then the target site of action (in case of local diseases such as acne,
dematitis and dermal fungal infection) or systemic effect (transdermal) is desired as the active is
subjected to acid degradation or first pass effect followed oral administration. For both effects, the
outermost layer; stratum corneum (SC) is considered as the main barrier hurdles the absorption. SC
is a horny layer formed by corneocytes due to apoptosis of keratinocytes consisting of ceramides
(45%-50%), cholesterol (25%), long chain free fatty acids (22 and 24 carbon atoms chain length;
15%) and other lipids (5%). These lipids are ordered in multilamellar bilayers. The role of SC is

mainly protective against water loss and invading toxic molecules and microorganisms. The
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cutaneous drug diffusion may take place by transepidermal route (across intact epidermis and
represents the predominant route) and/or transappendageal route (through skin appendages such as
hair follicles) (Trommer and Neubert 2006). The later is often targeting sebaceous glands aiming to
control sebaceous glands associated diseases such as seborrheic dermatitis, alopecia and acne.

Conventional skin preparations such as ointments, creams gels and hydrogels particularly

varied in their skin delivery pattern. For example fatty based ointment prolongs hydrophobic drug
release whereas hydrogels and O/W creams offer a rapid release. In addition, the viscosity of the
system remains more time at the site of application which in turn prolongs drug delivery.
Undoubtly, NLCs overweigh conventional formulations in both dermal and transdermal routes
(Figure 5). NLCs can guard incorporated drugs against chemical degradation, allow adapting drug
release and increase drug absorption, which cannot be achieved in conventional formulations
(Souto, Miiller, and Alemieda 2007). However, NLCs can overcome SC barrier and penetrate
through the skin (Figure 6) for therapeutic and cosmetic purposes via different mechanisms:

e Formation of film above the skin surface. This film could consequently improve skin
hydration by diminishing water loss (R H Miiller et al. 2007) and improving drug
penetration throughout the SC (Junyaprasert et al. 2009).

e C(Creating controlled occlusive effect due to small particle size. This occlusion improves
hydrates the SC, which subsequently increases the diffusion of the actives into the deeper
skin layers (Gomes et al. 2014).

e Rearrangement of SC lipids, which aids penetration of actives.

e Miscibility/mixing of NLCs lipid constituents with stratum corneum lipids also helps
penetration.

e Inclusion of surfactant disrupts of skin structure and improves absorption.

e Creation of distinct alteration in intercellular packing, decreased corneocyte packing and

wider inter-corneocytes gaps (Zhai and Zhai 2014).
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a- Dermal effect

Treatment of local cutaneous disorders can be achieved by NLCs in order to maximize therapeutic
efficacy as NLCs are preferentially accumulated in the skin. Chen-yu fabricated quercetin-loaded
NLCs in order to utilize drug activity against reactive oxygen species-mediated damage in the skin
(Chen-yu et al. 2012). Authors found that the amount of quercetin deposited into epidermis and
dermis from NLCs after 12 h of in vivo skin permeation study was significantly higher than (1.52
and 3.03 times respectively) that of quercetin solution. Histological examination of skin specimens
showed weakened and swollen SC after NLCs application. Consequently, NLCs produced higher
efficacy in inhibiting xylene induced ear edema than normal saline suspension injected
intraperitoneally. Specifically, Elmowafy and coworkers studied skin delivery of dapsone via
differently charged NLCs in order to achieve maximum anti-acne and anti-rosaceae activities
(Mohammed Elmowafy et al. 2019). The authors depended upon hydrophilic surfactant for creating
surface charge in which; Tween 80 induced negatively charged particles, cetyltrimethylammonium
bromide induced positively charged particles and Transcutol P induced neutral particles. Dapsone
from positively charged particles deposited in higher amounts in full thickness skin than negatively
charged and neutral particles. The authors attributed the results to electrostatic attraction between
positively charged particles and negatively charged lipids in SC. As a result, complete healing of
the skin layers in croton oil induced rosaceae model. On the contrary, Noor and co-workers
developed dutasteride loaded NLCs coated with stearic acid-chitosan oligomer to improve delivery
to the hair follicles (Noor et al. 2017). Recently, Chaiyana and coworkers have utilized NLCs for
enhancing the Ocimum sanctum Linn. extract (anti-aging) skin delivery. The authors used
rosmarinic acid as a marker for extract quantification and found that NLCs can efficiently deposited
in the skin with no recorded skin permeation(Chaiyana et al. 2020). Arsenie and coworkers

prepared NLCs loaded with azelaic acid, white willow bark extract and panthenol to augment
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overall skin care in terms of hydration and antioxidant efficacy(Arsenie et al. 2020). Miiller and
coworkers studied skin delivery of silver (Ag)-NLC complex for controlling different degrees of
atopic dermatitis(R H Miiller et al. 2007). As atopic dermatitis is manifested by an unorganized
barrier of the skin and abundance of bacterial infection, adhesive NLC was relevant remedy as it is
able to build up and repair the distorted barrier by adhesion and film formation. Coating of NLCs
shifted the surface charge into positive value and had negative effect on skin deposition in coating
concentration dependent manner. Authors attributed that to the different surface charge of the
polysaccharide from chitosan and the epithelium. Puglia and co-workers formulated ketoprofen and
naproxen loaded NLCs to achieve maximum dermal effect with controlled release behaviour(Puglia
et al. 2008). The authors found that ketoprofen and naproxen formulated in NLCs showed enhanced
accumulations in horny layer of the skin and decreased permeation through the skin when compared
to corresponding free drugs. They also exhibited extended anti-inflammatory activity with
prolonged release in the epidermis.

Taking physical state of applied NLCs into our consideration, they may be applied either as
colloidal dispersion or incorporated into suitable semisolid base to offer proper formulation
consistency for local application. Incorporation of NLCs into semisolid dosage form can be
achieved by direct addition of NLCs to already prepared semisolid base (e.g. gels or creams) or
adding viscosity enhancing agent (such as hydroxypropyl methylcellulose, pluronics, chitosan and
Carbopol) to the aqueous phase or direct one-step production process of the final product (Pardeike,
Hommoss, and Miiller 2009). Agrawal and co-workers optimized acitretin loaded NLCs
formulation with regard to mean particle size and % entrapment efficiency as responses (Agrawal,
Petkar, and Sawant 2010). The optimized formulation was incorporated in Carbopol 934 P (1%
w/Ww). In vitro skin (human cadaver skin) accumulation study showed that significant higher amount
of acitretin was deposited from NLC gel (81.38+1.23%) when compared to acitretin plain gel

(47.28+1.02%). Clinically, anti-psoriatic activity was examined on 12 patients and NLC gel showed
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significant reduction in scaling and Psoriasis Area and Severity Index score from the initial level
when compared to acitretin plain gel. Arora and co-workers studied the synergistic effect of
Carbopol 934 hydrogels based on SLN and NLC-loaded cyclosporine and calcipotriol in order to
treat psoriasis (Arora et al. 2017). Ex vivo results showed higher drug penetration and epidermis
retention of NLCs, when compared to free drug. In vivo anti-psoriatic effect showed superiority of
NLCs hydrogel over SLN and commercial gel. Gupta and Vyas formulated fluconazole loaded
NLCs to improve skin accumulation and antifungal effect (Gupta and Vyas 2012). In vivo skin-
retention studies exhibited higher fluconazole skin deposition (5-fold) in the case of NLC
formulation. Gu and co-workers developed and evaluateed the triptolide loaded NLCs in order to
increase dermal efficacy against edema and inflammation associated with rheumatoid arthritis (Gu
et al. 2019). Pharmacokinetic study of NLCs revealed that triptolide skin concentration was higher
than plasma level. However, NLCs decreased knee edema and the levels of inflammatory mediators
accompanied with rheumatoid arthritis. Regarding market product, Cutanova Nanorepair Q10™
cream was the first commercial NLC product and introduced in October 2005 (Pardeike, Schwabe,
and Miiller 2010). FloraGlo™ is another example of NLCs commercial product which contains
lutein (the active ingredient; antioxidant), safflower oil (liquid lipid) mixed with a solid lipid and
surfactants to produce stable, controlled release and skin permeable NLC formulation (Carbone et
al. 2013).

b- Transdermal effect

Transdermal drug delivery (TDD) offers an alternative route for reaching systemic circulation
especially for these drugs which are suffering from low bioavailabilities and/or plasma fluctuations.
TDD can avoid GIT conditions and first pass metabolism. In addition, it can control drug release
and avoid overdosing of drugs suffering from fluctuation in plasma levels following oral and
parenteral administrations. As transdermal delivery requires diffusion of drug molecule through

skin layers and subsequent subcutaneous tissues to reach systemic circulation, TDD is governed by
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drug related factors such as lipid solubility, melting point and molecular weight. Lipid soluble drugs
can diffuse across the skin mainly by the intracellular pathway, whereas water soluble drugs diffuse
through the intercellular pathway (W. J. Lin and Duh 2016). The substance of molecular weight less
than 0.6 kDa is well absorbed.

However, NLCs are considered as promising TDD system for encapsulated drugs. Mendes and co-
workers designed donepezil loaded NLCs and incorporated them into Carbopol 940 gel base in
order to increase transdermal permeability under the influence of different permeation enhancers (1.
T. Mendes et al. 2019). In vitro skin permeation results showed that donepezil permeation from
NLC gel was increased by the enhancing effect of their components and lipid nanocarriers
themselves. The study demonstrated that only 0.56% of the amount of donepezil applied to the skin
is retained. Chen and co-workers developed ropivacaine loaded NLCs in order to increase
transdermal permeability and local anesthetic effect (H. Chen et al. 2015). /n vitro skin permeation
study showed that the steady-state flux (Js) of NLCs was about two fold when compared to
propylene glycol drug solution for 24 h. pharmacodynamic activity showed about 89.1% inhibition
rate of writhing response. Histologically, blank and drug loaded NLCs showed swollen structure
within SC. Kapoor and co-workers designed, optimized and evaluated amlodipine loaded NLCs and
incorporated them into Carbopol 940 gel base in order to increase transdermal permeability under
the influence of different permeation enhancers (Kapoor et al. 2019). Confocal laser scanning
microscopy study showed that the optimized NLCs were distributed deeply and to a greater extent
throughout the subcutaneous, viable epidermis and dermis. Importantly, high AUC value was
observed with optimized NLCs when compared to oral tablet (market product) indicating higher
bioavailability (relative bioavailability % was about 1.23%). Acid sensitive lansoprazole was also
protected through transdermal effect of NLCs (W. J. Lin and Duh 2016). The study showed that
3.75% 1isopropylmyristate containing NLC hydrogel greatly enhanced drug penetration.

Pharmacokinetic study revealed that elimination rate constant of intravenous lansoprazole solution
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was higher than NLC hydrogel indicating prolonged plasma residence and hence extended
inhibition of gastric acid secretion. Recently, Ocimum sanctum L. leaf extract (rich in ursolic acid)
loaded NLCs were prepared and evaluated for anti-inflammatory effect after topical
application(Ahmad et al. 2018). NLCs showed excellent anti-arthritic activity when compared to
standard marketed diclofenac gel. In other study, Amorndoljai and coworkers developed ginger

extract loaded NLCs for treatment of knee osteoarthritis(Amorndoljai et al. 2015).

3- Pulmonary application:

Lung offers plentiful advantages as a delivery route for noninvasive actives for localized and
generalized acting drugs. It offers large surface area (ca.100 m?), high perfusion (about 5 L/min)
and slow drug metabolism. If local delivery is desired (as in case of asthma, lung cancer and cystic
fibrosis), the particles should be adjusted to be more relevant to be accumulated in targeted
pulmonary region. However, respiratory airway systems have biological barriers including mucus,
ciliated cells and alveolar macrophages which hurdle pulmonary delivery. If the drug is targeting
the upper respiratory tract, it is cleared by ciliated cells whereas those drugs localized in lower
respiratory tract, they will be engulfed and digested by alveolar macrophages (Sung, Pulliam, and
Edwards 2007). Lipid nanocarrires present one of the most suitable systems for pulmonary drug
delivery as they can reach lower respiratory tract if their particle sizes are less than 0.5 pm resulting
in high drug accumulation and diffusion (Jaques and Kim 2000). In addition, smaller particle sizes
(less than 260 nm) were reported to avoid macrophagal clearance (Lauweryns and Baert 1977).
Specifically, lipophilic constituents contributes enhanced bioadhesive characteristics and sustained
release behavior of NLCs (Patlolla et al. 2010). Patlolla and coworkers examined celecoxib loaded
NLCs for targeting lung through investigation of drug release, aerodynamic properties and
cytotoxicity. Controlled release behavior and suitable aerodynamic diameter were obtained. The

majority of nebulized NLCs were deposited in alveolar area of mice. Pharmacokinetics study
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revealed constant plasma levels for 6 h (Patlolla et al. 2010). Pardeike and coworkers developed
isotonic, sterile and non-toxic itraconazole loaded NLCs in order to treat pulmonary aspergillosis in
falcons (Pardeike et al. 2016). Nebulized NLCs particle size was in range of 100-200 nm
confirming penetration and accumulation in deep respiratory tract. Gamma scintigraphic images
showed that nebulized NLCs got in touch with two of the principal centers of infection indicating
the efficacy of the system in treatment of aspergillosis. Mannosylated rifampicin loaded NLCs were
also developed in order to target alveolar macrophages via recognition by via mannose receptor
uptake for treatment of tuberculosis (Vieira et al. 2017). Nafee and coworkers developed sildenafil
loaded NLCs in order to treat pulmonary hypertension (Nafee, Makled, and Boraie 2018). NLCs
proved the superiority above free solution in terms of low incidence of intra-alveolar bleeding and
normality of lung tissue parenchyma.

4- Ocular application:

As the eye has an exclusive anatomical structure, it is a highly sheltered organ and challenging
for drug delivery systems. There are many obstacles that hamper ocular bioavailability such as
tough blood-ocular barriers, muco-aqueous barrier, lymphatic tear turnover, non-pigmented layer of
the ciliary epithelium, nasolacrimal drainage (more than 75% of solutions are drained through
nasolacrimal duct) and reflex blinking (Diebold and Calonge 2010). The goals of ocular DDS are
not only to improve ocular drug absorption but also to lessen the systemic absorption and hence
generalized side effects. There are many drug delivery systems such as nanoparticles,
microemulsions, spanlastics, liposomes and micelles were formulated to defeat the inadequacy of
conventional ocular systems. Among them, lipid nanoparticles were reported to improve the corneal
permeation of actives providing proficient ocular delivery (Sanchez-Lopez et al. 2017). Generally,
NLCs can overcome ocular barriers via different mechanisms:

e Prolongation of drug release and hence residence time of the encapsulated drug.

e Improvement of ocular bioavailability of the encapsulated drug via both transcellular and

paracellular mechanisms.
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e Conquering blood ocular barriers.

e Fortification of the encapsulated drugs against inactivation by lacrimal enzymes.

e Raising the patient compliance by decreasing the dosing frequency.

In addition, NLCs are easily sterilized on large scale and reasonably harmless for ocular drug
delivery due to their biocompatible lipids and surfactants and freedom from organic solvents.
Lakhani and coworkers optimized amphotericin B loaded PEGylated NLCs (by using Box-Behnken
design) and studied ocular biodistribution of optimized formulation after topical application
(Lakhani et al. 2019). Results showed enhanced antifungal activity against wild type Candida
albicans and amphotericin B resistant Candida albicans with superiority above commercial
products (Fungizone™ and AmBisome™). /n vitro transcorneal study showed that amphotericin B
was detedcted at 7™ hour in all ocular tissues after application of PEGylated NLCs and reached
comparable levels with AmBisome™. Shen and coworkers developed cysteine-polyethylene glycol
stearate and cysteine surface modified cyclosporine A loaded NLCs and examined mucoadhesion
properties and corneal deposition (Shen et al. 2009). Results showed that the mucoadhesion of
cysteine-polyethylene glycol stearate and cysteine surface modified NLCs were significantly
enhanced when compared to the polyethylene glycol stearate and non-modified NLCs. Cysteine
surface modified NLCs exhibited longer surface residence (up to 6 h) in the cul-desac when
compared to non-modified NLCs. Chitosan coating was also point of interest of many researchers.
Tian and coworkers developed flurbiprofen loaded NLCs partially coated with deacetylated
chitosan. The coated formulation exhibited higher zeta potential, improved stability, high precorneal
retention and enhanced transcorneal flurbiprofen permeation (B. Tian et al. 2012). Li and coworkers
studied the transport mechanism of three chitosan derivatives surface modified NLCs to the anterior
chamber through the cornea (J. Li et al. 2017). The derivatives used for NLCs surface decoration
were chitosan-N-acetyl-L-cysteine, chitosan oligosaccharides and carboxymethyl chitosan. Results

showed that all coated formulations were of stronger resistant effect than solution and uncoated
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NLCs. However, Results showed that chitosan-N-acetyl-L-cysteine and chitosan oligosaccharides
surface decorated NLCs higher penetration across the complete corneal epithelium barrier, lower
conjunctival to corneal permeability ratio and higher bioavailability when compared to
carboxymethyl chitosan decorated NLCs. Authors attributed weaker effect carboxymethyl chitosan
to its time-limited hydrogel effect and the anion effect that carboxymethyl acts. Balguri and
coworkers studied the effect of phospholipid chain length and molecular weight of polyethylene
glycol on transcorneal permeation and posterior tissue penetration of ciprofloxacin loaded NLCs
(Balguri et al. 2017). Results showed that phospholipid chain length did not influence transcorneal
permeation whereas the most advantageous molecular weights of polyethylene glycol lied between
2 K-5K.

5- Brain application:

To avoid invading by hazards, brain is highly shielded by diffusion restricting barrier called
blood brain barrier (BBB). BBB can confines diffusion of the majority of macromolecules (100%)
and small (98%) (Gabathuler 2010). Diffusion of the molecules into the brain by paracellular and
transcellular pathways is restricted by the protective roles of tight junctions and efflux transporters
(prominently Pgps and MRPs), respectively (Baratchi et al. 2009). So, the sole way to reach the
brain in therapeutic concentration is via receptor-mediated endocytosis (Kreuter 2014). Wu and
coworkers developed transferrin receptor monoclonal antibody OX26 surface decorated NLCs
aiming to deliver salvianolic acid B and baicalin to the brain. Surface decorated NLCs enhanced
brain delivery of both drugs when compared to NLCs and solution (Wu et al. 2019). Khan and
coworkers investigated brain delivery by evaluation of anticonvulsant and anxiolytic effects of
carbamazepine loaded NLCs (N. Khan et al. 2020). Zhao and coworkers designed lactoferrin
decorated NLCs to deliver nimodipine (neuroprotective agent) to brain tissue efficiently (Zhao et al.
2018). In vivo biodistribution assay using DiR as the fluorescence probe showed that lactoferrin

decorated NLCs the highest brain deposition.
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Safety/toxicity aspects

Safety/toxicity of NLCs is considered as one of the main concerns. However, few
researchers in the literature paid attention to safety profile. So, we have tried to gather a brief report
on the safety/toxicity of the NLCs stated in the literature. Regarding oral application, NLCs are
considered as relatively safe nanocarriers owing to the content of biodegradable and physiological
lipids which are well tolerated in both in vitro cytotocity and in vivo studies. On the other hand,
NLCs contain less quantities of surfactants and cosurfactants when compared to emulsions which
improve their safety profile. Rahman et al. studied the toxicity of zerumbone-loaded NLCs on
BALB/c mice model after oral administration(Rahman et al. 2014). Based on histopathological
alterations, they reported that NLCs did not exhibit any signs of toxicity on lungs, liver and kidney
and higher lethal dose (LD50) dose of NLCs was reported. In vitro Caco-2 cells cytotoxicity studies
showed that NLCs system did not show significant cytotoxicity and cell viability was >90% (L.
Zhou et al. 2012). In another study, it was demonstrated that the cytotoxicity (on lymphocytes) of
NLCs was dependent on the number particles of NLCs in millilitre; 2.1 x 10!! particles/ml caused a
decreased in the viability of lymphocytes (about 55%)(L. P. Mendes et al. 2015). Regarding
cutaneous application, Bruge et al. studied cytotoxic effect of five commonly used solid lipids on
human dermal fibroblast. They reported that Compritol ™ 888 ATO was the safest lipid owing to
its neutral cytotoxic effect(Bruge et al. 2015). Fang et al. reported that enhancer could generally
irritate the skin but not correlated to penetration power of the enhancer. They also reported that fatty
acids usually presented the most irritating properties, followed by Azone, D-limonene, and L-alpha-
lecithin. A complete portrait of the efficacy and safety of commonly used enhancers was therefore
established in this study(Fang et al. 2003). Regarding ocular delivery, NLCs are considered
relatively safer for ocular delivery owing to the their biocompatible lipids, non-ionic and

biocompatible surfactants and organic solvent-free formulations(Salvi and Pawar 2019). However,
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the degree of clearance and the toxicity are mainly based on the site of administration (topical,
intravitreal, intravenous, transscleral, suprochoroidal or subretinal) (Ana Beloqui, Solinis, et al.
2016). Liu et al. formulated mangiferin loaded NLCs for the treatment of cataract. They were
investigated for its irritancy potential and ocular tolerability. They showed good safety profile (Liu
et al. 2012). Gonzalez-Mira optimized flurbiprofen-loaded NLC by central composite factorial
design based on concentration of drug, ratio of liquid and solid lipid and concentration of surfactant.
The optimized formulation was safe and non-irritant to the eye(Gonzalez-Mira et al. 2010).
Regarding pulmonary delivery, various studies showed minimal in vitro cytotoxicity of NLCs(Patil-
Gadhe and Pokharkar 2014)(N. Li et al. 2017)-(Patlolla et al. 2010):(Liang et al. 2017). In addition,
no inflammation or change in the integrity of alveoli(Jyoti et al. 2015), pulmonary edema(Patel et
al. 2013) or pathological changes in lung and liver(Song et al. 2015) were observed after inhalation

of NLCs.

Approaches to clinical trials

Although NLCs possess great potential as drug delivery carriers, preclinical and clinical studies are
still insufficient. Therefore, there is a need to expand the spectrum of their applications to include
clinical trial under appropriate ethical regulations. This might be attributed to the lack of critical
analysis on the safety profile of NLCs as drug carriers. However, cutaneous and oral applications
were the majors in that regard. For example, lovastatin, antihypercholesterolemic agent used for the
treatment of patients with moderate hypercholesterolemia has been formulated in NLCs that showed
increased stability and clinical efficacy(C.-C. Chen et al. 2010). Acitretin, has been formulated in

NLC:s for topical treatment of psoriasis (Agrawal, Petkar, and Sawant 2010).

As a final point, the promising characteristics of NLCs can be further trailed with more
studies on their absorption, distribution, metabolism, and excretion. Additionally, methods to

upscale their production, and on their application in clinical trials in the near future should be also
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clinically investigated. The results are expected to offer an unconventional way for a safer and more

competent delivery system.

Perspectives and conclusion

The development of drug delivery system is an unending demanding scheme that combines
multidisciplinary study attempts in different areas. NLCs are binary lipid-based nanocarriers
containing blend of both solid lipid and liquid lipid which allow the entrapment of lipophilic
actives, protecting them from degradation and improving their stability. They are composed of FDA
approved surfactants and biocompatible lipids which makes them safe for use. Components of
NLCs should be carefully selected as they will directly influence product stability and effectiveness.
The easiness of successful fabrication shifted them into convenient large scale production especially
by high pressure homogenization. However, they are extensively used in the last decade in the
pharmaceutical and biomedical fields as they gather key points of smart formulation such as high
drug payload, capability to target specific sites by surface modification and increased knowledge of
the fundamental mechanisms of transport via various routes of administration. Consequently, they
can be used for treatment and control of various conditions in different applications. Owing to
reduced particle degradation and extended GIT residence times after oral administration, NLCs
represent supreme contenders for enhancing drug bioavailability, treatment of inflammatory bowel
diseases and alleviation of drug induced toxicity. With regard to the cutaneous applications, NLCs
provide a convenient carrier for dermal and transdermal drug delivery as they can hydrate skin and
mix with skin lipid eventually. For pulmonary application, NLCs present favorable aerosolization
characteristics and convenient stability. In addition, they can overcome the resident barriers and
accumulate in the lung. When applied to the eye, they offer extended residence time increasing
ocular bioavailability of the actives with no/little toxic effects. Though the tenacious barrier
shielding the brain, NLCs can attain the brain by surface decoration which in turn can pass BBB by

receptor mediated transcytosis. Taking into account the growing number of patent in the last few
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years, NLCs should have a fair chance for clear clinical translation and pharmaceutical marketing in

all applications.
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Table captions

Table 1. Commonly used liquid lipids and solid lipids for preparation of NLCs.

Table 2. Recent studies aiming to improve oral bioavailability of poorly bioavailable drugs.
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Tables

Tablel
Component Name Purpose and reference(s)
Liquid lipids Oleic acid e Enhancement of oral bioavailability of simvastatin (Tiwari and
Pathak 2011) and carbamazepine (Mohammed Elmowafy et al.
2018).
e Topical delivery of spironolactone for treatment of acne
vulgaris (Kelidari et al. 2016).
Caprylic/Capric e Enhancement of oral bioavailability of thymoquinone (M.
triglycerides (Miglyol Elmowafy et al. 2016) and vinpocetine (Zhuang et al. 2010).
812)®
a-tocopherol/ Vitamin E e Improvement of Quercetin anti-breast cancer activities in vitro
(Sun et al. 2014).
Soy bean oil e Pulmonary delivery of itraconazole (Pardeike et al. 2011).
Black cumin oil e Produces synergistic effect with marigold/carrot extract in
inhibition of reactive free radicals(Lacatusu et al. 2020).
Caraway essential oil e Accelerates wound healing of the infected excision
wounds(Tazehjani, Farahpour, and Hamishehkar 2021).
Olive oil e Produces oleuropein loaded NLCs with suitable physico-
chemical stability and reduces the possible cytotoxicity effect
of residual surfactants(Huguet-Casquero et al. 2020).
Sweet almond oil e Improves the protection and stability of Cinnamon essential oil
loaded NLCs(Bashiri et al. 2020).
Squalene e Topical delivery of calcipotriol and Methotrexate combination
(Y.-K. Lin et al. 2010) and psoralen (Fang et al. 2008).
e Enhancement of oral bioavailability of Lovastatin (C.-C. Chen
et al. 2010).
Capmul MCM C8 e Improvement of Tacrolimus bioavailability and lymphatic
distribution (S. Khan et al. 2016).
o Sustained release of Raloxifene hydrochloride with
improvement in bioavailability (Shah et al. 2016).
Solid lipids Compritol 888 ATO e Skin permeating of fluocinolone acetonide for treatment of

psoriasis (Pradhan et al. 2015) and clobetasol propionate in
topical gel (Nagaich and Gulati 2016).

e Enhancement of oral bioavailability of fenofibrate (Tran et al.
2014).

Precirol ATO 5

e Sin delivery of dapsone (Mohammed Elmowafy et al. 2019).
e Improvement of wound healing efficacy of rhEGF in a porcine
full-thickness excisional wound model (Gainza et al. 2015).

Stearic acid

o Topical delivery of tretenoin (Ghate et al. 2016).

e Controlled release and acid protection of progesterone (M.
Elmowafy et al. 2018).

Glyceryl monostearate

e Enhancement of oral bioavailability Omega-3 fatty acids
(Muchow et al. 2009) and raloxifene (Shah et al. 2016).

Cetyl palmitate e Topical delivery of coenzyme Q10 (Teeranachaideekul et al.
2007).
Gelucire® ¢ Improving miconazole local delivery to the oral mucosa and

antifungal activity (A. I. Mendes et al. 2013).

e Improving in vivo ocular bioavailability of mangiferin (Liu et
al. 2012).
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Table 2

Drug Composition research outcome

Olanzapine The NLCs were composed | In rats, NLC formulation was more than 5)-fold
of glyceryl tripalmitate | increase in oral bioavailability when compared to
(solid lipid), castor oil | olanzapine suspension (Jawahar et al. 2018).

(liquid lipid), Pluronic F-68
and soy lecithin
(surfactants).
Raloxifene The NLCs were composed | In dogs, NLC optimized formulation was 3.75 fold
hydrochloride of glyceryl monostearate | enhancement in oral bioavailability when compared to
(solid lipid) and Capmul | raloxifene hydrochloride suspension (Shah et al. 2016).
MCM C8 (liquid lipid) and
polyvinyl alcohol
(surfactant).

Rosuvastatin Lauric acid or stearic acid | In rats, NLC formulations were six to nine fold
(solid lipid) and Capryol- | improvement in the bioavailability of rosuvastatin
90 or oleic acid (liquid | when compared to Aqueous dispersion. Mixture of
lipid) and PEG-25-stearate | long chain fatty acid and medium chain fatty acids
(surfactant). exhibited 1.5-fold increase in bioavailability when

compared to only medium chain fatty acid (Pokharkar,
Patil-Gadhe, and Kaur 2018).

Telmisartan Glyceryl monostearate | in rats, bioavailability of the telmisartan loaded NLC
(solid lipid), oleic acid | was increased by 2.17 and 3.46 fold compared to that
(liquid lipid) and Tween 20 | of the marketed formulation and pure drug suspension,
(surfactant). respectively (Thapa et al. 2018).

Olmesartan Gelucire 44/14 (solid lipid, | in rats, bioavailability of olmesartan medoxomil loaded

medoxomil Capmul MCM EP (liquid | NLC was increased by about 5 fold compared to that of
lipid) and TPGS | the pure drug suspension (Kaithwas et al. 2017).
(surfactant).

Fenofibrate Precirol ATO 5 (solid | in beagle dogs, bioavailability of Fenofibrate loaded
lipid), Captex100 (liquid | NLCs suspension and solidified NLCs pellets revealed
lipid) and tween-80 | 3.6- and 3.5-fold respectively increase in
(surfactant). bioavailability when compared to commercial product

(Lipanthyl™ capsule) (Z. Tian et al. 2013).

Atorvastatin Gelucire  43/01  (solid | In rats, bioavailability of atorvastatin loade NLCs
lipid), Capryol PGMC | revealed 3.6- and 2.1-fold increase in bioavailability
(propylene glycol | when compared to atorvastatin suspension and
monocaprylate  type I; | commercial product (Lipitor ™) (M. Elmowafy et al.
liquid lipid) and Pluronic | 2017),

F68 (surfactant).

Ezetimibe Monosteol™ (solid lipid), | In rats, bioavailability of ezetimibe loaded NLCs
Capryol™ 90 (liquid lipid), | revealed 2.5- and 1.6-fold increase in bioavailability
Kolliphor® EL (surfactant) | when compared to atorvastatin suspension and
and  Transcutol®  HP | commercial product (Lipitor ™) (Shevalkar and Vavia
(Cosurfactant). 2019).

Amisulpride Gelucire®43/01(solid The relative bioavailability of NLCs capsules was
lipid), Capryol™90 (liquid | found to be 252.78% when compared to Amipride®
lipid) and  Tween-80 | tablets (El Assasy, Younes, and Makhlouf 2019).
(surfactant)

Simvastatin Stearic acid (solid lipid), | After oral administration of a single dose of
oleic acid (liquid lipid) and | simvastatin loaded NLC, 4-fold increase in
Pluronic F-68 (surfactant). | bioavailability was observed, as compared to the

simvastatin suspension (Fathi et al. 2018).
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Figure captions

Figure 1. Advantages of NLCs over SLN.

Figure 2. Methods of fabrication NLCs according to energy input.

Figure 3. Types of NLCs.

Figure 4. Mechanisms in the literatures by which NLCs can improve oral bioavailability of

encapsulated drug.

Figure 5. Advantages of NLCs over conventional formulations for cutaneous delivery.

Figure 6. Penetration of NLCs through SC for dermal and transdermal effects.
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