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Abstract

In the last few decades, various drug-delivery technologies have
emerged and a fascinating part of this has been the development
of nanoscale drug delivery devices. Nanoparticles (NPs) and
other colloidal drug-delivery systems modify the kinetics, drug
distribution in the body and release profile of an associated drug.
Nanostructured lipid carriers (NLCs) have been reported to be an
alternative system to emulsions, liposomes, microparticles, solid
lipid nanoparticles (SLNs) and their polymeric counterparts due
to their numerous advantages. This paper basically reviews the
types of NLCs, mechanism of skin penetration, stability related
issues along with their production techniques, characterisation
and applications towards targeted drug delivery.

Keywords: nanoparticles, nanostructured lipid carriers, solid lipid
nanoparticles, targeted delivery

Introduction

Over the last 20 years, nanotechnology has practically made
its influence in all technical fields, including pharmaceutics.
Industry estimates suggest that approximately 40% of lipo-
philic drug candidates fail due to solubility and formulation
stability issues, which has been solved by various novel and
advanced lipophilic drug delivery technologies (Mishra
et al. 2010). The lipids employed to prepare lipid nanopar-
ticles are usually physiological lipids (biocompatible and
biodegradable) with low acute and chronic toxicity (Miiller
etal. 1996).

In 1960s the first safe parenteral fat emulsion (Intralipid)
was developed by Wretlind (1981). Some other interesting
carriers systems are the liposomes, multiple emulsions, sub-
micron emulsion, niosomes, transferosomes, microsponge
drug delivery system etc. Liposomes have been described
for the first time by Bangham et al. in 1960s (Bangham and
Horne 1964). Major obstacles for the development of lipo-
somal formulations were limited physical stability of the
dispersions, drug leakage, low targeting ability, non-specific

clearance by mononuclear phagocytic system and difficul-
ties in upscaling. Speiser and coworkers developed solid
lipid microparticles (by spray drying) and ‘Nanopellets for
peroral administration! Nanosuspensions are the only col-
loidal particles composed of the drug and the emulsifier
which can be prepared by ball milling or high-pressure
homogenisation (HPH) (Eldem et al. 1991). Similar sys-
tems have been described by Domb (1995) as ‘Lipospheres!
Polymeric nanoparticles and polymer nanocapsules, made
from non-biodegradable and biodegradable polymers are
another innovative carrier systems having high site-specific
targeting and controlled release of the incorporated drugs
(Patel et al. 2011, Mehnert and Méder 2001). At the beginning
of 1990s, the advantages of solid particles, emulsions and
liposomes were combined by the development of solid lipid
nanoparticles (SLNs). SLNs are the solid, sub-micronic col-
loidal nano carriers with a size ranging from 1 to 1000 nm and
consisting of physiological and biodegradable/biocompatible
lipids, capable of incorporating both lipophilic and hydro-
philic drugs within the lipid matrix in considerable amounts.

Recently, SLNs based on mixture of solid lipid and liquid
lipids (so-called nanostructured lipid carries, NLCs), high
amounts of lecithins, amphiphilic cyclodextrins and para-
acyl-calix-(4)-arenes have been investigated (Miiller et al.
2002, Date et al. 2007). Nanocarriers in various forms, have
the endless opportunities in the area of drug delivery which
have been recently investigated for their enormous potential.
Nanotechnology, as defined by the National Nanotechnology
Initiative, is the study and use of structures roughly in the size
range of 1-100 nm. The overall goal of nanotechnology is the
same as that of medicine: to diagnose as accurately and early
as possible and to treat as effectively as possible without any
side effects. Some of the important aspects of nanocarriers
are highlighted in Figure 1. Nanocarriers, on account of their
higher ratio of surface area to volume, show improved phar-
macokinetics and biodistribution of therapeutic agents and
thus minimize toxicity by their preferential accumulation at
the target site (Alexis et al. 2008).
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Figure 1. Important aspects of nanocarriers.

SLNs vs. NLCs

SLNs have been intensively studied as drug delivery sys-
tems for several routes of administration such as peroral,
parenteral, dermal and topical delivery. The crystallinity
of solid lipids affects the release properties of the SLNs
derived which after their preparation; partially crystallize in
high-energy modifications with many imperfections in the
crystal lattice.

When a polymorphic transition to low-energy modifica-
tion takes place during storage, the incorporated drug can be
expelled from the lipid matrix. SLN have the better chances

to be exploited as delivery system in many commercial
products. However, there are also certain limitations of this
system:

1) Payload for most of drugs is too low;
2) Drug expulsion during storage; and
3) High water content in the nanolipid dispersions.

To overcome drug expulsion during storage, use of lipid
blends which do not form a highly ordered crystalline
arrangement is needed. The matrix of NLCs is composed
of mixture of spatially different lipid molecules, normally
mixture of solid and liquid lipid, which makes more
imperfection in the matrix to accommodate more drug
molecules than SLN. Despite the presence of liquid lipid,
NLC matrix is solid at room/body temperature. NLCs
adopt mixtures of a solid lipid and liquid lipid and remain
in the solid state by controlling the content of liquid lipid.
NLCs can more strongly immobilize drugs and prevent
the particle from coalescing by virtue of the solid matrix
compared to emulsions. NLCs also have the advantages
of SLNs including low toxicity, biodegradation, drug pro-
tection, slow release and avoidance of organic solvents in
production (Liu and Wu 2010, Das and Chaudhary 2011).
An overview of various colloidal nanocarriers is shown in
Figure 2.
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Figure 2. Colloidal nano delivery systems, modified after (Muller et al. 2009).



Advantages of NLCs:

» Better physical stability,

» Ease of preparation and scale-up,

» Increased dispersability in an aqueous medium,

» High entrapment of lipophilic drugs and hydrophilic
drugs,

» Controlled particle size,

» An advanced and efficient carrier system in particular for
lipophilic substances,

» Increase of skin occlusion,

» Extended release of the drug,

» One of the carriers of choice for topically applied
drugs because their lipid components have an
approved status or are excipients used in commer-
cially available topical cosmetic or pharmaceutical
preparations,

» Small size of the lipid particles ensures close contact to
the stratum corneum thus enhancing drug penetration
into the mucosa or skin,

» Improve benefit/risk ratio,

» Increase of skin hydration and elasticity (Miiller et al.
2009), and

» These carriers are highly efficient systems due to their
solid lipid matrices, which are also generally recognized
as safe or have a regulatory accepted status (Aragjo et al.
2009).

In SLNs, the drug is mainly dispersed in molecular form, for
example, located in between the fatty acid chains of the
glycerides whereas in NLCs, blend of solid and liquid lip-
ids are used and due to their differences in structure they
cannot fit together very well to form a perfect crystal. This
arrangement creates a lot of imperfections in matrix lead-
ing to accommodation of more drugs in molecular form
and amorphous clusters (Domingo and Saurina 2012,
Miiller et al. 2009).

Table I. Types of NLCs (Westesen et al. 1997).

Therapeutic potential of nanostructured lipid carriers 29

Limitations with lipid nanoparticles:

Despite the great potential of NLCs in targeted delivery, they
face certain limitations like:

» Cytotoxic effects related to the nature of matrix and
concentration,

> Irritative and sensitising action of some surfactants,

» Application and efficiency in case of protein and peptide
drugs and gene delivery systems still need to be better
exploited, and

» Lack of sufficient preclinical and clinical studies with
these nanoparticles in case of bone repair (Schifer-
Korting et al. 2007).

Types of NLCs

Depending on the various production techniques and the
composition of the lipid blends, different types of NLCs are
obtained. The basicideais to provide a certain nanostructure
for the lipid matrix so as to increase the pay-load for active
compounds and reduce the expulsion of compound during
storage. The three types of NLCs can be summarised as:

1. The imperfect type,
2. The amorphous type, and
3. The multiple types.

Drug loading capacity in SLNs is limited due to the forma-
tion of the lipid crystal. Drug expulsion has been observed
due to an ongoing crystallisation process towards a perfect
concentration; therefore by avoiding crystallisation, one can
avoid these obstacles which is realised in the NLC type 2.
The lipid matrix is solid but not crystalline, rather it is in an
amorphous state (as shown in Table I). This can be achieved
by mixing special lipids, for example, hydroxyoctacosanyl
hydroxystearate with iso-propylmyristate. The form of fine
droplets incorporated into the third type of NLC is a multiple

S. No. NLC type Nature of matrix Comments Diagram
1. Imperfect Imperfectly structured Spatially different lipids are mixed creating
solid matrix imperfections in the crystal order of lipid
nanoparticles; Show high-drug pay load
2. Amorphous Structure less solid Formed by mixing solid lipids with
amorphous matrix special lipids like hydroxyoctacosenyl
hydroxystearate, isopropyl myristate
or medium chain triglycerides such as
miglyol 812 thus preventing drug repulsion,
moderate drug payload
3. Multiple Multiple oil in fat in water Solubility of drug in lipophilic phase

decreases during the cooling process after
homogenisation and crystallisation process
during storage
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system; comparable to w/o/w emulsions, that is oil-in-solid
lipid-in-water dispersion. The solid lipid matrix contains
tiny liquid oil nano-compartment particles. This type of NLC
uses the fact that for a vast category of drugs, the solubility
in oils is higher than their solubility in solid lipids (Uner and
Yener 2007).

Techniques of production
HPH

HPH has been used as a reliable and powerful technique
for the large-scale production of NLCs, lipid drug conjugate,
SLNs, and parenteral emulsions. The lipid is pushed with
high pressure (100-2000 bars) through a very high shear
stress, resulting in disruption of particles down to the sub-
micrometer or nanometer range. Normally the lipid contents
are in the range of 5-10%. In contrast to other preparation
technique, high pressure homogenisation does not show
scaling up problem. Homogenisation may be performed
either at elevated temperature (hot homogenisation) or
below room temperature (cold homogenisation) (Schwarz
etal. 1994).

Hot homogenisation technique

In this technique the drug along with melted lipid is dis-
persed under constant stirring by a high shear device in
the aqueous surfactant solution of same temperature. The
pre-emulsion obtained is homogenised by using a piston
gap homogeniser and the obtained nanoemulsion is cooled
down to room temperature where the lipid recrystallises and
leads to formation of nanoparticles (zur Miihlen et al. 1998).

Cold homogenisation technique

Cold homogenisation is carried out with the solid lipid
containing drug. Cold homogenisation has been developed
to overcome the problems of the hot homogenisation tech-
nique such as, temperature mediated accelerated degrada-
tion of the drug payload, partitioning and hence loss of drug
into the aqueous phase during homogenisation. The first
step of both the cold and hot homogenisation methods is
the same. In the subsequent step, the melt containing drug
is cooled rapidly using ice or liquid nitrogen for distribution
of drug in the lipid matrix as shown in the Figure 3. Cold
homogenisation minimises the thermal exposure of the
sample (Gasco 1993).

Melting of the lipid and
dissolving/dispersing of the
drug in the lipid

Hot homogenization
technique

Dispersing of the drug-loaded
lipid in a hot aqueous
surfactant mixture

{

Pre-mix using a stirrer to form
a coarse pre-emulsion

\

High pressure homogenization
at a temperature above the
lipids melting point

{

Hot o/w-nanoemulsion

Solidification of the
nanoemulsion by cooling
down to room temperature

Cold homogenization
technique

Solidification of the drug-
loaded lipid in liquid nitrogen
or dry ice

}

Grinding in a powder mill
(50-100pm)

/

Dispersing the powder in a
aqueous surfactant dispersion
medium (pre-mix)

{

High pressure homogenization
at room temperature or below

SLN/NLCs

Figure 3. Schematic overview (valid only for lipophilic drug or protein) of the hot and cold homogenisation technique (Mehnert and Méder

2001).



Microemulsion technique

In this technique, the lipids are melted and drug is incor-
porated in molten lipid. A mixture of water, co-surfactant(s)
and the surfactant is heated to the same temperature as
the lipids and added under mild stirring to the lipid melt.
A transparent, thermodynamically stable system is formed
when the compounds are mixed in the correct ratios for
microemulsion formation. Thus the microemulsion is the
basis for the formation of nanoparticles of a requisite size.
This microemulsion is then dispersed in a cold aqueous
medium under mild mechanical mixing of hot microemul-
sion with water in a ratio in the range 1:25-1:50. This disper-
sion in cold aqueous medium leads to rapid recrystallisation
of the oil droplets (Moulik and Paul 1998).

Surfactants and co-surfactants include lecithin; biliar
salts alongwith alcohols such as butanol. Excipients such
as butanol are less commonly used due to their regulatory
aspects. The microemulsion is prepared in a large, tem-
perature-controlled tank and then pumped from this tank
into a cold water tank for the precipitation step (Gohla and
Dingler 2001).

Solvent emulsification-evaporation technique

In solvent emulsification-evaporation method, the lipo-
philic material and hydrophobic drug are dissolved in a
water immiscible organic solvent and emulsified in an aque-
ous phase using high speed homogeniser. The efficiency
of fine emulsification is improved by immediately passing
the coarse emulsion through microfluidiser Further the
organic solvent is evaporated by mechanical stirring at room
temperature and reduced pressure (e.g. rotary evaporator)
leaving lipid precipitates nanoparticles (as shown in the
Figure 4) (Shahgaldian et al. 2003).

Solvent emulsification-diffusion technique

This technique can be applied both for the aqueous and
oily phase where solvent used must be partially miscible
with water. Initially, both the solvent and water are mutu-
ally saturated in order to ensure the initial thermodynamic
equilibrium of both liquids. During the heating process in
order to solubilise the lipid, saturation step is performed
at the same temperature. Then the lipid and drug were dis-
solved in water saturated solvent and this organic phase

Drug+core matenial+coat material

|

Dissolved in chloroform

}

Evaporated in rotary evaporator at 50-60° C

T

Add 10ml PBS

Sonicating at20° C Liptd Nanoparticles

Figure 4. Schematic procedure of solvent emulsification evaporation.
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is stirred using mechanical stirrer. After the formulation
of o/w emulsion, water in typical ratio from 1:5 to 1:10,
is added to the system in order to allow solvent diffusion
into the continuous phase, thus leading to the aggregation
of the lipid in the nanoparticles. Both the phases have to
be maintained at the same elevated temperature while the
diffusion step is performed at room temperature (Hu et al.
2002, Trotta et al. 2003).

Melting dispersion method

In melting method, drug and solid lipid are melted in an
organic solvent regarded as oil phase, and simultaneously
water phase is also heated to the same temperature as oil
phase. Subsequently, the oil phase is added to a small vol-
ume of water phase and the resulting emulsion is stirred
at high speed for few hours. Finally, it is cooled down
to room temperature to yield nanoparticles (Reithmeier
et al. 2001).

High shear homogenisation and/or ultrasonication
technique

This technique is one of the less frequently studied meth-
ods for the production of lipid nanoparticles. First, the core
material is melted followed by the addition of phospholipids
along with an aqueous medium, and finally dispersing the
melted material at increased temperature by mechanical
stirring or ultrasonication. Particle size reduction of the core
lipid emulsion with soya lecithin is carried out with the help
of ultrasonic energy (Puglia et al. 2008).

Solvent injection

The basic principle of the solvent injection method is similar
to the solvent diffusion method. In case of solvent injection
method, lipids are dissolved in a water-miscible solvent
(e.g. acetone, isopropanol and methanol) or water-miscible
solvent mixture and quickly injected into an aqueous solu-
tion of surfactants through an injection needle (Schubert
and Miiller-Goymann 2003). The advantages of this method
are the easy handling and fast production process without
technically sophisticated equipment (e.g. high-pressure
homogeniser). However, the main disadvantage is the use of
organic solvents (Miiller et al. 2002).

Double emulsion technique

In double emulsion technique the drug (mainly hydrophilic
drugs) is dissolved in aqueous solution, and further emulsi-
fied in melted lipid. The primary emulsion is stabilised by
adding stabiliser that is dispersed in aqueous phase contain-
ing hydrophilic emulsifier, which is followed by stirring and
filtration. Double emulsion technique avoids the necessity
to melt the lipid for the preparation of peptide-loaded lipid
nanoparticles and the surface of the nanoparticles could be
modified in order to sterically stabilise them by means of the
incorporation of lipid-PEG derivatives (Date et al. 2007).

Drug encapsulation in NLCs

There are three ways of incorporating or encapsulating
drug within the lipid nanoparticles or NLCs. They are
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Film formation

Oil droplets

Lipid nanoparticles (NLC)

Vehicle

Skin penetration

Upper layers of skin

Figure 5. Mechanism of penetration into skin.

homogenous matrix of solid solution, drug-enriched shell
and drug-enriched core (Das and Chaudhary 2011).

(a) Homogenous matrix of solid solution: In this
method of encapsulation, the drugishomogenously
dispersed into the lipid matrix of the particles and
the drug release occurs by diffusion process.
Drug-enriched shell; In this method, the drug is
concentrated on to the outer most layer or shell of
the lipid nanoparticles. This type of nanoparticles
exhibit burst release of the drug due to precipita-
tion and solubilisation mechanism.

Drug-enriched core: In this method, prolonged
release is observed due to the saturation solubility
of drug in the lipid.

(b)

(©)

Mechanism of skin penetration and drug
release in NLCs

In general, the rate of drug release depends on various fac-
tors like the solubility of drug, desorption of the surface
bound/adsorbed drug, drug diffusion through the nanopar-
ticles matrix, nanoparticles matrix erosion/degradation and
combination of erosion/diffusion process. Thus solubility,
diffusion and biodegradation of the matrix materials govern
the release process. This type of release can also be trig-
gered by an impulse when the particles are administered (as
shown in Figure 5). The reason behind higher drug loading
is the highly unordered lipid structures found in NLCs. NLCs
of certain structures can be triggered this way (Radtke and
Miiller 2001).

The development of a less ordered solid lipid matrix is
desired for a sufficiently high drug-load. In general, the drug
can be located in between the fatty acids or in between the
lipid layers and also in imperfections (e.g. amorphous). In
case of spatially very similar lipid compared to the more or
less highly ordered matrix molecules, especially when mono
acid highly purified glycerides such as tristearin is used, drug
load is very limited and drug expulsion occurs within hours
or a few days (Westesen et al. 1997).

Materials employed in formulation of NLCs

The nanolipid carriers for topical application to skin are
made up of a variety of lipids such as:

i. Glycerol behenate (Compritol 888 ATO),
ii. Glycerol palmitostearate (Precirol ATO 5), and
iii. Cetyl palmitate (wax).

In case of NLCs, at room temperature liquid lipids such as
medium chain triglycerides (Miglyol® 812) are frequently
used. Alternatively oleic acid, one of the frequently used
penetration enhancers in semisolid vehicles applied to the
skin, may enhance drug uptake further. They have a mean
particle size ranging from 50 to 1000 nm where nanodisper-
sions contain 5-40% of lipid. The preparations of higher con-
centration are of semisolid appearance and are cosmetically
acceptable. Depending on the type and concentration of the
lipid, 0.5-5% surfactants are added for physical stabilisa-
tion of the particles. Various lipids and surfactants used for
preparation of lipid nano carriers are illustrated in Tables II
and III, respectively.

Role of surfactant and lipid in formulation development
The properties and concentrations of surfactant greatly
affect the quality and efficacy of nanolipid carrier and lipid
nanoparticles. These surface active agents are preferentially
located in interfacial regions where they lower the interfacial
tension between lipid and aqueous phases because of their
amphiphilic nature. Ionic surfactant, sodium deoxycholate,
having low emulsification efficiency can be employed to
increase the nanoparticles charge which is related to the
improvement of electrostatic repulsion leading to improved
physical stability of the colloidal system. Non-ionic emulsi-
fier, especially Poloxamer 188, offers additional steric stabi-
lisation effect avoiding aggregation of the fine particles in
the colloidal system (Lombardi Borgia et al. 2005, Kovacevic
etal. 2011).

Table II. Lipids used for preparation of nanocarrier (Mehnert and
Miéder 2001).

S. No. Type of lipids Examples

1 Triacylglycerols Tricaprin, trilaurin, trimyristin,
tripalmitin and tristearin

2 Acylglycerols Glycerol monostearate, glycerol
behenate and glycerol
palmitostearate

3 Fatty acids Stearic acid, palmitic acid, decanoic
acid and behenic acid

4 Waxes Cetyl palmitate

5 Cyclic complexes Cyclodextrin and

para-acyl-calix-arenes




Table III. List of surfactants used for preparation of lipid nanocarrier
(Mehnert and Mader 2001).

S. No. Type of surfactant Examples
1 Phospholipids Soy lecithin, egg lecithin and
phosphatidylcholine
2 Ethyleneoxide/ Poloxamer 188, poloxamer
propylene oxide 182, poloxamer 407 and
copolymers poloxamine 908
3 Sorbitan ethylene Polysorbate 20, polysorbate
oxide/propylene 60 and polysorbate 80
oxide copolymers
4 Alkylaryl polyether Tyloxapol
alcohol polymers
5 Bile salts Sodium cholate, sodium glycol
cholate, sodium tauro cholate
and sodium tauro deoxy
cholate
6 Alcohols Ethanol and butanol

Stability of nanostructured lipid dispersions

NLCs may contain additional colloidal structures, such as
micelles, mixed micelles, liposomes and nanoemulsions
which contribute to their stability. There are also some major
stability issues during storage, such as particle size enhance-
ment, gelation of the dispersion and drug expulsion from
the lipid matrix. Gelation takes place due to formation of the
network and lipid bridges between the particles. The physi-
cal stability of these dispersions is generally investigated by
measurement of particle size (Photon correlation spectros-
copy, PCS; Laser diffraction, LD), zeta potential (ZP) and
thermal analysis (Differential scanning calorimetry, DSC).
Several studies indicated physical stability of SLNs disper-
sion more than 1 year (Kakkar et al. 2011).

The long-term storage of lipid dispersions leads to
aggregation and shell formation as reported in case of SLNs
(Freitas and Miiller 1999a). In case of highly concentrated
NLC dispersions the particles form a ‘pearl-like network;
thus undergoing collision and perikinetic flocculation. After
the administration of NLCs and their dilution with gastro-
intestinal fluid, the network is destroyed releasing single,

OQO
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non-aggregated particles. Lipid particle dispersions were
produced at identical surfactant concentration, but with low
lipid content (below 30%, outside patent coverage) and with
35% lipid. The low particle dispersion aggregated during stor-
age time, the gel-like NLC dispersion remained stable during
storage and, after dilution, single particles were obtained
showing no size increase (Freitas and Miiller 1999b). Freely
diffusible nanoparticles in low concentration dispersion can
collide and aggregate (upper), while in highly concentrated
dispersions the particles are fixed in a network, where fur-
ther dilution with water releases non-aggregated definite
nanoparticles (as shown in Figure 6).

Strategies employed for overcoming the issues

related to stability of NLCs

Polyethylene glycol

In general, surface modification of colloidal particles by
coating with a hydrophilic substance like polyethylene gly-
col (PEG) reported to bring following benefits:

e Providing good physical stability and dispersability of
colloids,

e Improving presence of colloids in blood circulation for
systemic use,

¢ Increasing stability of colloids in body fluids such as gas-
trointestinal (GI) fluids,

e Acceleration of colloid transport across the epithelium,

e Modulation of interaction of colloids with mucosa for
specific delivery requirements and drug targeting,

e Increasing biocompatibility and decreasing thromboge-
nicity of drug carriers, and

e Providing reservoir function to colloid particles carrying
hydrophobic drugs due to hydrophilic coating around the
particles.

Spray drying
In addition to the optimised storage conditions, SLNs/NLCs
dispersions can also be spray dried to increase their stability.

O O O Storage O

—
e®e0 o o ®* o a
@ @@
Low lipid particle concentration Aggregates
(e.g. SLN)
Application O O O O
i.e. dilution O O O
(GIT, blood) O @) ®
The NLC, pearl network

storage stable

Finely dispersed nanoparticles

Figure 6. Stabilisation effect in highly concentrated lipid particle dispersions; adopted and modified from (Miiller et al. 2002).
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However, melting point of the lipid matrix should be more
than 70°C for spray drying.

Lyophilisation

Another efficient way to increase stability is lyophilisation.
However, when SLN are lyophilised without cryoprotectant,
the final product commonly results in the aggregation of
particles. Some of the most widely used cryoprotectants are
trehalose, sorbitol, glucose, sucrose, mannose and maltose.
Schwarz and Mehnert reported trehalose as the most effec-
tive cryoprotectant in preventing particle growth (Trotta
etal. 2003).

A variety of drugs has been tested and incorporated in
these versatile nano delivery systems for various biomedical
applications, as enlisted in Table IV (Gupta and Vyas 2012,
Varshosaz et al. 2012, Jia et al. 2010, Han et al. 2012, Zhao
etal. 2012, Chen-yu et al. 2012, Araujo et al. 2011, Gokce et al.
2012, Liu et al. 2011, Pardeike et al. 2011, Zhang et al. 2011,
Cirrietal. 2012, Souzaetal. 2011, Nam etal. 2011, Sanad et al.
2010, Nayak et al. 2010, Schéfer-Korting et al. 2007, Tan et al.
2010, Doktorovova et al. 2010, Agrawal et al. 2010, Taratula
et al. 2013, Pathak and Nagarsenker 2009, Zhang et al. 2010,
Fang et al. 2008, Joshi and Patravale 2008).

Applications

NLCs as nanolipid carriers find potential application in
various fields. The applications are divided in two broader
aspects covering the therapeutic applications which include
the various routes of administrations in drug delivery and
the second part describes the applications in other fields
including cosmetics, nutraceuticals, food, chemotherapy
and gene delivery. These are discussed below:

Therapeutic applications

Topical delivery

Topical route has been greatly exploited for the drug deliv-
ery to dermal areas employing lipid based nanoparticles.
In recent years, many studies and experiments have been
performed on topical application of NLCs for their unique
properties (Gupta and Vyas 2012, Han et al. 2012, Chen-yu
et al. 2012, Cirri et al. 2012, Nam et al. 2011). NLCs can
enhance the apparent solubility of entrapped drugs, which
can form high concentration gradient on skin to facilitate
drug permeation. The nano-sized particles tightly adhere to
the skin surface and release the drugs in a more controlled
manner (Liu et al. 2011). Therefore NLCs are used for topical
application of various categories of drugs for improvement
of penetration along with sustained release. Another benefit
of NLCs for topical delivery of active compounds is the short
time required to market these products.

Experimental studies have confirmed the significant
improvement in therapeutic response and reduction in local
side effects of acitretin NLCs loaded gel indicating its effec-
tiveness in the topical treatment of psoriasis. The prepared
NLCs were spherical in shape as shown in Figure 7A and the
release study showed biphasic drug release pattern with an
initial sustained release phase for up to 10 h followed by a
steady drug release phase. Figure 7B indicates the release

profile of acitretin suspension and acitretin NLC in phos-
phate buffer pH 7.4 containing 3% w/v sodium lauryl sulfate
(Agrawal et al. 2010).

Idebenone loaded nanostructured lipid carriers (I-NLCs)
were prepared for topical delivery of antioxidant idebenone
and evaluation of its sun protection efficacy. Sun protec-
tion factor (SPF) value for I-NLCs was found to be 23 which
represents that lipid nanocarriers (LNC) have standards of
blocking of 94-96% of Ultraviolet-B rays (Salunkhe et al.
2013). The potential of NLCs loaded with lipophilic calci-
potriol and hydrophilic methotrexate for topical therapy of
psoriasis was investigated. The study confirmed that NLC
systems are a promising carrier for the topical delivery of
anti-psoriatic drugs as revealed by enhanced skin perme-
ation, negligible skin irritation and the compatibility of the
two drugs (Lin et al. 2010). In another study anti-fungal drug
ketoconazole loaded NLCs were physically more stable as
compared to SLN as the SLN matrix was not able to protect
the chemically labile ketoconazole against degradation
under light exposure (Souto and Miiller 2005).

Oral delivery

NLCs have been proved as one of the beneficial systems for
peroral administration of poorly water soluble drugs having
low bioavailability. Another important feature is the high
dispersivity of NLCs due to which they exhibit a high specific
surface area for enzymatic attack by intestinal lipases. Other
advantages of giving NLC in oral forms include increased
drug loading; improved drug inclusion; patient compliance;
high particle concentration and cream like consistency of
the carrier.

The mechanisms involved in the absorption of the NLC
from the intestine include direct uptake through the GI tract,
increase in permeability by surfactants and decreased degra-
dation and clearance. Besides this, the NLCs can also adhere
on to the gut wall prolonging the residence time, and conse-
quently the absorption. Poloxamer is involved in deforming
the cell membrane and opening of the tight junction of intes-
tinal epithelial cell, thus facilitating paracellular transport of
NLCs. Poloxamer 407 also restrains p-glycoprotein efflux
pump and increases NLC transport across the intestinal
mucosa. Recently, it has been reported that enzyme activ-
ity of CYP3A could be inhibited by oleic acid (Zhuang et al.
2010, Tiwari and Pathak 2011). For example, Lovastatin, a
cholesterol-lowering agent used for the treatment of patients
with moderate hypercholesterolemia has been incorporated
in NLCs that showed increased stability and clinical efficacy
(Chen et al. 2010).

Parenteral delivery

The nano-drug delivery systems such as nanomicelles,
nanoemulsions and nanoparticles has displayed a great
potential in improved parenteral delivery of the hydro-
phobic agents since last two decades. NLC has been
considered as an alternative to liposomes and emulsions
due to improved properties such as ease in manufactur-
ing, high drug loading, increased flexibility in modulating
drug release profile, and alongwith these, their aqueous
nature and biocompatibility of the excipients has enabled
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Table IV. (Continued)
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References

Outcome of the work

Solid lipid/liquid lipid Method of preparation

Drug (class)

S. No.
18.

Electrostatic repulsion was found to be more important Tan et al. (2010)

Solvent diffusion method

Theobroma oil/oleic acid

AmphotericiB (anti-fungal)

in imparting stability to the NLC as compared to stearic

hindrance.
The presence of PEG containing lipids in NLC improved the

Doktorovovi et al.

Modified microemulsion

Precirol ATO 5/labrasol

Fluticasone (glucocorticoid)

19.

(2010)
Agrawal et al. (2010)

stability and loading capacity of the drug.
The optimized NLC-loaded gels showed greater efficacy in

method
Solvent diffusion technique

Precirol ATO 5/oleic acid

Acitretin (Retinoid)

treatment of Psoriasis alongwith reduction in side effects.
NLCs protected the entrapped lutein in the presence of simulated

Taratula et al. (2013)

Nano emulsification and

Precirol ATO 5

Lutein (carotenoid)

21.

gastric fluid, and slowly released lutein in simulated intestinal

fluid in an in vitro study.
Topical Lidocaine NLC formulated as gel provided slow in vitro

ultrasonication

Pathak and

Ultrasound dispersion method

Compritol 888 ATO/miglyol

Lidocaine (local anaesthetic)

22.

Nagarsenker (2009)

permeation, provided long duration of local anaesthesia in

guinea pigs.
The drug release behaviour from the NLC exhibited a biphasic

810

Zhang et al. (2010)

GMS/miglyol 812 Solvent diffusion method

Dihydroartemisnin

23.

pattern with burst release at the initial stage and sustained

release subsequently
Enhanced permeation and controlled release were achieved

(Anti-malarial)

Fang et al. (2008)

High-pressure homogenisation

Micro-emulsification

Precirol/squlaene

Psoralens (anti-psoriatic)

Joshi and Patravale

Pharmacodynamic studies on NLC-based gel showed faster onset

Celecoxib (Anti-inflammatory)

25.

(2008)

and prolonged activity until 24 hr.

intravenous delivery of the drug with passive targeting
ability and easy abolishment.

Another reported example is NLCs of artemether (Nano-
ject) that offers significant improvement in the anti-malarial
activity and duration of action as compared to the conven-
tional injectable formulation. Nanoject can be considered as
a viable alternative to the current injectable intramuscular
(IM) formulation (Joshi et al. 2008, Joshi and Miiller 2009).
Bufadienolides a class C-24 steroid also proved to be effec-
tive in terms of enhanced haemolytic activity and cytotox-
icity with reduced side effects when incorporated in NLCs
(Li et al. 2010).

Ocular drug delivery

Ophthalmic drug delivery with long pre-corneal retention
time and high penetration into aqueous humor and intraoc-
ular tissues is the key-limiting factor for the treatment of ocu-
lar diseases and disorders. Recent reports indicated that NLC
could increase the ocular bioavailability of lipophilic drug,
ibuprofen. Our previous research showed that NLC could
improve the penetration of bioactive compounds into ocular
tissues with a good ocular tolerance. Another approach is to
increase the transcorneal passage of drugs by incorporating
permeation enhancers into formulations like Gelucire 44/14
a type of solid lipid and Transcutol IP that could enhance
drug corneal permeability to some extent while stearylamine
could prolong the pre-corneal retention of drug; all the three
materials could optimise the formulation of a NLC ocular
drug delivery and the preparation showed higher bioavail-
ability comparing with eye drops.

Mucoadhesive nanostructured lipid carrier modified
by thiolated agent has also been evaluated as a promis-
ing carrier for ocular drug delivery in vitro and in vivo.
The in vivo distribution investigation indicated that thio-
lated NLC could prolong pre-corneal residence time, and
deliver high cyclosporine (CyA) level into eye tissues in
ocular surface and anterior chamber (Shen et al. 2010, Li
et al. 2008).

Drug delivery to brain

Brain targeting not only increases the cerebro spinal fluid
concentration of the drug but also reduces the frequency
of dosing and side effects. The major advantages of this
administration route are avoidance of first pass metabolism
and rapid onset of action as compared to oral administra-
tion. LNC (e.g. NLC) of this generation are considered to
be one of the major strategies for drug delivery without any
modification to the drug molecule because of their rapid
uptake by the brain, bioacceptability and biodegradability.
Further, the feasibility in scale-up and absence of burst
effect make them more promising carriers for drug deliv-
ery. In addition, NLC further enhanced the intranasal drug
delivery of duloxetine in the brain for the treatment of
major depressive disorder. Bromocriptine (BC) a dopamine
receptor agonist has been also incorporated in NLCs for
controlled delivery of drug to provide long-lasting thera-
peutic effects possibly extending BC half-life in vivo for the
treatment of Parkinson’s disease (Alam et al. 2012, Esposito
etal. 2012).



Pulmonary drug delivery

Drug delivery via inhalation is also a potential route for the
treatment of several pulmonary disorders having advan-
tages over conventional (parenteral and oral) dosage forms
like a) non-invasive b) circumventing first pass metabolism
and systemic toxicity c) reduced frequent dosing and d)
site specificity by directly reaching to the lung epithelium
thereby enhancing local drug concentrations. In pulmonary
drug delivery systems, surfactants and co-solvents are also
often used to prepare stable formulations of highly lipophilic
active ingredients.

Few attempts have been made to deliver anti-cancer
agents using nanoparticles and liposomes via an inhalation
route, but the major limitations being instability during neb-
ulisation, biodegradability, drug leakage and adverse side
effects of drug. The lipophilic COX-2 inhibitor, celecoxib,
was successfully encapsulated in the NLC nanoparticles
using mixture of solid and liquid lipids where most of the
nebulised nanoparticles were able to deposit in the alveolar
region of the mice lungs and also enhanced the celecoxib
lung residence time (Patlolla et al. 2010).

Other applications

Cosmetics

Recently NLCs have been developed based on the controlled
nanostructuring of particle matrix which provides immense
advantages with respect to loading capacity and long term
stability. The various forms in which NLC dispersions can be
given are gel, cream, lotion, ointment. The beneficial aspects
associated with these NLCs in cosmaceuticals are very broad
which lies in, enhancing skin bioavailability of active ingre-
dients, film formation and controlled occlusion, UV protec-
tion, penetration enhancement and epidermal targeting,
enhancement of physical and chemical stability and in vivo
skin hydration (Pardeike and Miiller 2007).

NLCs greatly increased the in vitro SPF and erythemal
UVA protection factor of oxybenzone more than six- and
eight-fold, respectively, with fewer side effects. Investiga-
tions proved that NLC containing Cutanova Cream NanoRe-
pair Q10 (Dr. Rimpler, Wedemark, Germany), was superior
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with regard to skin hydration in comparison to a conven-
tional o/w cream having the same composition. NanoLipid
Restore CLR (Chemisches Laboratorium, Dr. Kurt Richter,
Berlin, Germany) is another semi-finished cosmetic prod-
uct based on lipid nanoparticles. The easily oxidized black
currant seed oil is incorporated in NLCs which are able to
protect it against oxidation and enhance the stability of the
final product. Another product Surmer (Dr. Rimpler, GmbH,
Wedemark, Germany) increases the occlusion of a day cream
without changing its light character, that is, achieving higher
occlusive properties without having the glossy skin appear-
ance. A prolonged release profile can also be obtained for
the perfumes and insect repellents by incorporating them in
NLCs (Petersen et al. 2006).

Chemotherapy

Recent studies have shown that NLCs not only enhanced the
efficacy and stability but also reduced side effects of many
cytotoxic drugs. Different nanosystems have been developed
with anti-cancer drugs, for example, the albumin-paclitaxel
nanoparticles were approved in early 2005 in the chemo-
therapy for metastatic breast cancer; etoposide NLCs were
found to be cytotoxic against human epithelial-like lung
carcinoma cells; stabilisation and prolonged release of topo-
tecan NLCs in treatment of refractory ovarian and small-cell
lung cancer. Advantages of incorporating anti-cancer drugs
in NLCs include high drug loading efficiency; prolonged
release profile; increased chemical stabilisation; increased
cytotoxicity.

As these NLCs avoid some potential problems associ-
ated with SLN, such as drug leakage during storage and
decreased loading capacity. They act by prolonging the
exposure of tumour cells to anti-tumour drug and enhanc-
ing permeability and retention effect to further increase
the therapeutic effect (Bharali et al. 2009). It has also been
reported that hyaluronic acid coated NLC could prolong the
circulation time of paclitaxel (PTX) in blood and increase
the accumulation of PTX in the tumour. The results of this
experiment indicated that HA-NLCs (hyaluronic acid-
coated, paclitaxel-loaded, nanostructured lipid carriers)

~4-Acitretin Suspension
4 =h=Acitretin Loaded NLC

T T T T T 1

0 5 10 15 20 25 30 35
Time (hrs)

Figure 7. (A) TEM image of acitretin loaded NLC; adapted from (Agrawal et al. 2010); (B) Cumulative percentage drug release from act suspension
and Acitretin-NLC in phosphate buffer pH 7.4; adapted from (Agrawal et al. 2010).



38 P Jaiswal et al.

(A)3.5 1

=+ Taxol®
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Figure 8. (A) The curve of the concentration of paclitaxel in plasma; (B) Distribution of PTX (Paclitaxel loaded NLCs) in tumour tissues after
intravenous administration of Taxol_ or HA-NLC to mice at 0.0833, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5 and 6 h; adapted from (Yang et al. 2013).

showed higher anti-tumour efficacy and fewer side effects
than Taxol® in B16-bearing Kunming mice as depicted in
Figure 8. The overall targeting efficiency of HA-NLC in the
tumour was 14.46%, approximately 1.4 times that of Taxol®
(Yang et al. 2013).

Nutraceuticals

Nutraceuticals are bioactive compounds, which provide
medicinal or health benefits, including the prevention, and
treatment of diseases. Among them, the carotenoids are one
of the most important groups of natural pigments, because
of their wide distribution in plant tissues, structural diver-
sity and numerous functions. Carotene-LNC with highly
antioxidant and significant anti-bacterial activities were
successfully produced by using natural oils and a versatile
high-shear homogenisation technique.

Hesperetin (5,7,3'-trihydroxy-4"-methoxy flavanone)
belonging to flavonones which is useful in chemically
induced mammary tumorigenesis, colon carcinogenesis,
heart attack and blood pressure was also successfully
encapsulated in NLCs that showed good acceptance,
homogeneity, improved taste and enhanced therapeutic
effects (Lacatusu et al. 2012, Fathi et al. 2013).

In food industry

Because of its good stability and high loading capacity, the
NLCs are widely applied in the pharmaceutical field. It was
seldom reported that the NLC was applied as a nutritional
supplement carrier in food industry for the capsule and bev-
erage preparations. However, there are certain difficulties
related to the raw material supply, availability and environ-
mental factors due to which there is still a great risk for food
industry to invest in this area. Coenzyme Q10-loaded NLCs
for food application were developed to enhance the physico-
chemical stability and bioavailability (Liu et al. 2012).

Gene delivery and gene therapy

Transfer of genes to mammalian cells is the most challenging
task to achieve efficient and safe gene therapy. Gene delivery
systems are basically divided into two types, viz., viral and
non-viral vectors. Viral vectors have been extensively inves-
tigated because of their high transfection efficiencies while

non-viral vectors have the benefits of low immunogenicity
and ease of preparation. However, their efficiency is not
quite satisfactory. Colloidal particulate delivery systems like
cationic liposomes, SLNs, nanoemulsions, micelles, and
some of the polymer based vectors like poly-L-lysine, poly-
ethylenimine (PEI), polyamidoamine dendrimer and chito-
san, exhibit significant advantages as potential candidates
for efficient non-viral gene delivery. Among them, cationic
liposomes and PEI are the most extensively investigated
where cationic liposomes form a complex with anionic DNA
molecules and deliver DNA through endosomes after endo-
cytosis of the complex (Zhang et al. 2008). Lipopolyplexes
are used as nanomedicines for successful and efficient gene
delivery. These are prepared by combination of gene (RNA/
DNA), polycations, and lipids. They are mainly preferred for
gene delivery in treatment of various cancers (Garcia et al.
2012). Recently, Zhang et al. (2008) demonstrated the con-
tribution of NLCs towards gene delivery, by evaluating the in
vitro gene transfer properties of polycationic nanostructured
lipid carrier (PNLC) loaded with triolein in human lung ade-
nocarcinoma. Enhanced transfection efficiency of PNLC was
observed, which proved that PNLC is an effective non-viral
gene transfer vector. Zhu et al. (2013) explained the utility of
folate nanoliposomes for targeted delivery of siRNA in meta-
static neuroblastoma (Zhu et al. 2013). Similarly, NLCs are
used as multifunctional carrier for targeted delivery of siRNA
and anti-cancer drugs. Recently, Taratula et al. (2013) dem-
onstrated the higher efficiency of NLCs for tumour-targeted
local delivery by inhalation of anti-cancer drugs and mixture
of siRNAs for treatment of lung cancer with efficient sup-
pression of tumour growth and prevention of adverse side
effects on healthy organs (Taratula et al. 2013).

Conclusion

The lipid nanoparticles like SLN, NLC, LNC, etc. have always
been potential carrier systems with good therapeutic appli-
cations. The purpose of this work was to highlight the role of
NLCs as a novel drug delivery system for various categories
of drugs. They are the new generation, smart, flexible systems
offering for enhanced drug loading, modulation of release
and improved performance in producing final dosage forms



such as creams, tablets, capsules and injectables. The article
also emphasises on various production techniques, stability
related issues along with the therapeutic and cosmetic appli-
cations of NLCs.

LNC (e.g. NLC) of this generation are considered to be
one of the major strategies for drug delivery without any
modification to the drug molecule because of their rapid
uptake, bio-acceptability and biodegradability. The impact
of these carrier systems is continuously increasing and thus
has bright future prospects. However, their cytotoxic effects
related to the nature of matrix and concentration, irritative
and sensitising action of some surfactants are the areas of
concern. Their application and efficiency in food, protein
and peptide drugs, gene delivery systems and other fields
still needs to be better exploited.
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