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Abstract: The lipid-based colloidal carriers, such as
nanostructured lipid carriers (NLCs), solid lipid nanopar-
ticles (SLNs), nanocapsules, liposomes, and microemulsion,
are the latest and significant entrants in the development
of drug delivery systems owing to their myriad advantages.
The NLCs are second-generation SLNs having unstructured
matrix, have high drug loading, and provide long-term drug
stability in comparison to SLNs and other colloidal systems,
which show lower drug loading and experience burst
release/drug expulsion during storage. This review is
aimed to summarize the formulation development and
optimization strategies for NLCs as reported in the lit-
erature collected from authentic databases. Various types
of NLCs, formulation components, methods of prepara-
tion, characterization parameters, optimization (statistical
designs) strategies, toxicity, regulatory aspects, and their
applications in oral, parenteral, ocular, pulmonary, nose-
to-brain, tumor targeting, and transdermal drug delivery
have been dealt in detail. Patents granted on the NLCs
have also been enlisted.

Keywords: lipid nanocarriers, nanostructured lipid car-
riers, optimization, novel drug delivery, statistical designs,
quality by design

1 Introduction

The versatility in the field of nanomedicine is evolving
with passing time and extensive investigations are being
performed by scientists worldwide. The nano-drug delivery sys-
tems are classified as polymeric systems, such as nanocapsules,
nanospheres, nanofibres, and nanodiscs, and lipid-based sys-
tems, such as liposomes, transferosomes, ethosomes, niosomes,
virosomes, phytosomes, micelles, solid lipid nanoparticles
(SLNs), and nanostructured lipid carrier (NLC) systems.

Lipid nanoparticles (LNPs) gained attention in the
early 1990s when the first-generation SLNs were created
[1]. The SLNs created a lot of interest worldwide and quite
several research groups started working on SLNs in the
first years of their discovery, and to date, SLNs remain an
alternative approach to current conventional carriers,
such as emulsions, liposomes, and polymeric nanoparti-
cles [2,3]. The SLNs are within the range of submicron
(50–1,000 nm) and the appropriate selection of lipids and
surfactants will affect particle size (PS), long-term storage
stability, drug loading (DL), and release behaviors [4,5].
Their major benefit is the prospect of their large-scale indus-
trial development [6,7]. Possible SLN-related problems, such
as restricted DL capacity, change in drug release profile, and
expulsion of drugs during storage, are either avoided or
minimized using the new-generation NLCs [8].

NLCs are the second generation of SLNs, composed of
a binary mixture of solid lipid and liquid lipid, the
average size in the range of 10–500 nm [9]. Here, the solid
lipid is mixed with the liquid lipids preferably in a ratio of
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70:30 up to 99.9:0.1. They contain a special nanostruc-
ture, which results in the improvement in DL as well as
firm incorporation of the drug inside increasing the storage
time. The NLCs can be administered to the patients using
oral, topical, intravenous (IV), as well as ocular routes
[10]. The advantages associated with NLCs include easy
scale-up, drug targeting, controlled drug release profile,
longer stability profile, high DL, biocompatible, biode-
gradable, and nontoxicity [11]. The selection of drugs,
lipids (solid and liquid), surfactants, and cryoprotectants
is crucial in their development and optimization [12,13].

The quality-by-design (QbD) approach has attracted
much attention recently for the optimization of manufac-
turing variables to achieve safe and effective pharmaceu-
tical formulations. It has been applied successfully in the
optimization of SLNs and NLCs for the screening of exci-
pients used and in the study of drug–lipid compatibility.
Using the QbD, the quality target product profile (QTPP)
and critical quality attributes (CQAs) of the product are
identified followed by the evaluation of critical material
attributes (CMAs) and critical process parameters (CPPs)
to ensure the quality of the finished product [14]. Several
mathematical models and statistical tests are available to
apply to the parameters that influence the physical char-
acteristics of the nanoformulations. These parameters
include the variation in the composition of lipids, emul-
sifiers, and the manufacturing parameters including time
and rate of emulsification, time and amplitude of sonica-
tion, pressure, and number of cycles of homogenization, etc.
The effect of these critical parameters on the PS, polydisper-
sity index (PDI), zeta potential (ZP), drug encapsulation effi-
ciency (EE), and in vitro drug release was studied [14].

This review is aimed to summarize and highlight the
preparation and characterization techniques of NLCs along
with their applications in the biomedical field. The toxicity
profile, recent patents, and the regulatory considerations
associated with NLCs are also covered.

2 Types of NLCs

The NLCs can be divided into three types: imperfect, amor-
phous, andmultiple oil-in-solid fat-in-water (O/F/W) based
on differences in their lipid and oil composition.

2.1 Imperfect NLCs

The preparation of imperfect NLCs requires the mixing of
structurally dissimilar lipids, such as glycerides and fatty
acids, creating imperfections in the crystal order.

2.2 Amorphous NLCs

In the amorphous form of NLCs, lipids are combined in
such a way that they cannot crystallize and a structure-
less amorphous matrix is obtained. Special lipids, such as
hydroxyoctacosanyl hydroxystearte or isopropyl myris-
tate, are mixed with the solid lipid. Consequently, NLCs
exist in an amorphous state instead of the ordered one
preventing drug exclusion due to β modifications during
its storage.

2.3 Multiple O/F/W NLCs

Generally, the solid matrix of many O/F/W-type NLCs
contains distributed nanosized liquid oil compartments,
which increases the DL as the drug solubility is increased
due to these nanosized compartments [15,16]. Preferen-
tially, these lipid particles are suited for the incorporation
of lipophilic drugs and the hydrophilic drugs can only
be incorporated in low concentrations. In certain cases,
a water-insoluble lipid conjugate is formed from the
water-soluble drugs by conjugating it with lipids using
covalent linkage or salt formation. These lipid conjugates
can be melted and processed to afford the lipid–drug
conjugate nanoparticles and these lipidic conjugates can
have 30–50% DL for water-soluble drugs [17].

3 Components of NLCs

The major components of NLCs include solid lipids,
liquid lipids, surfactants, and surface modifiers [18].
Solid lipids form the solid lipid core of the NLCs and
act as the matrix-forming lipids. Various solid lipids
along with their melting point and compositions used
in the NLC formulations are given in Table 1. On the other
hand, liquid lipids (oils) are the lipophilic excipients that
are used to integrate the solid lipid core and to reduce its
crystallinity [19]. In the preparation of NLCs, two types of
oils are used: natural oil or synthetic oil, and most of the
drugs are dissolved in synthetic oils [20]. Various types of
synthetic and natural oils used in the formulation of NLCs
along with their examples are summarized in Table 2.

The entrapment efficiency, stability, drug-loading capac-
ity, and the controlled release behavior of NLC formulations
are influenced by their lipid component [4]. These lipids are
well-tolerated physiologically and are approved as generally
regarded-as-safe (GRAS) compounds. Although there are no
specific guidelines as such for their selection, however, the
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Table 1: List of solid lipids, their melting points, and compositions used in the NLC formulations

Solid lipids Melting
point (±5°C)

Compositions used

Stearic acid/octadecanoic acid/
cetylacetic acid

69.6 Stearic acid + palmitic acid + small concentration of oleic acid (HLB
value = 15)

Glyceryl monostearate (GMS) 57–65 Monoglycerides + diglycerides of fatty acids (HLB value = 3.8)
Glyceryl monostearate polyoxylethylene
stearates (Gelot™ 64)

55–62 Mixture of glycerol monostearate and PEG-75 (MW 3,500) stearate
(C18) (HLB value = 10)

Carnauba wax 82 Hydroxy acid aliphatic ester + p-methoxy cinnamic acid aliphatic
ester + p-hydroxy cinnamic acid aliphatic diester + oxy-polyhydric
alcohol (HLB value = 12)

Cetyl palmitate 54 Ester derived from hexadecanoic acid and hexadecanol (HLB value
= 10)

Glyceryl palmitostearate (Precirol® ATO 5)/
glyceryl distearate

50–60 Mono- + di- + triglycerides of C16 and C18 fatty acids (HLB value = 2)

Glyceryl behenate (Compritol® 888 ATO)/
glycerol dibehenate

65–77 Mono- + di- + triesters of behenic acid (HLB value = 2)

Compritol® HD5 ATO/behenoyl polyoxyl-8
glycerides

60–67 Mono- + di- + triglycerides of PEG8 and mono- + diesters of behenic
acid (HLB value = 5)

Geleol™ mono- and diglycerides NF/mono-
and diglycerides

54–64 Mono- + di- + triesters of palmitic acid (C16) and stearic acid (C18)
(HLB value = 3)

Grades of Softisan – it is a mixture of triglycerides graded based on even-numbered, saturated, and non-branched natural fatty acids of
chain length C8–C18 and are of vegetable origin
Softisan 100 33–35 Hydrogenated co-glycerides + mixture of C10–C18 fatty acid

triglycerides
Softisan 154 53–58 Hydrogenated palm oil + mixture of C10–C18 fatty acid triglycerides
Softisan 142 42–44 Mixture of C10–C18 fatty acid triglycerides of
Softisan 138 NA Mixture of C10–C18 fatty acid triglycerides and diglycerides
Softisan 645 NA Mixture of diglycerol with caprylic, isostearic, capric, stearic, and

adipic acid
Softisan 378 38 Mixture of caprylic/capric/myristic/stearic triglycerides
Softisan 601 40–45 Hydrogenated coconut oil + ceteareth-25 + triglycerides (glyceryl

cocoate)
Softisan 649 35 Mixture of diglycerol, caprylic, isostearic, capric, stearic acid,

hydroxystearic, and adipic acid
Grades of Witepsol® – synthetic hard wax, available in different series
Witepsol®H (5,12,15,19,32,35,37) 31–38 Mixture of triglycerides + diglycerides (15%) + monoglycerides (1%)

with low hydroxy value
Witepsol® W (32,25,35,45) 32–35.5 Mixture of triglycerides (65–80%) + diglycerides (10–35%) +

monoglycerides (1–5%) with high hydroxy value
Witepsol® S (51,55,58) 30–35.5 Non-ionic ethoxylated emulsifier
Witepsol® E (75,76,85) 37–44 Series E are hard fats having melting point more than the body

temperature
Imwitor grades
Imwitor 372P 62 Glyceryl stearate citrate, HLB = 12
Imwitor 491 66–77 Mixture of GMS and monoglycerides with HLB value 4
Imwitor 900K 61 Glycerol monostearate (40–55%, type I), HLB = 3
Imwitor 928 34 Mixture of glyceryl cocoate and medium-chain partial glycerides
Dynasan grades
Dynasan® 116 63–68 Tripalmitin
Dynasan® 118 72 Glyceryl tristearate/triglycerides
Dynasan® 114 55–58 Solid triglycerides (triglycerides/trimyristin)
Others
Lauric acid (dodecanoic acid) 43.2 Mixture of saturated fatty acid with a 12-carbon atom chain
Apifil® CG/PEG-8 Beeswax 59–70 It is a polar beeswax derivative by esterification of beeswax with

polyethylene glycol (PEG). PEG group imparts hydrophilic properties
to beeswax.

(Continued)
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drug solubility in lipids is one of the criteria to select an
appropriate lipid. The third component surfactant is often
a polymeric material that is used to provide stability to the
lipid crystal suspension, maintain uniform PS distribution,
and prevent particle growth. Various properties of NLCs,
such as the viscosity and water-solubilizing capacity, are
determined by the surfactants and they play a crucial role
in the formulation development. They also prevent the
agglomeration and dispersibility of the particles and provide
stability to the formulation.

Surfactants are amphiphiles that reduce the surface
tension and therefore facilitate the partition of particles
between the two phases. The hydrophilic head of the

surfactants remains oriented toward the aqueous phase
and the lipophilic groups get oriented toward the lipid
[21]. Surfactants are selected based on the chosen lipid
component as they should be physico-chemically compa-
tible with each other. Other factors that determine the
selection of surfactants include the route of administra-
tion and the hydrophilic–lipophilic balance (HLB) value
of the surfactant. Another compound, known as the co-
surfactant, is used to further decrease the interfacial ten-
sion and to enhance the drug solubility in SLNs/NLCs to a
value lesser than that of the surfactants alone. A few
examples of surfactants and co-surfactants used in the
preparation of NLCs are listed in Table 3 [22].

Table 1: Continued

Solid lipids Melting
point (±5°C)

Compositions used

Tefose® 63 49 Mixture of ethylene glycol palmitostearate + PEG-6 palmitostearate +
PEG-32 palmitostearate (HLB value = 9.5)

Tristearin/glyceryl tristearate 54–72 It is derived from three units of stearic acid

Table 2: Synthetic and natural oils used for the formulation of NLCs and their examples

Types of oil used Examples

Synthetic oils
Medium-chain mono- and diglycerides of caprylic/
capric acid

Capmul MCM
Imwitor

Propylene glycol (PG) fatty acid esters including PG
monolaurate

Lauroglycol FCC
Capmul PG-12
Lauroglycol 90

PG diester of caprylic/capric acid Labrafac PG
PG dicaprylate Miglyol 840
Medium-chain triglycerides and their esters including
capric/caprylic triglycerides

Akomed R, Akomed E, Miglyol 810, Captex 355, Crodamol GTCC, Neobee M5

Fractionated coconut oil Miglyol 812, Triacetin, Labrafac CC, Captex 300
Long-chain monoglycerides, such as glyceryl
monolinoleate

Maisine 35

Glyceryl monooleate Peceol, Capmul GMO
Capric/caprylic/diglyceryl succinate Miglyol 829
Fatty acids, such as oleic acid and caprylic acid Crossential O94
Fatty acid esters Ethyl butyrate, ethyl oleate (Cardamol EO), isopropyl myristate, ethyl

butyrate, isopropyl palmitate
Mineral oil Liquid paraffin
Vitamins Vitamin E/α-tocopherol
Diethylene glycol monoethyl ether Transcutol HP
Natural oils
Fixed oils Sunflower oil, shark liver oil, palm oil, sesame oil, olive oil, rice bran oil,

margosa oil, mustard oil, jojoba oil, cod liver oil, cottonseed oil, arachis/
peanut oil, castor oil, soyabean oil, chaulmoogra oil

Essential oils Pumpkin seed oil, lemon grass oil, cinnamon oil, peppermint oil, citronella
oil, lavender oil, clove oil, garlic oil, geranium oil
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Another important component of NLCs includes the
surface modifiers, which are the ingredients that add spe-
cial properties to the formulation and influence the in vivo
effects of NLCs. Several surface modifiers are used to
modify the NLCs and a few of them are listed in Table 3.
These surfacemodifiersmay be attachedwith some linkage,
such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
PEG, succinic acid-PEG 2000, folate-PEG-Chol, and mannan-
PEG-phosphatidylethanolamine. The surface modifications
of SLNs are generally inspired by the methods used for the
functionalization of liposomes. Special functionalized
lipids are included in the SLNs/NLCs’ formulation using
the post-insertion method. Another feasible approach to
modify the surface of SLNs/NLCs is by linking the coating
agent used in the formulation to an excipient, which is
an integral part of the formulation. This is done by using
N-hydroxy succinimide/1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide chemistry forming covalent bonds and is a
well-validated approach in designing polymeric particles
systems [23,24].

4 Methods of preparation of NLCs

Techniques used in the preparation of SLNs can also be
used for the preparation of NLCs [25]. These preparation
techniques are divided into three major categories: high-
energy approaches, low-energy approaches, and approaches
with organic solvents. Various critical aspects in the formula-
tion development of NLCs are discussed henceforth [26] and
are depicted in Figure 1. Various advantages and disadvan-
tages are associated with different techniques and the selec-
tion of appropriate methods for the preparation of NLCs
depends upon the characteristics of the drug and the PS
required. For instance, the high-pressure homogenization
(HPH) technique utilizes both high pressure and high tem-
perature and is the most commonly employed method for
NLCs’ preparation. It has the advantage of utilizing high
temperature, which decreases the viscosity of mixed liquids
and thereby reduces the PS; however, the disadvantage

associated with this method is the probability of degradation
of drug and carrier due to higher temperature [27]. Therefore,
this method is more suitable for highly lipophilic and inso-
luble drugs and not for hydrophilic ones. Other advantages of
this technique are the avoidance of organic solvents and the
scale-up suitability. On the other hand, the emulsion eva-
poration technique includes evaporation of the oil phase by
heating under reduced pressure; therefore, the advantage of
this technique is the avoidance of heat; however, the major
disadvantage is the use of solvents, which may lead to toxi-
city due to solvent residues. Similarly, the advantages of the
solvent dispersion technique include speed, simplicity, and
avoidance of major instruments; however, this method is not
suitable for the preparation of NLCs at an industrial scale and
also is associated with chances of solvent residue in the final
product. The microemulsion technique has the advantage of
the usage of a small amount of drug and simplicity; however,
it requires high concentrations of emulsifiers.

4.1 High-energy approaches

4.1.1 HPH technique

The HPH technique remains one of the most preferred
methods owing to the shorter production time in compar-
ison to other techniques, easier scale-up, and lack of
solvents [27]. HPH methods can be divided into hot
HPH and cold HPH protocols [28]. The hot HPH process
includes melting solid lipids first followed by mixing
them with liquid lipids and drugs. This dispersion is
then mixed with hot surfactant solution in water resulting
in a pre-emulsion, which upon homogenization at up
to three cycles at 500 bar at high temperature gives
SLNs/NLCs as the end desired product. Generally, the
high temperature reduces the PS by decreasing the viscos-
ity of lipids; however, the chances of drug or carrier system
degradation increase. Whereas, in cold HPH, the lipid
blend is melted and mixed to form lipid microparticle
dispersion, which is then mixed with a cold surfactant

Table 3: Various surfactants, co-surfactants, and surface modifiers used in the formulation of NLCs

Agents Examples

Surfactants/co-surfactants Soy lecithin (Lipoid S 75, Lipoid S 100), phosphatidyl choline 95% (Epikuron 200), Poloxamer-188
(Pluronic F-68), egg lecithin (Lipoid E 80), Cremophor EL, Poloxamer 407, lecithin, Poloxamine 908,
Solutol HS 15, Tyloxapol, Polysorbate 20 (Tween® 20), Polysorbate 60 (Tween® 60), Polysorbate 80
(Tween® 80), sodium cholate, taurodeoxycholic acid sodium, sodium glycocholate, butyric acid and
butanol, sodium dodecyl sulfate, cetylpyridinium chloride, polyvinyl alcohol, and sodium oleate

Surface modifiers Folate, PEG 2000, biotin, ferritin, transferrin, β-D-galactosides, mannose, L-arginine, oligo-chitosan,
hyaluronic acid, wheat germ agglutinin
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solution to form a pre-suspension, which upon homoge-
nization at up to 5–10 cycles at 1,500 bar at room tempera-
ture gives SLNs/NLCs as the end product.

4.1.2 Melt emulsification homogenization technique

In this technique, the solid lipid, the liquid lipid, and the
drug are mixed and dispersed into the aqueous surfactant
solution using the probe sonication method. The mixture
is then cooled to a low temperature to afford solid NLCs.
The important advantage associated with this technique
is the avoidance of heat.

4.2 Low-energy approaches

4.2.1 Microemulsion technique

In this technique, the lipid carrier is melted just above
its melting point followed by the addition of a drug,

auxiliary emulsifier, and deionized water (preheated to
the same temperature) to yield a transparent mixture with
thermodynamic stability similar to oil-in-water typemicro-
emulsion. The obtained mixture is dispersed immediately
in ice-cold water (0–4°C) with gentle mechanical stirring
forming dispersion of NLCs. The temperature difference
between the microemulsion and cold water is the key
factor in determining the size of nanoparticles as the rapid
cooling prevents the aggregation of these particles resulting
in smaller size NLCs. While method simplicity is its advan-
tage, the abundant use of emulsifiers and auxiliary emulsi-
fiers is its disadvantages.

4.2.2 Membrane contractor technique

Lipid is transported through the pores of a membrane at a
pressure that keeps the system above the melting tem-
perature of the lipid, resulting in the creation of tiny
droplets. The aqueous phase, on the other hand, is cycled
within the membrane, and droplets generated at the

Figure 1: Methods of preparation of NLCs. (a) Hot homogenization technique, (b) cold homogenization technique, (c) phase inversion
temperature (PIT) technique, (d) coacervation technique, (e) supercritical fluid (SCF) technique, (f) high shear homogenization/ultraso-
nication technique, (g) double emulsion technique, (h) microemulsion technique, (i) membrane contactor technique, (j) emulsification–
solvent evaporation technique, (k) emulsification solvent diffusion technique, and (l) solvent injection technique.
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holes are swept along with it. When the preparation is
cooled to room temperature, LNPs are formed. The size
and lipid influx of LNPs are influenced by aqueous phase
flow velocity, lipid and aqueous phase temperature, mem-
brane pore size, and lipid phase pressure.

4.2.3 Phase-inversion temperature technique

The phase inversion from O/W to W/O emulsion is used
in this process, which is a unique, cost-effective, and
solvent-free method for the synthesis of LNPs. Step 1
comprises optimizing the quantities of lipid, surfactant,
and water, followed by a 4°C increase in temperature
from room temperature to 85°C. To achieve the phase
inversion zone, the system is subjected to three tempera-
ture cycles. The addition of cold water (0°C) in step 2
produces an irreversible shock to the system, causing
nanocapsule production.

4.2.4 Coacervation technique

This is a revolutionary solvent-free approach that can
even include thermosensitive pharmaceuticals without
the use of expensive equipment or hazardous solvents.
In the presence of an appropriate amphiphilic polymeric
stabilizing agent, a Micellar solution of a fatty acid
sodium salt interacts slowly with an acid solution (coa-
cervating solution).

4.2.5 Double emulsification technique

This method, which is based on the solvent emulsifica-
tion–evaporation process, is mostly used to make LNPs
that are loaded with hydrophilic medicines. The medica-
tion and the stabilizer are enclosed in the W/O/W double
emulsion’s inner aqueous phase. Due to their higher PS
than SLNs, these formulations are referred to as lipospheres.

4.3 Approaches with organic solvents

4.3.1 Solvent emulsification evaporation technique

The lipid is dissolved in a water-immiscible organic solvent,
such as cyclohexane or chloroform, and then emulsified with
continuous stirring in an aqueous phase containing surfac-
tants, resulting in anO/W emulsion. Solvent evaporation and
lipid precipitation result from evaporation at decreasing

pressure. Although the approach eliminates heat stress, it
does have one drawback: the use of an organic solvent.

4.3.2 Emulsification solvent diffusion technique

This approach is similar to the “solvent emulsification–
evaporation”method, except that the lipid is dissolved in
a somewhat water-miscible organic solvent, such as benzyl
alcohol or ethyl formate. The transitory oil-in-water emul-
sion is poured into the water with constant stirring, causing
the dispersed phase to solidify and form LNPs due to
organic solvent diffusion. The lipid solidifies as the solvent
diffuses to the liquid phase.

4.3.3 Evaporation solvent injection technique

Awater-miscible solvent, such as acetone, ethanol,methanol
or isopropyl alcohol, or a water-soluble solvent mixture, is
used to solubilize lipid, which is quickly injected into an
aqueous surfactant solution while being stirred constantly.
Excess fat is removed from the resulting dispersion by fil-
tering. This approach has the advantages of being simple
to use, efficient, versatile, requiring no specialized equipment
(such as a high-pressure homogenizer), and using authorized
organic solvents.

4.3.4 Supercritical fluid technique

This technique involves solubilization of the lipid mate-
rial with the drug in an organic solvent, such as chloro-
form by adding a suitable surfactant resulting in an
organic solution. The organic solution is disseminated
in the aqueous phase (that may or may not contain a
co-surfactant) and the combination is then homogenized
at high pressure to generate an O/W emulsion. The O/W
emulsion is injected at a constant flow rate from one end
of the extraction column (typically the top), and the super-
critical fluid (kept at constant temperature and pressure)
is introduced at a constant flow rate counter currently.
Continuous extraction of solvent from the O/W emulsions
is used for the formulation of LNP dispersions.

5 Lyophilization of NLCs

Lyophilization (freeze-drying) method has been the tech-
nique to stabilize the NLCs. One of the purposes of
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lyophilization is to prolong the product storage duration
and preserve it from chemical and physical degradation.
Therefore, a solid-state material is easy to obtain using
the lyophilization technique and it would readily re-dis-
perse when required. Lyophilization, in general, is based
on the sublimation principle (dehydration process)where
the water goes straight from a solid state (ice) to a gas-
eous state without going through a liquid state [29].
During the lyophilization process, cryoprotectants or lyo-
protectants are used as stabilizers, which protect the for-
mulation during freeze-drying (cryoprotectant) against
the freezing and drying stresses (lyoprotectant). To pro-
tect the product from the high stress created during the
lyophilization process, cryoprotectants, such as mannitol,
trehalose, fructose, sorbitol, lactose, glucose, sucrose, and
aerosil, are added in 5–15% w/w concentration [30].

It is the most dependable drying procedure since
it does not alter the product’s molecular structure.
Cryoprotectants are also known to vitrify at a certain tem-
perature, Tg. Nanoparticles can be immobilized inside a
glassy cryoprotectant matrix to avoid the aggregation and
protect them from the mechanical stress of ice crystals.
Cryoprotectants not only improve the long-term stability
of NLCs during storage, but they also serve as bulking
agents (which add bulk to the formulation, especially
when the product concentration to freeze dry is low) and
tonicity adjusters [31]. Surfactant-stabilized NLCs created
by an appropriate approach might retain good stability.
However, in aqueous solutions, it can have poor chemical
and physical stability.

During storage, however, aggregation or other unfor-
eseeable adverse effects may develop. As a result, boosting
the stability of NLCs and maintaining their physical qua-
lities is increasingly important. Cryoprotectants were used
to lyophilize the NLC solution and protect it against
agglomeration during storage, according to many investi-
gations. Tilmicosin NLC suspension was lyophilized using
mannitol as a cryoprotectant after being produced by heat
homogenization with Compritol 888 ATO, sesame oil,
Poloxamer 407, and Tween® 80. The lyophilized products
were shown to be more stable over a longer period [32].
NLCs containing lopinavir (LPV) and verapamil were pro-
duced utilizing Compritol 888 ATO® and oleic acid as solid
and liquid lipids using a hot high-shear homogenization
technique. PS and PDI were used to screen many cryopro-
tectants, including mannitol, sorbitol, sucrose, and treha-
lose. Trehalose was shown to be superior at preventing
LPV-NLC aggregation and improving stability throughout
the freeze-drying process. Trehalose has several benefits in
comparison to cryoprotectants, such as lesser chemical

interactions and a higher glass-transition temperature,
both of which may aid nanoparticle stability [33,34]. Rifa-
butin (RFB)-NLCs for the treatment of tuberculosis were
prepared with the help of miglyol-812 (liquid lipid) and
Precirol® ATO 5 (solid lipid) via high-shear homogeniza-
tion and ultrasonication techniques. Aerosil was used as a
cryoprotectant and made a stable formulation at 2% w/w
of its concentration [35]. Olmesartan NLCs prepared by
Precirol ATO 5 and Capmul MCMwere lyophilized by man-
nitol as it resulted in the formation of voluminous, easy to
redisperse cake with redispersibility index close to one,
and ultimately their long-term stability [36]. Mannitol as
a cryoprotectant for the preparation of exemestane NLCs
using ultrasonication technique is also reported. Flaxseed
oil was used as liquid lipid and Precirol ATO 5 was used as
solid lipid for the preparation of the NLCs. NLCs’ lyophi-
lized formulation showed better stability as compared to
their suspension throughout the storage period [37].

6 Characterization of NLCs

Owing to the tiny size of the particles and the intricacy of
the system, the characterization of NLCs can be challen-
ging. PS and size distribution, ZP, surface charge, particle
morphology, polymorphism, thermal behavior of lipids,
degree of crystallinity, and lipid modification are relevant
parameters to be considered [38]. The PS and size distri-
bution of NLCs are the most essential characteristics that
determine their stability, solubility, release rate, and in
vivo performance; hence, their accurate measurement is
critical [15]. Photon correlation spectroscopy (PCS) and
laser diffraction are the most promising and extensively
used methods for the PS assessment of LNPs [39,40].
NLCs are generally polydispersed in nature; therefore,
the measurement of PDI is vital to understand the size
distribution of the nanoparticles. The nanoparticle dis-
persion is considered to be more monodispersed when
the PDI value is low. The majority of studies consider a
PDI value of less than 0.3 to be optimal [41,42]. PCS using
a Zetasizer NanoZS at 25°C may be used to detect PDI and
ZP [43]. The second most essential characteristic para-
meter is DL and EE, which may be assessed by calculating
the amount of drug encapsulated within the nanoparti-
cles. In a nutshell, NLC dispersion is placed in a centri-
fugal tube and centrifuged for 30min at 5,000 rpm, after
which the quantity of drug in the aqueous phase is eval-
uated using HPLC [44–46]. The following formulae can
be used to compute drug EE and DL:
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EE % Actual amount of drug in the filtered formulation Soluble unencapsulated drug
Amount of drug added during formulation

100,( ) =

−

×

L % Actual amount of encapsulated drug
Amount of lipid used to prepare the formulation

100.( ) = ×

Because these factors are significantly connected
with drug incorporation and release rates, determining
the degree of lipid crystallinity and the alteration of the
lipid are also key components of characterizing NLCs.
Lipid crystallization and modification modifications
may be greatly slowed due to the tiny size of the particles
and the presence of emulsifiers. To assess the state of
lipids, differential scanning calorimetry (DSC) and
X-ray scattering are commonly utilized [47–49]. Varied
lipid changes have different melting temperatures and
melting enthalpies, which DSC makes use of. The length
of the long and short spacing of the lipid lattice may be
measured using X-ray scattering. Infrared and Raman
spectroscopy are important methods for studying lipid
structural characteristics, but their use in characterizing
NLC dispersions has yet to be determined [50–54].

7 Optimization of NLCs

Experimental design via the QbD system helps develop a
design space statistically, which offers approaches to
address the formulation-related problems and it is
helpful in improving and validating formulation for
better efficacy and patient care [55]. In QbD, we combine
experimental data and mechanistic knowledge to predict
performance, as it allows us to achieve optimal product
design by balancing high-risk and medium-risk to low-
risk variables. ICH-Q8 (pharmaceutical development),
ICH-Q9 (quality-risk management), ICH-Q10 (pharma-
ceutical quality system), and ICH-Q11 (development and
production of pharmacological substances) are some of
the ICH recommendations that focus on the conceptual
views of QbD and give some support to manufacturers
[56–59]. The adoption of the QbD approach in the formu-
lation optimization process has led to statistically
designed experiments (DOEs) for determining the impact
of multiple parameters and their interactions on the pro-
duct profile. In the process of optimizing NLCs via the
QbD approach, much importance is given to develop a
relationship between process variables and the method
and it involves multiple steps, such as defining the pur-
pose and objectives, QTPP, identifying CMAs, screening
of CPPs, identifying working design space, and ana-
lyzing CQAs.

At this stage, the QTPP must be well defined through
research literature and field experience systematically
assessed under the quality risk management strategy,
which helps to reduce time and waste of resources. For
the NLCs’ preparation, QTTP is set for the improvement of
its biopharmaceutical performance to provide thera-
peutic benefits to the patients. CMAs and CPPs are
referred to as independent variables defined by simula-
tion and specific statistical techniques [60]. NLC formu-
lations optimized via basic knowledge of these process
parameters with the aid of appropriate experimental
design are a must otherwise undesirable outcomes will
be achieved (Figure 2). For the nanolipid carrier system,
CMAs include API composition, solid lipid concentration,
liquid lipid concentration, excipient ratio, surfactant
concentration, drug–lipid ratio, types of solvent ratio,
polymer concentration, the ratio of a binary mixture,
etc. CPPs may include stirring time, homogenization
time, preparation technique, temperature, sonication
time, lipid type, etc. CQAs are PS distribution, phase
separation, EE, polydispersibility index, ZP, pH, in vitro
release, dissolution efficiency, DL, and enthalpy. Table 4
shows all the NLC formulations optimized by various sta-
tistical designs along with detailed information for the
researchers.

8 Applications of NLCs

The NLCs can be used in a wide variety of drug delivery
systems by different routes including oral, transdermal,
ocular, pulmonary, and IV delivery systems. Some of the
pharmaceutical applications of NLCs are summarized in
Figure 3.

8.1 Oral drug delivery

Drug delivery through the oral route is the well-received
and cost-effective way of drug administration, with the
greatest patient adherence. However, high hepatic first-
pass effect, restricted drug solubility and/or efflux pumps
of P-glycoprotein (P-gp), and enzymatic and chemical
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deterioration all contribute to low oral bioavailability,
which must be overcome [93,94]. LNPs, including NLCs
and SLNs, have the benefit of being able to maintain
steady plasma levels due to their potential for sustained
drug release. Because of their larger specific surface area
and saturation solubility, they dissolve quickly, has-
tening the start of pharmacological action. P-gp efflux
pumps can be inhibited by certain lipids and surfactants
employed in the synthesis of these LNPs. Drugs are less
likely to be degraded chemically or enzymatically because
they are incorporated in the lipid matrix [95]. According to
the diagrammatic representation in Figure 4, lymphatic
transport can be increased by LNPs and can bypass the
liver, avoiding the hepatic first-pass effect. As a result,
adding bioactives into NLCs may aid in improving thera-
peutic effectiveness and extending release time from these
nanocarriers [96].

Piazzini et al. reported the synthesis of silymarin
(SLM) NLCs for optimal oral absorption and in vivo effec-
tiveness in a type 2 diabetes and metabolic syndrome
model. Through energy-dependent processes, the formu-
lations were successful in boosting transport through the
Caco-2 cell layer. SLM-NLC formulation showed a consid-
erable reduction in blood glucose and lipid levels when
compared to free SLM [98]. To improve the oral bioavail-
ability and extend the action and effectiveness of the
anti-hyperlipidemic medication simvastatin (SIM), NLCs
were synthesized using an emulsification–solvent eva-
poration method followed by ultrasonication. In contrast
to SIM suspension, a single dosage of SIM-NLC resulted in
a 4-fold increase in bioavailability, making NLCs a viable
drug delivery method in the control of hyperlipidemia [99].
According to other researchers, atorvastatin (AT)-loaded

NLCs released more drugs than the drug solution. In com-
parison to AT suspension and Lipitor, the oral bioavail-
ability of NLC formulation (NLC-1) rose by 3.6 and 2.1 times,
respectively. The nanosized formulation, which may have
enhanced lymphatic absorption, was implicated in the high
plasma levels of AT from NLCs [100].

NLCs of the poorly soluble drug raloxifene hydro-
chloride (RLX) were prepared in a study using a hot
homogenization procedure followed by an ultrasonica-
tion technique. In female Wistar rats, high entrapment
efficiency of over 90%, sustained drug release, and a
3.19-fold increase in bioavailability of RLX-NLC were
indicated when compared to a plain drug suspension,
indicating its possibilities as a potential carrier for RLX
oral delivery in osteoporosis treatment [101]. Likewise,
for the oral administration of docetaxel (DTX), cysteine-
modified NLCs (cNLCs) were synthesized and evaluated
against unmodified NLCs. In total intestinal segments, the
intestinal absorption of cNLCs was significantly enhanced as
compared to unchanged NLCs and DTX solution, which can
be related to changed cNLCs’ increased mucoadhesion cap-
abilities [102]. Finally, the emulsion–evaporation and low
temperature–solidification approaches were used to effec-
tively manufacture baicalin-loaded NLCs (BA-NLCs). When
compared to BA suspension, BA-NLCs could significantly
enhance baicalin bioavailability following oral administra-
tion (1.9-fold) [103].

8.2 IV drug delivery

The IV method is typically used for medications that are
unable to absorb through the digestive tract or injected

Figure 2: Ishikawa design for production of optimized NLCs.
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into muscles or other tissues [104]. From the IV route,
drug directly goes into the blood system for systemic
action bypassing the first-pass metabolism and absorp-
tion phase, making it a reliable quicker route [105,106].
Drugs with short half-lives or duration of action are more
suitable to be given via this route as they could be deliv-
ered at a more uniform rate, and bioavailability of 100%
could be achieved. Moreover, IV is a better option for

patients who are uncooperative, unconscious, or likely
to vomit upon oral administration of a drug [107]. Few
significant studies performed on NLCs for their delivery
by IV route are enlisted here. Mupirocin-loaded NLCs
(M-NLCs) for IV administration were prepared recently,
which enhanced the antibacterial activity of the drug. By
the storage of almost 3 months at 25°C, all formulations of
NLC demonstrated sustained drug release and acceptable

Figure 3: Various pharmaceutical applications of NLCs.

Figure 4: Schematic representation of the absorption of drugs from NLCs in the lymphatic portal system. Drugs incorporated in the NLCs
bypass the first-pass metabolism in the liver resulting in increased effectiveness [97].
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physical properties. M-NLC-1 was shown to be safe in rats
at a dosage of 250mg/kg and to have a considerable rise
in plasma concentration in rabbits after IV injection, indi-
cating a better pharmacokinetic profile than free drug
[108]. In another study, genistein-loaded NLCs for IV
administration were prepared and optimized by the QbD
approach for higher entrapment (92.8%) and the ZP of
−21.25mV with excellent stability of the formulation [109].
Recently, commercial artesunate was used to prepare and
test intravenously delivered artemether NLCs (ARM-NLCs)
for in vivo pharmacodynamic effectiveness. In a mouse
model, both formulations were shown to be efficient in low-
ering parasitemia, with ARM-NLC outperforming the others
[110]. Furthermore, DTX-loaded NLCs were manufactured
using a simplified film ultrasonication–dispersion process
to minimize harmful effects and increase therapeutic
effectiveness, making them a viable cancer drug delivery
system [111].

8.3 Ocular drug delivery

The eyes are very sophisticated and complex organ of the
body. Ocular delivery is difficult due to distinct physiolo-
gical and anatomical aspects of the eyes, as well as many
restrictions that must be addressed to attain specific
ocular tissue. To eliminate these hurdles and increase
ocular tissue bioavailability, LNPs were used as a new
innovative drug delivery method [112]. The most frequent
route of medication delivery to the anterior portions of
the eyes is by topical application to the eyes. The blood
ocular barrier, corneal epithelium, conjunctival blood
flow, and tear drainage are main hurdles in this system.
LNPs can cross the blood–ocular barrier as they are a
unique technology and achieve sustained and regulated
drug release, prevent medicines from lacrimal enzymes,
and extend drug deposition and resident duration in the
eyes [113]. Ocular problems, particularly in the posterior
region of the eyes, are challenging to cure. When it comes
to targeting intraocular tissues, the topical method is not
always considered the best option.

Transscleral administration (subconjunctival and ret-
robulbar injection), intravitreal route, and subretinal injec-
tion, among others, are being investigated [114]. Because
the majority of these methods are painful, LNPs are an
excellent alternative drug delivery strategy for the treat-
ment of ocular disorders. Gene therapy for retinal disease
targeting employing non-viral vector gene delivery, such
as SLNs and NLCs, has also been suggested as a viable
therapeutic strategy for retinal illnesses [115]. For ocular

biodistribution, amphotericin B (AmB)-loaded PEGylated
NLCs have just recently been developed and improved. In
both wild-type and AmB-resistant Candida bacteria, AmB-
PEG2K-NLCs had considerably superior antifungal efficacy
(p < 0.05) and were equivalent to, or better than, commer-
cially available parenteral AmB formulations [116]. Melt-
emulsification along with ultra-sonification was used to
synthesize novel hybrid Genipin-crosslinked dual sensi-
tivity hydrogel/NLCs of baicalin (BN) (BN-NLCs). In com-
parison to BN eye drops and BN-NLCs, the in vitro release
investigation revealed that BN-NLC gel enhanced BN release.
As a result, this new hydrogel with a lengthy precorneal
residence duration has the potential to be used in ocular
medication administration [117]. Last to mention here,
Timolol maleate™ and Brinzolamide-loaded NLCs were
designed to enhance the bioavailability, permeation, and
precorneal residence time of these drugs that would result
in efficacious treatment of glaucoma. There was a remark-
able enhancement in the release pattern and permeation
of both the drugs from NLCs as compared to that from their
suspension [118].

8.4 Pulmonary drug delivery

A new method of drug delivery used by the researchers is
pulmonary drug delivery associated with many advan-
tages, such as non-invasiveness for both local and sys-
temic administration, high drug accumulation in the
target site, accelerated onset of action by direct inhala-
tion, the large surface area of pulmonary system, high
drug permeability through thin alveolar epithelium, reduc-
tion in drug dosage, and consequently reduced drug adverse
effects [119,120]. LNPs have been considered for pulmonary
delivery as these have shown good results in comparison
to the conventional formulations, such as sustained drug
release, biodegradability, low toxicity, higher stability, and
biocompatibility [121,122]. Here, we have summarized a few
marvel research studies performed under this category for
the understanding of pulmonary delivery of drug-loaded
nanoparticles.

For intramuscular and pulmonary delivery, sodium
colistimethate-loaded NCLs (SCM-NLCs) were prepared
[123]. Nanoparticles inhibited eight drug-resistant P. aer-
uginosa strains with a minimal inhibitory concentration
of 1–2 mg/L in vivo. SCM-NLC had much fewer CFU/g lung
than saline and was comparable to free SCM, despite the
fact that the dosage in the SCM-NLC group was lower
than free SCM. The treatment procedures did not cause
any tissue injury. After pulmonary or intramuscular
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injections, SCM-NLC was effective against P. aeruginosa
in vivo, was nontoxic, and transported effectively to the
liver and lungs [123]. Lipid nanocarrier systems were pre-
pared and evaluated to selectively deliver the RFB to
alveolar macrophages to alveolar macrophages. These
nanoparticles were engineered to be absorbed by alveolar
macrophages, transported to acidified phagosomes and
phagolysosomes, and released bactericidal quantities
of the antituberculosis drug intracellularly using both
mechanisms of passive and active targeting. By using the
pulmonary route of delivery, the proposed nanocarrier can
be studied as a viable transporter for the safer and more
effective treatment of TB [124]. Recently, Montelukast-
loaded NLCs (M-NLCs) for pulmonary delivery were devel-
oped and tested in vitro for aerodynamic evaluation and in
vivo evaluation done in Wistar rats for pulmokinetics.
When compared to the Montelukast-aqueous solution,
the pulmonary pharmacokinetic analysis revealed pro-
longed drug residence in the lungs with better bioavail-
ability and a targeting value of 11.76 for M-NLCs. The
research showed that Montelukast lipidic nanoparticulate
preparation had the potential to increase efficacy while
reducing toxicity, resulting in improved medication perfor-
mance as M-NLC-DPI for inhalation administration [125].
The literature also suggested that the delivery through the
pulmonary route was possible for NLC formulation for
beclomethasone dipropionate (BDP). NLC was effectively
nebulized, resulting in aerosols with a PS adequate for
BDP deep lung administration. The findings showed that
LNPs are potential nebulized carriers for BDP, creating
opportunities for nebulized lipophilic drug-targeting tech-
niques [126].

8.5 Nose-to-brain drug delivery

The brain is one of the most essential organs and its
homeostasis is very critical. The flow of endogenous
and exogenous chemicals between the peripheral blood
and the cerebrospinal fluid (CSF) is controlled by bar-
riers, which is necessary for appropriate brain function
[127]. Due to its anatomy and physiological obstacles,
such as the blood–brain barrier (BBB), which is the pri-
mary barrier to active molecules entering the central ner-
vous system (CNS) [128], drug delivery to the brain is the
most difficult task. Due to the difference in the physico-
chemical properties from those required for molecular
entrance into the CNS, most active CNS medicines (98%)
are unable to get through this barrier [129]. Drugs that pass
through the BBB are lipophilic drugs with a log P-value

of 1.5–2.7 and amolecular weight of less than 600 Da [130].
A variety of transporters are present in the BBB including
P-gp efflux transporter, which restricts drug entrance into
the CNS. One of the delivery approaches for overcoming
BBB is nose-to-brain drug delivery. Its benefit is patient
compliance, to avoid hepatic first-pass metabolism, and
non-invasiveness [131]. There are three ways through which
NLCs are transported from the nose to the brain. They
include the olfactory pathway, the trigeminal nerve
pathway, and the systemic pathway. Blood circulation is
also involved in drug absorption into the brain from the
nasal cavity [132]. The distribution of active agents hap-
pens throughout the systemic circulation, entering nasal
blood arteries before being swiftly transported to the car-
otid artery blood supply to the brain and spinal cord [133].

8.6 Brain drug delivery

In contrast to oral drug delivery, brain targeting enhances
the drug’s concentration in the CSF, reduces dose fre-
quency, has fewer adverse effects, avoids first-pass meta-
bolism, and has a faster onset of action [134]. The two
primary difficulties are decreased drug penetration through
the BBB and efflux of delivered medicines from the brain to
the blood circulation [135]. The main benefits of LNPs are
their high drug encapsulation and small size. That is why
they are an ideal choice for targeting specific tissues of the
brain. Colloidal drug delivery systems, including SLNs and
NLCs, have the benefit of enhancing the retention time of
drugs in the blood of brain capillaries and triggering a drug
gradient from blood to brain tissues, widening tight junc-
tions to promote entry from BBB and transcytosis of drug-
loaded LNPs via the endothelium layer, and increasing the
retention time of drug in blood of brain capillaries. Further-
more, they can accommodate both hydrophilic and lipo-
philic drugs [136].

Because of their bio-acceptability, quick absorption
by the brain, and biodegradability, NLCs may be regarded
as one of the key techniques for drug administration
without any alteration to the drug molecule. Furthermore,
the ease with which they may be scaled up and the lack of a
burst effect make them ideal drug delivery vehicles. Over
the last few years, a growing number of research papers
have been published in this area, showing NLCs as a poten-
tial method in brain delivery. An increasing number of stu-
dies have been reported in this regard over the past decade
establishing the NLCs as a promising tool in brain delivery.
The recent development is of almotriptan maleate (ALM)
mucoadhesive chitosan-coated NLCs for the treatment of
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migraine since ALM has poor solubility, poor penetration,
and low concentration in brain regions, demanding repeated
oral administration. Experiments conducted on albino rab-
bits for in vivo pharmacokinetics revealed that the optimized
ALM-NLCs (1.54mg/mL) had a considerably greater Cmax in
plasma than ALM solution (0.25mg/mL) and ALM oral mar-
keted tablet (0.58mg/mL). Because NLCs are flexible and
lipophilic, they may be a viable technique for drug transport
to the brain [137]. The in vivo anticonvulsant effect of carba-
mezipine-loaded NLCs (CBZ-NLCs) in a PTZ-induced seizure
model demonstrated a considerable rise in the starting date
(134.0 s) and a decrease in the length (17.2 s) of tonic-clonic
seizure compared to CBZ dispersion (75.4 and 37.2 s), respec-
tively [138]. Apart from these, NLCs of lurasidone hydro-
chloride for the treatment of schizophrenia [139], artemisinin
NLCs for the treatment of brain tumors and malaria [140],
and baclofen NLCs for targeted delivery to the brain [141] are
also reported in the literature for their improved brain
delivery.

8.7 Transdermal drug delivery

The transdermal drug delivery system (TDDS) has been
used for centuries to transfer medications and therapeutics
through various layers of the skin, including the surface,
epidermis, dermis, and hypodermis, for therapeutics
effects [142]. Moreover, it is essential to handle various
issues with traditional skin preparations, including skin
barrier impermeability, limited effectiveness, and exces-
sive application frequency [143]. One of the many advan-
tages of NLCs is the presence of biologically active and
biodegradable lipids, which show less toxicity and provide
adhesiveness, skin hydration, lubrication, smoothness,
emollience, skin penetration enhancement, and modified
drug release characteristics. For increasing progress in the
cosmetic and pharmaceutical sector, researchers are cur-
rently focusing onmanipulating topical and dermal applica-
tions of NLCs [144]. The small size of NLCs ensures enhanced
skin penetration of active compounds through contact with
the stratum corneum and few mechanisms are available in
the literature related to it [145].

Understanding the transport pathways that are vital
since drug transit through skin necessitates greater lipo-
philicity. The process of transport of a hydrophilic drug
through the skin from NLCs differs from that of a hydro-
phobic drug. It is predicted that unless water from the
NLCs readily penetrates transdermally, a hydrophilic med-
ication would not be accessible for percutaneous transport
from NLCs. As a result, significant water mobility within

the NLC vehicle and for percutaneous transmission through
the skin barrier is proposed [146]. NLCs are also effective in
delivering hydrophobic drugs transdermally to the systemic
circulation [147]. The major concerns across the world are
skin disorders, both infectious and non-infectious. Skin
disorders are difficult to treat because of therapeutic limita-
tions, such as limitedmedication effectiveness due to inade-
quate skin penetration of drugs from standard formulations.
Drug permeation is limited by the stratum corneum of the
epidermis, which must be overcome by switching the pene-
tration channel from transcellular to paracellular or follicles
[148]. The rapid emergence of LNPs (SLNs and NLCs) had
remained successful to increase the skin penetration of
drugs as these formulations are prepared by mixing LNPs
with the conventional formulations [149]. Biodegradability,
adhesiveness, close contact with skin, biocompatibility,
regulated drug release profile, hydration of skin, and film
formation to enhance skin penetration effects are benefits of
LNPs for topical dermal administration [150].

For the treatment of vitiligo, topical SIM-loaded NLCs
were produced and proved to be safe, with the drug
entrapment of 99.27% and adequate long-term stability
[151]. Febuxostat-loaded NLC gel was formulated for the
topical treatment of gout. The NLC gel formulation showed
87% release within 6 h in a controlled manner [152].
According to a recent discovery, for skin regeneration in
tissue engineering, a new gelatine/hyaluronic acid/poly-
caprolactone nanocomposite scaffold containing 54.1 wt%
AT-loaded NLCs was tested as a suitable target [153], opti-
mized NLC-loaded Apremilast showed PS 157.91 ± 1.267 nm,
% entrapment efficiency 69.14 ± 0.278%, and ZP −16.75 ±
1.40mV, respectively. It was suggested to be explored for
topical delivery of drugs for the treatment of psoriasis [154].

The NLC gel of repaglinide (RG), an effective anti-dia-
betic drug, was formulated to improve the bioavailability
by the transdermal route. The optimized gel system (RG-
NLC gel) showed sustained release up to 24 h and two
times improvement in the bioavailability in comparison
to the marketed oral tablet in the rat model [155]. Likewise,
NLC-based gel was produced for improved skin adminis-
tration of donepezil-free base. In Alzheimer’s disease,
because of many disadvantages of the oral administration
of this drug, patients are less likely to stick to their treat-
ment regimen. Drug skin penetration from the new gel was
boosted in the in vitro skin permeation studies, and lipid
nanocarriers provided an additional boosting impact to
enhance drug permeability over the skin [156]. An NLC
gel loaded with tripterine (TRI) for transdermal delivery
was developed in another research.

In another study, NLC gel loaded with TRI for trans-
dermal administration was formulated. Sustained-release
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properties of the drug are demonstrated by in vitro drug
release from the TRI-NLC-gel. The penetration of NLC into
the deep skin layers was discovered through dermatoki-
netic studies and histopathological studies showed that
treated skin remained intact indicating better compat-
ibility of the novel gel [157]. It is also important to note
that topical administration in the treatment of rheuma-
toid arthritis, triptolide-loaded NLCs reduced knee edema
transdermally by lowering inflammation and modulating
TNF-, IL-1, and IL-6 levels, making the drug-NLC system
a viable delivery strategy [158].

In contrast to the Exelon® patch, the NLC trans-
dermal system had a remarkable increase in bioavail-
ability and sustained release of rivastigmine. The designed
NLC-based transdermal patch was shown to be nonirritating
in skin irritation tests. The higher Cmax and AUC0–72 in
plasma treated with NLC-loaded transdermal patches com-
pared to standard patches suggested that NLC-based trans-
dermal patches might be used as a possible carrier for
improving rivastigmine bioavailability for improved dementia
therapy [159].

8.8 Tumor targeting by NLCs

In recent times, tumor targeting has become one of the
most important parts of drug delivery. The development
of a new carrier system for the transport of numerous
anti-cancer medications is still a subject of discussion,
and it is a vital step toward the improvement of drug
entrapment and tumor targeting [160]. NLCs as nanocar-
riers can be the drug delivery choice for certain anti-
cancer drugs upon proper research by improving their
drug release, chemical stability, and cytotoxicity. In a
research study, it was revealed that encapsulating camp-
tothecin and topotecan in the NLC system was found to
have higher cytotoxicity and cell uptake against mela-
noma and leukemia cells. To provide a long circulation
impact and excellent tumor targeting, they can be coupled
with an amphiphilic copolymer, folate poly PEG-cyanoa-
crylate-co-cholesteryl cyanoacrylate [161].

To combat multidrug resistance and improve cancer
treatments, NLCs co-loaded with arginyl-glycyl-aspartic
acid were used to co-deliver doxorubicin and sildenafil
citrate. In contrast to individual treatment and adminis-
tration, co-delivery of drugs enhanced uptake and accu-
mulation via integrin-mediated endocytosis and potential
ABC transporter blockage, making co-delivery an efficient
strategy for inducing apoptosis [162]. The capability of

multifunctional NLCs in the management of non-small-
cell lung carcinoma was recently discovered by the
researchers, and the findings have had a substantial impact
on the field of drug delivery to enhance the effectiveness of
lung cancer therapy [163]. To improve cytotoxic effects in
MCF-7 breast cancer cells, researchers developed chrysin-
loaded NLCs of doxorubicin. A significant rise in the per-
centage of apoptosis was observed in chrysin-loaded NLCs
from 21.11 ± 5.72% to 27 ± 3.13% (P < 0.05). In comparison to
the control group, the quantities of mRNA expressions of
Nrf2, NQO1, HO1, and MRP1 were significantly lower. As a
result, it is possible that delivering chrysin with NLCs could
improve doxorubicin effectiveness by inhibiting drug efflux
pumps [164]. In animal models, novel NLC-based formula-
tions of di-indolylmethane (DIM) derivatives DIM-10 and
DIM-14 increased oral bioavailability and antitumor activity
significantly. The anticancer properties of both derivatives
were shown to be better than those of free drug-treated
groups, indicating that they had promising capabilities for
clinical purposes [165].

9 Toxicity studies on NLCs

The rapid emergence of nanomaterials has led to an
exponential resurgence of drug delivery systems in the
field of pharmacy and medical science. Equipped with
useful characteristics, such as being biodegradable, bio-
compatible, and stable profile, makes NLCs a very sui-
table drug delivery system [166]. LNPs (both SLNs and
NLCs), due to their ability to incorporate lipophilic drugs
and maintain their controlled drug release, have gar-
nered a lot of attention recently. It is therefore required
to sufficiently investigate their toxicity owing to their
extensive applications [167]. The toxicity studies per-
formed on various NLC formulations are summarized in
Table 5. The acute toxicity research for Zerumbone (ZER)-
loaded NLCs (ZER-NLC) was carried out by orally admin-
istering a single dosage of water, olive oil, ZER, NLC, or
ZER-NLC to BALB/c mice for 14 days [168]. Clinical and
behavioral problems, toxicological effects, feed consump-
tion, and gross appearance were identified in the animals.
MMP decrease, lysosomal membrane destabilization, and
lipid peroxidation were restored by quercetin-loaded NLCs,
which also prevented paraquat-treated change in Bax and
Bcl2 gene expression [169]. In rabbits and rats, intravaginal
administration of 0.5% podophyllotoxin-NLCs (POD-NLCs)
induced only minor discomfort with no evidence of acute or
chronic damage to the vaginal mucosa [170].
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10 Stability and safety of NLCs

The SLNs have problems with stability; however, other
lipid-based nanoformulations, such as NLCs, have been
developed to alleviate the problems associated with SLNs.
NLCs are sometimes referred to as new unstructured-
matrix SLNs. It is a misconception to assert that NLCs
will not be employed in the future; every problem has a
remedy. The HPH process utilized for the preparation of
NLCs can be easily transferred from a small-batch produc-
tion to a large-batch production in the pharmaceutical
industry while avoiding the use of any organic solvent in
their preparation [184]. Altogether, the use of GRAS com-
ponents, the large-scalable production methods for their
preparation, and the improved drug safety demonstrated
by the use of lipid-based nanocarriers make NLCs an ideal
drug delivery system candidate for the pharmaceutical
market.

The long-term physical stability of NLCs has some
issues owing to the presence of water content in it.
However, there are now a plethora of options for preser-
ving them, such as freezing the suspension to turn it into
a solid. A freeze-dried nanoparticle should ideally preserve

stability while keeping the fundamental nanoparticle
characteristics and maintain water in the dispersion and
include a preservative. Moreover, NLCs are considered
generally safe nanocarriers for oral, dermal, pulmonary,
and ocular administration due to the presence of biode-
gradable and physiological lipids, which have been shown
to be well tolerated in both in vitro and in vivo investiga-
tions [185]. NLCs contain lesser quantities of surfactants
and cosurfactants when compared to emulsions, which
further improve their safety profile.

11 Patents on NLCs

In this section, recent patents concerning NLCs over a
period of time are summarized. The nanosized NLC for-
mulations for dermal, nasal, topical, and those directed
toward the CNS and peripheral nervous system have
already been patented. The enhanced bioavailability,
ease of crossing BBB, and stability as compared to the
conventional formulations have them interesting enough
for their patentability. Table 6 summarizes the recent

Table 5: Various drug-loaded NLCs tested using animal models (ex vivo and in vivo studies)

Drugs Animal/test model Outcomes Ref.

Tocopherol Skin irritation testing/three-
dimensional tissue culture model
EpiDerm

Histological evaluation revealed that the prepared tocopherol-
loaded NLCs were nontoxic and nonirritant with a relative %
cell viability of 92.7%

[171]

Calcipotriol +
Methotrexate

Skin irritation testing on female
nude mice

Prepared NLCs showed non-significant or negligible skin
irritation

[172]

Huperzine A Draize patch test for skin irritation on
albino rabbits

The primary skin irritation index or the irritation score was
found to be zero even after 24 h

[173]

Tretinoin Skin compliance test on female
Laca mice

No visual or microscopical signs of irritation were observed
with the prepared NLCs, however, the marketed formulation
showed signs of marked inflammation

[174]

Cyclosporine A Cytotoxicity studies on human corneal
epithelial cell lines

Cell viability increased upon incubation for 12 h [175]

Flurbiprofen Ocular tolerance analysis/Eytex®

system
Ocular tolerance analysis/Eytex® system [176]

Levofloxacin Modified egg chorion of hen/ocular
tolerance test

Absence of irritation [177]

Cyclosporine A Ocular irritation/tolerance study No significant signs of ocular irritation [178]
Flurbiprofen Ocular irritation/tolerance study No evidence of inflammation or tissue edema [179]
Bixin Bixin 2.5 mg/kg given to Wistar

rats p.o.
The treated group showed better protection against the
Paracetamol-induced lipo-oxidation as well as reversal of AST
and ALT liver enzymes to normal level

[180]

Halofantrine Halofantrine given to Swiss albino
mice p.o. in different doses

Normal glomerulus, normal peri-portal mononuclear
infiltration

[181]

Artemether Swiss albino mice No change in the morphology of kidney and liver tissues [182]
DTX Administered to ICR mice IV Showed signs of shortness of breath for 1–2min immediately

after drug administration which came back to normal
after 5 min

[183]
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patents of NLCs for various drug delivery applications.
Chen et al. developed cationic charged LNPs, which
delivered major active biomolecules including proteins,
peptides, vitamins, antibodies, and nucleic acids [186].
Keck and Muchow prepared testosterone undecanoate
NLCs using stearic acid as solid lipid. These prepared
NLCs enhanced the oral bioavailability of the drug as
compared with the marketed product. Furthermore, these
NLCs can be used for dermal or nasal delivery [187]. DTX
NLCs with reduced Ostwald ripening were developed by
Singh using whey protein as an emulsifier. A specific
characteristic of this patent was lactoglobulin/albumin,
immunoglobulin, and bovine serum albumin, which was
used as whey protein (emulsifier) [188].

Petersendeveloped rutinnanoparticleswith size 300–800nm
and demonstrated that nanodelivery, such as liposomes,
NLCs, and SLNs, was significantly long term and electro-
lyte stable in contrast to existing conventional formula-
tions [189]. Bondi et al. prepared riluzole in NLCs using
compritol for the amyotrophic lateral sclerosis (neuropro-
tective action) treatment. The size of prepared NLCs was
found to be less than 100 nm, which can easily cross BBB
and showed clinical signs of allergic encephalomyelitis in
rats as compared with the group treated with the free rilu-
zole [190]. Awasthi and Lagisetty claimed the novel NLCs’
preparation using cholesteryl hemisuccinate, 2-carboxy-
heptadecanoylheptadecylamide, 1,4-dipalmitoyl-tartarate-
2,3-diglutaric acid, and 1,4-dipalmitoyl-tartarate-2,3-disuccinic
acid as solid lipid and vitamin E as liquid lipid [191]. Wang
et al. prepared nanoparticles, such as NLCs, of biotinylated
protein for targeting CNS or PNS neuronal cells. NLC-
loaded protein recognizes a receptor expressed on a neu-
ronal cell’s surface [192]. There are few references related

to the use of LNPs to deliver peptides/proteins because of
the matrix’s hydrophobic nature. Proteins/peptides con-
taining LNPs provide proteolytic degradation protection
in the GIT. Petit et al. improved protein/peptide delivery
with the use of polymeric-coated NLCs or SLNs. These
polymer-coated nanoparticles provided extra protection
by enhancing their stability against chemical degradation
and have a greater capacity for skin penetration than
conventional LNPs [193]. Lutz et al. filed a patent on the
process and method for the development of NLCs. They
prepared NLCs using murumuru seed butter and bisdigly-
ceryl polyacyladipate-2 and have been used in cosmeceu-
tical and skincare industries [194].

12 Regulatory considerations and
marketed formulations

The main objective of keeping a vigilant eye on any for-
mulation by the regulatory bodies is to ensure, promote,
and protect public health. Important commodities, such
as pharmaceuticals, foods, medical devices, in vitro
diagnostics, biological, nutritional products, veterinary
medicines, cosmetics, and agrochemicals, are under man-
datory and strict control of regulatory bodies to ensure
their safety and efficacy. In the case of polymeric nanopar-
ticles, sometimes the excipients used do not belong to
the GRAS category as they are not regulatorily accepted
by the FDA. They might give good experimental results
but cannot be used in products in the market [195]. Reg-
ulatory bodies ensure that pharmaceutical companies per-
form all sorts of toxicity studies on any new drug or new

Table 6: Patents granted on NLCs in the field of applications in drug delivery

Patent number Title of patent Inventors Ref.

US20080020058-A1 Lipid nanoparticles-based compositions and methods for the delivery of
biologically active molecules

Chen et al. [186]

EP2229936-A1 Nanonized testosterone formulations for improved bioavailability Keck and Muchow [187]
US20090238878-A1 Solid nanoparticle formulation of water-insoluble pharmaceutical substances with

reduced ostwald ripening
Singh [188]

US20100047297-A1 Nano-crystals for use in topical cosmetic formulations and method of production
thereof

Petersen [189]

US20100247619-A1 Nano-structured lipid carriers containing Riluzole and pharmaceutical
formulations containing said particles

Bondi et al. [190]

US20110059157-A1 Anionic lipids and lipid nano-structures and methods of producing and using
the same

Awasthi and
Lagisetty

[191]

US20110097392-A1 Antibody bound synthetic vesicle containing molecules for delivery to central and
peripheral nervous system cells

Wang et al. [192]

WO2011116963-A2 Lipid nanoparticle capsules Petit et al. [193]
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polymer before creating formulations from them and there
should not be any hindrance in the development of a new
drug delivery system [196]. All the emerging nanocarrier
systems, such as nanoparticles, dendrimers, carbon nano-
tubes, liquid crystals, and others, have raised the impor-
tance of regulations for a new pharmaceutical product
[197]. All the ingredients, components, and constituents
of NLCs, such as lipids and emulsifiers, are considered to
be physiologically safe, nontoxic, non-immunogenic, bio-
degradable, and biocompatible in nature and easily fit in
the category of GRAS by the regulatory authorities. They
are already being used in the food industry and sometimes
for encapsulating pharmaceutical compounds in a safe
and accepted range [198–200]. Minor regulatory obstacles
are the significant reason for the wide acceptance and
commercial success of the NLCs.

Several products containing NLCs received regula-
tory approval and are available on market. A few of
them are summarized in Table 7 along with other mar-
keted lipid-based formulations, excipients used in the
preparation, and surfactants.

13 Recent advancements of NLCs in
delivering diverse therapeutics

13.1 Anticancer agents

In contrast to pure drug, the design and preclinical
testing of microneedle-assisted Resveratrol NLCs for loca-
lized administration to breast cancer treatment revealed
greater anticancer efficacy and improved internalization
of MDA-MB-231 breast cancer cells [201]. The hot micro-
emulsion technology was used to deliver sorafenib and
ganoderic acid NLCs for hepatocellular cancer, and the
dual drug-loaded NLCs beat the plain medicines in che-
moprotection, signaling superior activity [202]. Miltefo-
sine given via NLCs in vivo in tumor-bearing BALB/c mice
for the breast cancer treatment showed antitumor potential,
improved pharmacokinetics, and higher apoptotic effects
[203]. In MCF-7 cells, NLCs loaded with imatinib were
produced and their in vitro effectiveness was assessed.
The cytotoxicity of the optimized drug–NLC combination
(IC50 = 6M) was found to be 8.75 times higher than that
of the drug alone (IC50 = 52.5M) [204]. In another study,
nanoencapsulated resveratrol possessed anticancer and
apoptotic effects on cell proliferation and exerted a protec-
tive effect against cytotoxicity induced by paraquat [205].
A multi-component cancer-targeting delivery system was

recently reported for the treatment of non-small-cell lung
cancer by NLCs enclosing luteinizing hormone-release
hormone (cancer-targeting moiety), gefitinib (EFG-TK
inhibitor), paclitaxel (anticancer drug), siRNA targeted to
EGF receptor mRNA as an EGF receptor suppressor, and
rhodamine (imaging agent).

In comparison to the individual components used
accordingly, the system has dramatically improved antic-
ancer action [206]. Cabazitaxel (CAB) was created using
expert design, NLCs of a taxane derivative, and the anti-
microtubule compound, and different formulation fea-
tures including the ratio of liquids and concentration
of surfactants, homogenization speed, and time were
adjusted. The NLCs were successful in delivering the
extremely lipophilic medication CAB as a potential drug
carrier in the treatment of breast cancer [207]. Folic acid-
conjugated NLCs were described as an effective delivery
approach for doxorubicin targeted to breast cancer cells
[208]. Optimized dual drug-loaded NLCs of quercetin and
piperine were found to be effective against oral squamous

Table 7: Marketed NLCs containing formulations, excipients, and
surfactants

Marketed products Country

Products containing NLC
Cutanova Nanorepair Q10 cream France
FloraGlo® Netherlands
NanoLipid Restore CLR® France
NLC deep effect eye serum Germany
extra moist softener Korea
Cutanova Nanovital Q10 cream France
Lipid-based formulations
Sandimmune® United States
Sandimmune Neoral® United States
Norvir® United States
Fortovase® Switzerland
Marketed excipients used for NLC formulation
Solid lipids
Xifaxan® United States
Azelex® Ireland
Viokace™ United States
Survanta® United States
Liquid lipid
Avodart™ United Kingdom
Lipofen® Canada
Terramycin® United States
Baycip® Germany
Surfactants
Targretin® California
Rapamune® United States
Oxidize® Romania
Dermazene™ United States
Kaletra® United States
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cell carcinoma [209]. Co-delivery of rituximab-conju-
gated NLCs of curcumin and imatinib in the treatment
of non-Hodgkin lymphoma is reported recently [210].
Optimized NLCs of 5-Fluorouracil were prepared using a
QbD approach using a 32 factorial design as effective
chemotherapy for colon cancer. The oral administration
of drug-loaded NLCs had higher bioavailability as com-
pared to drug solution [211].

13.2 Phytochemicals

Active plant constituents have manifested their pharma-
cological activities against many diseases from time imme-
morial, but due to their physicochemical properties, they
often have solubility, permeability, and poor bioavail-
ability issues. Such phytoconstituents require an advanced
and novel lipid carrier as a formulation to improve their
biopharmaceutical problems. NLCs have been formulated
for active plant constituents and these lipid-based nano-
carriers have emerged as novel drug delivery systems [212].
Development of 1′-acetoxychavicol acetate NLCs for pros-
tate cancer [213], naringenin-loaded NLCs against non-
alcoholic fatty liver disease [214], cannabidiol NLCs for
nasal administration for the treatment of neuropathic
pain [215], nanolipoidal α-terpineol in combating keratitis
induced by Pseudomonas aeruginosa [216], and bergamot
oil NLCs was seen as promising means for photothermal
treatment of vitiligo [217]. Curcumin-NLCs improved the
neuroprotective effect of curcumin as a therapeutic for
anxiety and depression [218], magnetic curcumin NLCs
reported no mitochondrial toxicity when tested in vitro
[219], NLCs were able to improve stability and release pro-
file of lycopene from watermelon extract [220], and NLCs
of nicergoline, a semi-synthetic ergot alkaloid based on
sesame oil for intranasal delivery for brain targeting,
showed augmented neuroprotective action for the treat-
ment of dementia [221].

Curcumin-loaded NLC smart gels with the encapsu-
lation efficiency of 72.15% and ZP of −21.67 mV were
found to be biocompatible and effective for the treatment
of rheumatoid arthritis [222]. Corylin-NLC gel was pre-
pared and was found to be a promising strategy for the
treatment of UV-induced skin aging [223]. Heparin-deco-
rated NLCs of artemether-protoporphyrin IX-transferrin
combinatorial delivery system were made for the treat-
ment of malaria [224]. To address the failure of single
antibiotic therapies, co-delivery of hesperidin and clari-
thromycin in NLCs was tried against Helicobacter pylori.
NLCs were reported to interact with the microorganism

membrane by adhering to the outer cell membrane and
causing leakage of cytoplasmic contents [225]. Very recently,
puerarin-loaded NLCs were prepared by a solvent evapora-
tion method. This system showed an enhanced therapeutic
effect on alcohol-induced cell injury of BRL-3A cells. The
optimized NLC composition consisting of GMS, olive oil,
poloxamer, and puerarin has an average PS (159 ± 1.1 nm),
%EE (92.16%), DL (5.75%), and ZP (−28.3mV), respectively
[226]. Biotin-conjugated NLCs for oral delivery of chrysin
distinctly improved the biopharmaceutical performance of
chrysin, a vital flavonoid from nature [227].

13.3 Therapeutics

Miltefosine-loaded NLCs for the treatment of cutaneous
leishmaniasis orally are recently prepared for a better
safety profile and reduced hemolytic potential [228]. The
oral bioavailability of perphenazine-loaded NLCs was
enhanced as NLCs showed the potential to surmount the
oral delivery drawbacks of this poorly water-soluble drug
[229]. The low solubility and poor stability issues of hydro-
chlorothiazide suitable for pediatric oral therapy were
tackled by formulating it into SLNs and NLCs. The NLCs
showed better performance than SLNs, with 90% entrapped
drug compared to 80% in SLNs. The NLC formulation
showed good physical stability during 6-month storage at
4°C (vs SLNs) [230]. Eplerenone-loaded NLCs were suc-
cessful as oral targeting delivery carriers in the treatment
of chronic serous chorioretinopathy. The optimized drug-
loaded NLCs showed a PS (134 nm), PDI (0.31), %EE (76 ±
6.56% w/w), and ZP (−32.37mV) [231]. The oral bioavail-
ability of nintedanib esylate in NLC was ameliorated over
26.31-fold compared to drug suspension resulting in
increased oral bioavailability of the drug via lymphatic
uptake [232]. Incorporation of olanzapine in mesoporous
NLC showed a significant improvement in the oral bio-
availability of olanzapine over the plain drug suspension
[233]. Mannosylated NLCs of clofazimine can be used as a
promising carrier for the safe delivery of drugs via inhala-
tion route for the treatment of tuberculosis disease. A two-
fold greater bioavailability was seen compared to drug
dispersion [234].

Novel inhalable ciprofloxacin-NLCs formulated into
nanocomposite microparticles emerged as a new approach
to improve the targetability of ciprofloxacin in noncystic
fibrosis bronchiectasis, thereby overcoming poor lung tar-
geting issues of the drug after oral inhalation [235]. Itra-
conazole PEGylated NLCs for the treatment of pulmonary
aspergillosis via inhalational delivery are reported [236].
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NLC of BDP for pulmonary drug delivery viamedical nebu-
lizers is reported [237]. Intranasal administration of NLCs
of Artesunate was reported to have great potential and
a satisfactory alternative to parenteral administration in
the treatment of severe and cerebral malaria in remote
areas of sub-Saharan Africa [238]. Transferrin-functiona-
lized curcumin NLCs were found to be promising in brain
delivery [239].

14 Conclusions

In the present pharmaceutical world of research and
development, numerous sophisticated nano-scaled drug
delivery systems are being explored both on the labora-
tory and industry scale extensively. The nanosized drug
delivery system offers a good stability profile to both the
drug and the carrier system giving them desirable char-
acteristics in the dosage form development. NLCs are the
latest and new-generation LNP formulations, poised with
flexibility in DL, modulation of their release profiles, and
improved pharmaceutical performances. These special
characteristic features of NLCs are attributed to their
unique composition, which is the blend of solid and
liquid lipids. In this review, we have tried to sum up all
the information regarding the newest LNPs aka the NLCs.
We have managed to throw light on all the aspects, such
as components of NLCs, their preparation techniques, char-
acterization parameters, and their optimization process, by
giving numerous examples at each step for the complete
understanding of the young formulator/researcher. The
NLCs offer a wide range of applications in the field of med-
ical science for the treatment of various diseases as they can
administer both the hydrophilic and hydrophobic drugs by
different routes, such as oral, parenteral, topical, ocular,
pulmonary, and drug delivery, to the brain very efficiently.
Their nontoxicity upon systemic exposure can open their
new role as diagnostic tools in the field of imaging. Their
specificity and targeting ability make them a very promising
nanosized drug delivery system of the present times. The
design and development of multifunctional NLCs loaded
with combinations of drugs and biological actives and tar-
geting them specifically to the required site will soon open
better research options for the scientists and researchers
worldwide in the fields of the cosmetic and pharmaceutical
industry, which will be a successful step toward a new
technological era in human clinical trials. Some key advan-
tages of these nanosized carrier systems are decreased drug
payload, enhanced patient compliance, reduced toxicity of
the drug, cheap large-scale production, biocompatibility,

biodegradability of their constituents, ease of manufac-
turing, and improvised chemical stabilization of the active
ingredients making them even more promising and near to
perfect all-rounded nanocarriers in their generation.

Acknowledgments: The authors extend their appreciation
to the Deputyship for Research & Innovation, Ministry of
Education in Saudi Arabia, for funding this research work
under the project number: ISP20-15.

Funding information: Thisworkwas fundedby theDeputyship
for Research & Innovation, Ministry of Education, Saudi Arabia
(project no. ISP20-15).

Author contributions: SJ and BM developed the concept
of the manuscript; literature survey was conducted by SJ,
BM, YA, MHS, and WA; methodology and data curation
were done by SJ, MHS, YM, and WA. SJ and BM wrote the
draft manuscript; and while writing, review, and editing
were performed by YA, MHS, and WA. YA and MHS
supervised the work. All authors have accepted respon-
sibility for the entire content of this article and approved
its submission.

Conflict of interest: The authors state no conflict of
interest.

Data availability statement: Data sharing is not applic-
able to this article as no datasets were generated or ana-
lysed during the current study.

References

[1] Scioli Montoto S, Muraca G, Ruiz ME. Solid lipid nanoparti-
cles for drug delivery: pharmacological and biopharmaceu-
tical aspects. Front Mol Biosci. 2020;7:587997. doi: 10.3389/
fmolb.2020.587997.

[2] Souto EB, Wissing SA, Barbosa CM, Müller RH. Development
of a controlled release formulation based on SLN and NLC for
topical clotrimazole delivery. Int J Pharm. 2004;278(1):71–7.
doi: 10.1016/j.ijpharm.2004.02.032.

[3] Sakellari GI, Zafeiri I, Batchelor H, Spyropoulos F. Formulation
design, production and characterisation of solid lipid nano-
particles (SLN) and nanostructured lipid carriers (NLC) for the
encapsulation of a model hydrophobic active. Food Hydrocoll
Health. 2021;1:1. doi: 10.1016/j.fhfh.2021.100024.

[4] Souto EB, Müller RH. Investigation of the factors influencing
the incorporation of clotrimazole in SLN and NLC prepared by
hot high-pressure homogenization. J Microencapsul.
2006;23(4):377–88. doi: 10.1080/02652040500435295.

[5] Nguyen TT, Nguyen TTD, Tran NM, Van Vo G. Lipid-based
nanocarriers via nose-to-brain pathway for central nervous

1768  Shamama Javed et al.



system disorders. Neurochem Res. 2022;47(3):552–73.
doi: 10.1007/s11064-021-03488-7.

[6] Jores K, Mehnert W, Mäder K. Physicochemical investigations
on solid lipid nanoparticles and on oil-loaded solid lipid
nanoparticles: a nuclear magnetic resonance and electron
spin resonance study. Pharm Res. 2003;20(8):1274–83.
doi: 10.1023/a:1025065418309.

[7] Jores K, Haberland A, Wartewig S, Mäder K, Mehnert W. Solid
lipid nanoparticles (SLN) and oil-loaded SLN studied by
spectrofluorometry and Raman spectroscopy. Pharm Res.
2005;22(11):1887–97. doi: 10.1007/s11095-005-7148-5.

[8] Naseri N, Valizadeh H, Zakeri-Milani P. Solid lipid nanopar-
ticles and nanostructured lipid carriers: structure, prepara-
tion and application. Adv Pharm Bull. 2015;5(3):305–13.
doi: 10.15171/apb.2015.043.

[9] Musielak E, Feliczak-Guzik A, Nowak I. Synthesis and
potential applications of lipid nanoparticles in medicine.
Materials (Basel). 2022;15(2):682. doi: 10.3390/
ma15020682.

[10] Liu J, Hu W, Chen H, Ni Q, Xu H, Yang X. Isotretinoin-loaded
solid lipid nanoparticles with skin targeting for topical
delivery. Int J Pharm. 2007;328(2):191–5. doi: 10.1016/
j.ijpharm.2006.08.007.

[11] Al Haj NA, Abdullah R, Ibrahim S, Bustamam A. Tamoxifen
drug loading solid lipid nanoparticles prepared by hot high
pressure homogenization techniques. Am J Pharmacol
Toxicol. 2008;3(3):219–24. doi: 10.3844/
ajptsp.2008.219.224.

[12] Lee D, Minko T. Nanotherapeutics for nose-to-brain drug
delivery: an approach to bypass the blood brain barrier.
Pharmaceutics. 2021;13(12):2049. doi: 10.3390/
pharmaceutics13122049.

[13] Arabi MH, Chabok H, Mirzapour A, Ardestani MS, Saffari M.
Preparation of nanoliposomes containing Rosmarinus offici-
nalis L essential oil: a comparative study. Biosc Biotech Res
Comm. 2017;10(1):103–8. doi: 10.21786/bbrc/10.1/15.

[14] Cunha S, Costa CP, Moreira JN, Sousa Lobo JM, Silva AC.
Using the quality by design (QbD) approach to optimize
formulations of lipid nanoparticles and nanoemulsions:
a review. Nanomedicine. 2020;28:102206. doi: 10.1016/
j.nano.2020.102206.

[15] Khosa A, Reddi S, Saha RN. Nanostructured lipid carriers for
site-specific drug delivery. Biomed Pharmacother.
2018;103:598–613. doi: 10.1016/j.biopha.2018.04.055.

[16] Liu D, Liu Z, Wang L, Zhang C, Zhang N. Nanostructured lipid
carriers as novel carrier for parenteral delivery of docetaxel.
Colloids Surf B Biointerfaces. 2011;85(2):262–9.
doi: 10.1016/j.colsurfb.2011.02.038.

[17] Selvamuthukumar S, Velmurugan R. Nanostructured lipid
carriers: a potential drug carrier for cancer chemotherapy.
Lipids Health Dis. 2012;11:159. doi: 10.1186/1476-511X-11-159.

[18] Puri A, Loomis K, Smith B, Lee JH, Yavlovich A, Heldman E,
et al. Lipid-based nanoparticles as pharmaceutical drug
carriers: from concepts to clinic. Crit Rev Ther Drug Carrier
Syst. 2009;26(6):523–80. doi: 10.1615/
critrevtherdrugcarriersyst.v26.i6.10.

[19] Arshad R, Gulshad L, Haq IU, Farooq MA, Al-Farga A,
Siddique R, et al. Nanotechnology: a novel tool to enhance
the bioavailability of micronutrients. Food Sci Nutr.
2021;9(6):3354–3361. doi: 10.1002/fsn3.2311.

[20] Fouad EA, Yassin AEB, Alajami HN. Characterization of cele-
coxib-loaded solid lipid nanoparticles formulated with tris-
tearin and softisan 100. Trop J Pharm Res.
2015;14(2):205–10. doi: 10.4314/tjpr.v14i2.3.

[21] Zhao XL, Yang CR, Yang KL, Li KX, Hu HY, Chen DW.
Preparation and characterization of nanostructured lipid
carriers loaded traditional Chinese medicine, zedoary tur-
meric oil. Drug Dev Ind Pharm. 2010;36(7):773–80.
doi: 10.3109/03639040903485716.

[22] Nnamani PO, Ibezim EC, Attama AA, Adikwu MU. Surface
modified solid lipid microparticles based on homolipids and
Softisan® 142: preliminary characterization. Asian Pac J Trop
Med. 2010;3(3):205–10. doi: 10.1016/S1995-7645(10)
60010-7.

[23] Darwish MKM, El-Enin ASMA, Mohammed KHA. Optimized
nanoparticles for enhanced oral bioavailability of a poorly
soluble drug: solid lipid nanoparticles versus nanostructured
lipid carriers. Pharm Nanotechnol. 2022. doi: 10.2174/
2211738510666220210110003 (in press).

[24] Chantaburanan T, Teeranachaideekul V, Chantasart D,
Jintapattanakit A, Junyaprasert VB. Effect of binary solid lipid
matrix of wax and triglyceride on lipid crystallinity, drug-lipid
interaction and drug release of ibuprofen-loaded solid lipid
nanoparticles (SLN) for dermal delivery. J Colloid Interface
Sci. 2017;504:247–56. doi: 10.1016/j.jcis.2017.05.038.

[25] Ganesan P, Narayanasamy D. Lipid nanoparticles: different
preparation techniques, characterization, hurdles, and stra-
tegies for the production of solid lipid nanoparticles and
nanostructured lipid carriers for oral drug delivery.
Sustain Chem Pharm. 2017;6:37–56. doi: 10.1016/
j.scp.2017.07.002.

[26] Gomaa E, Fathi HA, Eissa NG, Elsabahy M. Methods for
preparation of nanostructured lipid carriers. Methods.
2022;199:3–8. doi: 10.1016/j.ymeth.2021.05.003.

[27] Singh A, Neupane YR, Mangla B, Kohli K. Nanostructured
lipid carriers for oral bioavailability enhancement of
Exemestane: formulation design, in vitro, ex vivo, and in vivo
studies. J Pharm Sci. 2019;108(10):3382–95. doi: 10.1016/
j.xphs.2019.06.003.

[28] Sadiah S, Anwar E, Djufri M, Cahyaningsih U. Preparation and
characteristics of nanostructured lipid carrier (NLC) loaded
red ginger extract using high pressure homogenizer method.
J Pharm Sci Res. 2017;9(10):1889–93.

[29] Wang L, Ma Y, Gu Y, Liu Y, Zhao J, Yan B, et al. Cryoprotectant
choice and analyses of freeze-drying drug suspension of
nanoparticles with functional stabilisers. J Microencapsul.
2018;35(3):241–8. doi: 10.1080/02652048.2018.1462416.

[30] Zhang L, Liu L, Qian Y, Chen Y. The effects of cryoprotectants
on the freeze-drying of ibuprofen-loaded solid lipid micro-
particles (SLM). Eur J Pharm Biopharm. 2008;69(2):750–9.
doi: 10.1016/j.ejpb.2007.12.003.

[31] Abdelwahed W, Degobert G, Stainmesse S, Fessi H. Freeze-
drying of nanoparticles: formulation, process and storage
considerations. Adv Drug Deliv Rev. 2006;58(15):1688–713.
doi: 10.1016/j.addr.2006.09.017.

[32] Al-Qushawi A, Rassouli A, Atyabi F, Peighambari SM,
Esfandyari-Manesh M, Shams GR, et al. Preparation and
characterization of three Tilmicosin-loaded lipid nanoparti-
cles: physicochemical properties and in vitro antibacterial
activities. Iran J Pharm Res. 2016;15(4):663–76.

Nanostructured lipid carrier system  1769



[33] Khan AA, Mudassir J, Akhtar S, Murugaiyah V,
Darwis Y. Freeze-dried Lopinavir-loaded nanostructured lipid
carriers for enhanced cellular uptake and bioavailability: sta-
tistical optimization, in vitro and in vivo evaluations.
Pharmaceutics. 2019;11(2):97. doi: 10.3390/
pharmaceutics11020097.

[34] Khan AA, Abdulbaqi IM, Abou Assi R, Murugaiyah V, Darwis Y.
Lyophilized hybrid nanostructured lipid carriers to enhance
the cellular uptake of Verapamil: statistical optimization and
in vitro evaluation. Nanoscale Res Lett. 2018;13(1):323.
doi: 10.1186/s11671-018-2744-6.

[35] Pinheiro M, Ribeiro R, Vieira A, Andrade F, Reis S. Design of a
nanostructured lipid carrier intended to improve the treat-
ment of tuberculosis. Drug Des Devel Ther. 2016;10:2467–75.
doi: 10.2147/DDDT.S104395.

[36] Kaithwas V, Dora CP, Kushwah V, Jain S. Nanostructured lipid
carriers of olmesartan medoxomil with enhanced oral bio-
availability. Colloids Surf B Biointerfaces. 2017;154:10–20.
doi: 10.1016/j.colsurfb.2017.03.006.

[37] Li H, Chen M, Su Z, Sun M, Ping Q. Size-exclusive effect of
nanostructured lipid carriers on oral drug delivery. Int J
Pharm. 2016;511(1):524–37. doi: 10.1016/
j.ijpharm.2016.07.049.

[38] Iqbal MA, Md S, Sahni JK, Baboota S, Dang S, Ali J.
Nanostructured lipid carriers system: recent advances in
drug delivery. J Drug Target. 2012;20(10):813–30.
doi: 10.3109/1061186X.2012.716845.

[39] Das S, Chaudhury A. Recent advances in lipid nanoparticle
formulations with solid matrix for oral drug delivery. AAPS
PharmSciTech. 2011;12(1):62–76. doi: 10.1208/s12249-010-
9563-0.

[40] Tamjidi F, Shahedi M, Varshosaz J, Nasirpour A.
Nanostructured lipid carriers (NLC): a potential delivery
system for bioactive food molecules. Innov Food Sci Emerg
Technol. 2013;19:29–43. doi: 10.1016/j.ifset.2013.03.002.

[41] Psimadas D, Georgoulias P, Valotassiou V, Loudos G.
Molecular nanomedicine towards cancer: ¹¹¹In-labeled
nanoparticles. J Pharm Sci. 2012;101(7):2271–80.
doi: 10.1002/jps.23146.

[42] Anton N, Benoit JP, Saulnier P. Design and production of
nanoparticles formulated from nano-emulsion templates-a
review. J Control Release. 2008;128(3):185–99. doi: 10.1016/
j.jconrel.2008.02.007.

[43] Ghasemian E, Vatanara A, Navidi N, Rouini MR. Brain delivery
of baclofen as a hydrophilic drug by nanolipid carriers:
characteristics and pharmacokinetics evaluation. J Drug
Deliv Sci Technol. 2017;37:67–73. doi: 10.1016/
j.jddst.2016.06.012.

[44] Das S, Ng WK, Kanaujia P, Kim S, Tan RB. Formulation design,
preparation and physicochemical characterizations of solid
lipid nanoparticles containing a hydrophobic drug: effects of
process variables. Colloids Surf B Biointerfaces.
2011;88(1):483–9. doi: 10.1016/j.colsurfb.2011.07.036.

[45] Das S, Ng WK, Tan RB. Are nanostructured lipid carriers
(NLCs) better than solid lipid nanoparticles (SLNs): devel-
opment, characterizations and comparative evaluations of
clotrimazole-loaded SLNs and NLCs? Eur J Pharm Sci.
2012;47(1):139–51. doi: 10.1016/j.ejps.2012.05.010.

[46] Paliwal R, Paliwal SR, Agrawal GP, Vyas SP. Correction to
biomimetic solid lipid nanoparticles for oral bioavailability

enhancement of low molecular weight heparin and its
lipid conjugates: in vitro and in vivo evaluation. Mol
Pharm. 2020;17(6):2228. doi: 10.1021/
acs.molpharmaceut.0c00426.

[47] Xian TS, Onn WJ, Misran M, Ali HM. Encapsulation of platinum
complex of indole-7-carbaldehyde thiosemicarbazone, Pt(L)
(PPh3) into nanolipid carrier for sustain released anti-cancer
treatment. Mater Today Proc. 2016;3(2):635–9. doi: 10.1016/
j.matpr.2016.01.102.

[48] Li Q, Cai T, Huang Y, Xia X, Cole SPC, Cai Y. A review of the
structure, preparation, and application of NLCs, PNPs, and
PLNs. Nanomaterials (Basel). 2017;7(6):122. doi: 10.3390/
nano7060122.

[49] Nsairat H, Khater D, Odeh F, Al-Adaileh F, Al-Taher S,
Jaber AM, et al. Lipid nanostructures for targeting brain
cancer. Heliyon. 2021;7(9):e07994. doi: 10.1016/
j.heliyon.2021.e07994.

[50] Souto EB, Mehnert W, Müller RH. Polymorphic behaviour of
Compritol888 ATO as bulk lipid and as SLN and NLC.
J Microencapsul. 2006;23(4):417–33. doi: 10.1080/
02652040600612439.

[51] Khurana S, Bedi P, Jain N. Development of nanostructured
lipid carriers for controlled delivery of mefenamic acid. Int J
Biomed Nanosci Nanotechnol. 2012;2(3–4):232–50.
doi: 10.1504/ijbnn.2012.051218.

[52] Yu C, Yuan M, Li W, Schwendeman D, Schwendeman A.
Predicting drug release kinetics from nanocarriers inside
dialysis bags. J Control Release. 2019;315:23–30.
doi: 10.1016/j.jconrel.2019.09.016.

[53] Negi LM, Jaggi M, Talegaonkar S. A logical approach to
optimize the nanostructured lipid carrier system of irino-
tecan: efficient hybrid design methodology. Nanotechnology.
2013;24(1):015104. doi: 10.1088/0957-4484/24/1/015104.

[54] Pople PV, Singh KK. Development and evaluation of colloidal
modified nanolipid carrier: application to topical delivery of
tacrolimus, Part II – in vivo assessment, drug targeting,
efficacy, and safety in treatment for atopic dermatitis. Eur J
Pharm Biopharm. 2013;84(1):72–83. doi: 10.1016/
j.ejpb.2012.11.026.

[55] Singh B, Kapil R, Katare OP, Ahuja N. Systematic optimiza-
tion of pharmaceutical products and processes using modern
approaches, book chapter no. 10. In: Jain NK, editor.
Pharmaceutical product development. New Delhi: CBS
Publishers; 2011. p. 369–426.

[56] ICH guideline Q8 (R2) on pharmaceutical development 22
June 2017 EMA/CHMP/ICH/167068/2004 Committee for
Human Medicinal Products.

[57] ICH guideline Q9 on quality risk management September
2015 EMA/CHMP/ICH/24235/2006 Committee for Human
Medicinal Products.

[58] ICH guideline Q10 on pharmaceutical quality system
September 2015 EMA/CHMP/ICH/214732/2007 Committee
for Human Medicinal Products.

[59] ICH guideline Q11 on development and manufacture of drug
substances (chemical entities and biotechnological/biolo-
gical entities)May 2011 EMA/CHMP/ICH/425213/2011 ICH/
Committee for medicinal products for human use (CHMP).

[60] Singh B, Sharma T, Saini S, Kaur R, Jain A, Raza K, et al.
Systematic development of drug nanocargos using formula-
tion by design (FbD): an updated overview. Crit Rev Ther Drug

1770  Shamama Javed et al.



Carrier Syst. 2020;37(3):229–69. doi: 10.1615/
CritRevTherDrugCarrierSyst.2020032040.

[61] Yang G, Wu F, Chen M, Jin J, Wang R, Yuan Y. Formulation
design, characterization, and in vitro and in vivo evaluation
of nanostructured lipid carriers containing a bile salt for oral
delivery of gypenosides. Int J Nanomedicine.
2019;14:2267–80. doi: 10.2147/IJN.S194934.

[62] Gurumukhi VC, Bari SB. Quality by design (QbD)-based fab-
rication of atazanavir-loaded nanostructured lipid carriers
for lymph targeting: bioavailability enhancement using chy-
lomicron flow block model and toxicity studies. Drug Deliv
Transl Res. 2022;12(5):1230–52. doi: 10.1007/s13346-021-
01014-4.

[63] Madane RG, Mahajan HS. Curcumin-loaded nanostructured
lipid carriers (NLCs) for nasal administration: design, char-
acterization, and in vivo study. Drug Deliv.
2016;23(4):1326–34. doi: 10.3109/10717544.2014.975382.

[64] Dudhipala N, Janga KY, Gorre T. Comparative study of nisol-
dipine-loaded nanostructured lipid carriers and solid lipid
nanoparticles for oral delivery: preparation, characterization,
permeation and pharmacokinetic evaluation. Artif Cells
Nanomed Biotechnol. 2018;46(sup2):616–25. doi: 10.1080/
21691401.2018.1465068.

[65] Zhang X, Liu J, Qiao H, Liu H, Ni J, Zhang W, et al. Formulation
optimization of dihydroartemisinin nanostructured lipid
carrier using response surface methodology. Powder
Technol. 2010;197(1–2):120–8. doi: 10.1016/
j.powtec.2009.09.004.

[66] Hejri A, Khosravi A, Gharanjig K, Hejazi M. Optimisation of
the formulation of β-carotene loaded nanostructured lipid
carriers prepared by solvent diffusion method. Food Chem.
2013;141(1):117–23. doi: 10.1016/j.foodchem.2013.02.080.

[67] Yu S, Tan G, Liu D, Yang X, Pan W. Nanostructured lipid carrier
(NLC)-based novel hydrogels as potential carriers for nepa-
fenac applied after cataract surgery for the treatment of
inflammation: design, characterization and in vitro cellular
inhibition and uptake studies. RSC Adv.
2017;7(27):16668–77. doi: 10.1039/c7ra00552k.

[68] Keshri L, Pathak K. Development of thermodynamically
stable nanostructured lipid carrier system using central
composite design for zero order permeation of econazole
nitrate through epidermis. Pharm Dev Technol.
2013;18(3):634–44. doi: 10.3109/10837450.2012.659256.

[69] Shi F, Zhao Y, Firempong CK, Xu X. Preparation, characteri-
zation and pharmacokinetic studies of linalool-loaded
nanostructured lipid carriers. Pharm Biol.
2016;54(10):2320–8. doi: 10.3109/13880209.2016.1155630.

[70] Velmurugan R, Selvamuthukumar S. Development and opti-
mization of ifosfamide nanostructured lipid carriers for oral
delivery using response surface methodology. Appl Nanosci.
2016;6:159–73. doi: 10.1007/s13204-015-0434-6.

[71] Huang W, Dou H, Wu H, Sun Z, Wang H, Huang L. Preparation
and characterisation of Nobiletin-loaded nanostructured
lipid carriers. J Nanomater. 2017;2017:2898342. doi: 10.1155/
2017/2898342.

[72] Aslam M, Aqil M, Ahad A, Najmi AK, Sultana Y, Ali A.
Application of box-behnken design for preparation of glib-
enclamide loaded lipid based nanoparticles: optimization, in
vitro skin permeation, drug release and in vivo

pharmacokinetic study. J Mol Liq. 2016;219:897–908.
doi: 10.1016/j.molliq.2016.03.069.

[73] Pereira RR, Testi M, Rossi F. Silva Junior JOC, Ribeiro-Costa
RM, Bettini R, et al. Ucuùba (Virola surinamensis) Fat-based
nanostructured lipid carriers for nail drug delivery of keto-
conazole: development and optimization using box-behnken
design. Pharmaceutics. 2019;11(6):284. doi: 10.3390/
pharmaceutics11060284.

[74] Pokharkar V, Suryawanshi S, Dhapte-Pawar V. Exploring
micellar-based polymeric systems for effective nose-to-brain
drug delivery as potential neurotherapeutics. Drug Deliv
Transl Res. 2020;10(4):1019–31. doi: 10.1007/s13346-019-
00702-6.

[75] Son GH, Na YG, Huh HW, Wang M, Kim MK, Han MG, et al.
Systemic design and evaluation of Ticagrelor-loaded nanos-
tructured lipid carriers for enhancing bioavailability and
antiplatelet activity. Pharmaceutics. 2019;11(5):222.
doi: 10.3390/pharmaceutics11050222.

[76] Kraisit P, Sarisuta N. Development of Triamcinolone aceto-
nide-loaded nanostructured lipid carriers (NLCs) for buccal
drug delivery using the box-behnken design. Molecules.
2018;23(4):982. doi: 10.3390/molecules23040982.

[77] Pantub K, Wongtrakul P, Janwitayanuchit W. Preparation of
salicylic acid loaded nanostructured lipid carriers using box-
behnken design: optimization, characterization and physi-
cochemical stability. J Oleo Sci. 2017;66(12):1311–9.
doi: 10.5650/jos.ess17051.

[78] Mahmood A, Rapalli VK, Gorantla S, Waghule T, Singhvi G.
Dermatokinetic assessment of luliconazole-loaded nanos-
tructured lipid carriers (NLCs) for topical delivery: qbD-driven
design, optimization, and in vitro and ex vivo evaluations.
Drug Deliv Transl Res. 2022;12(5):1118–35. doi: 10.1007/
s13346-021-00986-7.

[79] Kim MH, Kim KT, Sohn SY, Lee JY, Lee CH, Yang H, et al.
Formulation and evaluation of nanostructured lipid carriers
(NLCs) of 20(S)-Protopanaxadiol (PPD) by box-behnken
design. Int J Nanomedicine. 2019;14:8509–20. doi: 10.2147/
IJN.S215835.

[80] Wang H, HongW, Li X, Jin Q, Yea W, Feng Y, et al. Optimization
of nanostructured lipid carriers of fenofibrate using a box-
behnken design for oral bioavailability enhancement. Curr
Drug Deliv. 2021. doi: 10.2174/1567201818666210423110745
(in press).

[81] Chauhan MK, Sharma PK. Optimization and characterization
of rivastigmine nanolipid carrier loaded transdermal patches
for the treatment of dementia. Chem Phys Lipids.
2019;224:104794. doi: 10.1016/j.chemphyslip.2019.104794.

[82] Mahdi WA, Bukhari SI, Imam SS, Alshehri S, Zafar A, Yasir M.
Formulation and optimization of Butenafine-loaded topical
nano lipid carrier-based gel: characterization, irritation
study, and anti-fungal activity. Pharmaceutics.
2021;13(7):1087. doi: 10.3390/pharmaceutics13071087.

[83] Veerabrahma K. Development of olmesartan medoxomil
lipid-based nanoparticles and nanosuspension: preparation,
characterization and comparative pharmacokinetic evalua-
tion. Artif Cells Nanomed Biotechnol. 2018;46(1):126–37.
doi: 10.1080/21691401.2017.1299160.

[84] Patil GB, Patil ND, Deshmukh PK, Patil PO, Bari SB.
Nanostructured lipid carriers as a potential vehicle for

Nanostructured lipid carrier system  1771



Carvedilol delivery: application of factorial design approach.
Artif Cells Nanomed Biotechnol. 2016;44(1):12–9.
doi: 10.3109/21691401.2014.909820.

[85] Swidan SA, Mansour ZN, Mourad ZA, Elhesaisy NA,
Mohamed NA, Bekheet MS, et al. DOE, formulation, and
optimization of repaglinide nanostructured lipid carrier.
J Appl Pharm Sci. 2018;8(10):8–16. doi: 10.7324/
JAPS.2018.81002.

[86] Bhatt S, Sharma JB, Kamboj R, Kumar M, Saini V, Mandge S.
Design and optimization of Febuxostat-loaded nano lipid
carriers using full factorial design. Turk J Pharm Sci.
2021;18(1):61–7. doi: 10.4274/tjps.galenos.2019.32656.

[87] Shah NV, Seth AK, Balaraman R, Aundhia CJ, Maheshwari RA,
Parmar GR. Nanostructured lipid carriers for oral bioavail-
ability enhancement of raloxifene: design and in vivo study.
J Adv Res. 2016;7(3):423–34. doi: 10.1016/j.jare.2016.03.002.

[88] Andalib S, Varshosaz J, Hassanzadeh F, Sadeghi H.
Optimization of LDL targeted nanostructured lipid carriers of
5-FU by a full factorial design. Adv Biomed Res. 2012;1:45.
doi: 10.4103/2277-9175.100147.

[89] Beg S, Saini S, Bandopadhyay S, Katare OP, Singh B. QbD-
driven development and evaluation of nanostructured lipid
carriers (NLCs) of Olmesartan medoxomil employing multi-
variate statistical techniques. Drug Dev Ind Pharm.
2018;44(3):407–20. doi: 10.1080/03639045.2017.1395459.

[90] Alam T, Khan S, Gaba B, Haider MF, Baboota S, Ali J.
Adaptation of quality by design-based development of
Isradipine nanostructured-lipid carrier and its evaluation for
in vitro gut permeation and in vivo solubilization fate.
J Pharm Sci. 2018;107(11):2914–26. doi: 10.1016/
j.xphs.2018.07.021.

[91] Correa YX, Valenzuela AL, Ardila AM, Rojas MA, Mora CE.
Colombian propolis as starting material for the preparation
of nanostructured lipid carriers. Brazilian J Pharmacogn.
2019;29(3):381–8. doi: 10.1016/j.bjp.2019.03.001.

[92] Rosli NA, Hasham R, Abdul Aziz A. Design and physico-
chemical evaluation of nanostructured lipid carrier encap-
sulated zingiber zerumbet oil by D-optimal mixture design.
J Teknol. 2018;80(3):105–13. doi: 10.11113/jt.v80.11268.

[93] Date AA, Vador N, Jagtap A, Nagarsenker MS. Lipid nano-
carriers (GeluPearl) containing amphiphilic lipid Gelucire 50/
13 as a novel stabilizer: fabrication, characterization and
evaluation for oral drug delivery. Nanotechnology.
2011;22(27):275102. doi: 10.1088/0957-4484/22/27/
275102.

[94] Chen CC, Tsai TH, Huang ZR, Fang JY. Effects of lipophilic
emulsifiers on the oral administration of lovastatin from
nanostructured lipid carriers: physicochemical characteriza-
tion and pharmacokinetics. Eur J Pharm Biopharm.
2010;74(3):474–82. doi: 10.1016/j.ejpb.2009.12.008.

[95] Zhang T, Chen J, Zhang Y, Shen Q, Pan W. Characterization
and evaluation of nanostructured lipid carrier as a vehicle for
oral delivery of etoposide. Eur J Pharm Sci. 2011 Jun
14;43(3):174–9. doi: 10.1016/j.ejps.2011.04.005.

[96] Poonia N, Kharb R, Lather V, Pandita D. Nanostructured lipid
carriers: versatile oral delivery vehicle. Future Sci OA.
2016;2(3):FSO135. doi: 10.4155/fsoa-2016-0030.

[97] Garg NK, Sharma G, Singh B, Nirbhavane P, Tyagi RK,
Shukla R, et al. Quality by Design (QbD)-enabled develop-
ment of aceclofenac loaded-nano structured lipid carriers

(NLCs): an improved dermatokinetic profile for inflammatory
disorder(s). Int J Pharm. 2017;517(1–2):413–31. doi: 10.1016/
j.ijpharm.2016.12.010.

[98] Piazzini V, Micheli L, Luceri C, D’Ambrosio M, Cinci L,
Ghelardini C, et al. Nanostructured lipid carriers for oral
delivery of silymarin: improving its absorption and in vivo
efficacy in type 2 diabetes and metabolic syndrome model.
Int J Pharm. 2019;572:118838. doi: 10.1016/
j.ijpharm.2019.118838.

[99] Fathi HA, Allam A, Elsabahy M, Fetih G, El-Badry M.
Nanostructured lipid carriers for improved oral delivery and
prolonged antihyperlipidemic effect of simvastatin. Colloids
Surf B Biointerfaces. 2018;162:236–45. doi: 10.1016/
j.colsurfb.2017.11.064.

[100] Elmowafy M, Ibrahim HM, Ahmed MA, Shalaby K, Salama A,
Hefesha H. Atorvastatin-loaded nanostructured lipid carriers
(NLCs): strategy to overcome oral delivery drawbacks. Drug
Deliv. 2017;24(1):932–41. doi: 10.1080/
10717544.2017.1337823.

[101] Murthy A, Ravi PR, Kathuria H, Malekar S. Oral bioavailability
enhancement of Raloxifene with nanostructured lipid car-
riers. Nanomaterials (Basel). 2020;10(6):1085. doi: 10.3390/
nano10061085.

[102] Fang G, Tang B, Chao Y, Xu H, Gou J, Zhang Y, et al. Cysteine-
functionalized nanostructured lipid carriers for oral delivery
of Docetaxel: a permeability and pharmacokinetic study.
Mol Pharm. 2015;12(7):2384–95. doi: 10.1021/
acs.molpharmaceut.5b00081.

[103] Wang J, Zhang S, Di L. Acute myocardial infarction therapy:
in vitro and in vivo evaluation of atrial natriuretic peptide
and triphenylphosphonium dual ligands modified,
baicalin-loaded nanoparticulate system. Drug Deliv.
2021;28(1):2198–204. doi: 10.1080/10717544.2021.1989086.

[104] Yah CS, Simate GS, Iyuke SE. Nanoparticles toxicity and their
routes of exposures. Pak J Pharm Sci. 2012;25(2):477–91.

[105] Devel L, Almer G, Cabella C, Beau F, Bernes M, Oliva P, et al.
Biodistribution of nanostructured lipid carriers in mice
atherosclerotic model. Molecules. 2019;24(19):3499.
doi: 10.3390/molecules24193499.

[106] Dhiman N, Awasthi R, Sharma B, Kharkwal H, Kulkarni GT.
Lipid nanoparticles as carriers for bioactive delivery. Front
Chem. 2021;9:580118. doi: 10.3389/fchem.2021.580118.

[107] Yazan LS, Azlan SNM, Ansar FHZ, Gopalsamy B. Acute toxicity
study of intravenous administration of thymoquinone-loaded
nanostructured lipid carrier (TQ-NLC) in sprague dawley rats.
Malaysian J Med Heal Sci. 2019;15(SP2):51–7.

[108] Alcantara KP, Zulfakar MH, Castillo AL. Development, char-
acterization and pharmacokinetics of mupirocin-loaded
nanostructured lipid carriers (NLCs) for intravascular
administration. Int J Pharm. 2019;571:118705. doi: 10.1016/
j.ijpharm.2019.118705.

[109] Mittal P, Vardhan H, Ajmal G, Bonde G, Kapoor R, Mittal A,
et al. Genistein-loaded nanostructured lipid carriers for
intravenous administration: a quality by design based
approach. Int Res J Pharm. 2019;10(1):119–34. doi: 10.7897/
2230-8407.100121.

[110] Patil S, Joshi M, Pathak S, Sharma S, Patravale V. Intravenous
β-artemether formulation (ARM NLC) as a superior alternative
to commercial artesunate formulation. J Antimicrob
Chemother. 2012;67(11):2713–6. doi: 10.1093/jac/dks293.

1772  Shamama Javed et al.



[111] Wang L, Liu Z, Liu D, Liu C, Juan Z, Zhang N. Docetaxel-
loaded-lipid-based-nanosuspensions (DTX-LNS): prepara-
tion, pharmacokinetics, tissue distribution and antitumor
activity. Int J Pharm. 2011;413(1–2):194–201. doi: 10.1016/
j.ijpharm.2011.04.023.

[112] Soliman KA, Ullah K, Shah A, Jones DS, Singh TRR.
Poloxamer-based in situ gelling thermoresponsive systems
for ocular drug delivery applications. Drug Discov Today.
2019;24(8):1575–86. doi: 10.1016/j.drudis.2019.05.036.

[113] Xu X, Sun L, Zhou L, Cheng Y, Cao F. Functional chitosan
oligosaccharide nanomicelles for topical ocular drug delivery
of dexamethasone. Carbohydr Polym. 2020;227:115356.
doi: 10.1016/j.carbpol.2019.115356.

[114] Rajala RVS. Therapeutic benefits from nanoparticles: the
potential significance of nanoscience in retinal degenerative
diseases. J Mol Biol Ther. 2019;1:44–55.

[115] Chetoni P, Burgalassi S, Monti D, Tampucci S, Tullio V,
Cuffini AM, et al. Solid lipid nanoparticles as promising tool
for intraocular tobramycin delivery: pharmacokinetic studies
on rabbits. Eur J Pharm Biopharm. 2016;109:214–23.
doi: 10.1016/j.ejpb.2016.10.006.

[116] Lakhani P, Patil A, Wu KW, Sweeney C, Tripathi S, Avula B,
et al. Optimization, stabilization, and characterization of
amphotericin B loaded nanostructured lipid carriers for
ocular drug delivery. Int J Pharm. 2019;572:118771.
doi: 10.1016/j.ijpharm.2019.118771.

[117] Yu Y, Feng R, Li J, Wang Y, Song Y, Tan G, et al. A hybrid
genipin-crosslinked dual-sensitive hydrogel/nanostructured
lipid carrier ocular drug delivery platform. Asian J Pharm Sci.
2019;14(4):423–34. doi: 10.1016/j.ajps.2018.08.002.

[118] Shrivastava N, Khan S, Baboota S, Ali J. Fabrication and
characterization of Timolol maleate and Brinzolamide loaded
nanostructured lipid carrier system for ocular drug delivery.
Curr Drug Deliv. 2018;15(6):829–39. doi: 10.2174/
1566523218666171129205626.

[119] Tsao C, Yuan Z, Zhang P, Liu E, McMullen P, Wu K, et al.
Enhanced pulmonary systemic delivery of protein drugs via
zwitterionic polymer conjugation. J Control Release.
2020;322:170–6. doi: 10.1016/j.jconrel.2020.03.019.

[120] Athamneh T, Amin A, Benke E, Ambrus R, Leopold CS,
Gurikov P, et al. Alginate and hybrid alginate-hyaluronic acid
aerogel microspheres as potential carrier for pulmonary drug
delivery. J Supercrit Fluids. 2019;150:49–55. doi: 10.1016/
j.supflu.2019.04.013.

[121] Joshi M, Nagarsenkar M, Prabhakar B. Albumin nanocarriers
for pulmonary drug delivery: an attractive approach. J Drug
Deliv Sci Technol. 2020;56:101529. doi: 10.1016/
j.jddst.2020.101529.

[122] Ho DK, Nichols BLB, Edgar KJ, Murgia X, Loretz B, Lehr CM.
Challenges and strategies in drug delivery systems for
treatment of pulmonary infections. Eur J Pharm Biopharm.
2019;144:110–24. doi: 10.1016/j.ejpb.2019.09.002.

[123] Pastor M, Basas J, Vairo C, Gainza G, Moreno-Sastre M,
Gomis X, et al. Safety and effectiveness of sodium colisti-
methate-loaded nanostructured lipid carriers (SCM-NLC)
against P. aeruginosa: in vitro and in vivo studies following
pulmonary and intramuscular administration. Nanomedicine.
2019;18:101–11. doi: 10.1016/j.nano.2019.02.014.

[124] Nimje N, Agarwal A, Saraogi GK, Lariya N, Rai G, Agrawal H,
et al. Mannosylated nanoparticulate carriers of rifabutin for

alveolar targeting. J Drug Target. 2009;17(10):777–87.
doi: 10.3109/10611860903115308.

[125] Patil-Gadhe A, Kyadarkunte A, Patole M, Pokharkar V.
Montelukast-loaded nanostructured lipid carriers: part II
pulmonary drug delivery and in vitro-in vivo aerosol perfor-
mance. Eur J Pharm Biopharm. 2014;88(1):169–77.
doi: 10.1016/j.ejpb.2014.07.007.

[126] Jaafar-Maalej C, Andrieu V, Elaissari A, Fessi H.
Beclomethasone-loaded lipidic nanocarriers for pulmonary
drug delivery: preparation, characterization and in vitro drug
release. J Nanosci Nanotechnol. 2011;11(3):1841–51.
doi: 10.1166/jnn.2011.3119.

[127] Hladky SB, Barrand MA. The glymphatic hypothesis: the
theory and the evidence. Fluids Barriers CNS. 2022;19(1):9.
doi: 10.1186/s12987-021-00282-z.

[128] Zhu S, Sun F, Zhao P, Liang G, Sun X, Zeng L, et al. Brain-
targeting biomimetic nanoparticles for codelivery of celastrol
and LY2157299 for reversing glioma immunosuppression. Int
J Pharm. 2022;619:121709. doi: 10.1016/j.ijpharm.
2022.121709 (in press).

[129] Long Y, Yang Q, Xiang Y, Zhang Y, Wan J, Liu S, et al. Nose to
brain drug delivery – a promising strategy for active com-
ponents from herbal medicine for treating cerebral ischemia
reperfusion. Pharmacol Res. 2020;159:104795. doi: 10.1016/
j.phrs.2020.104795.

[130] Du W, Li H, Tian B, Sai S, Gao Y, Lan T, et al. Development of
nose-to-brain delivery of ketoconazole by nanostructured
lipid carriers against cryptococcal meningoencephalitis in
mice. Colloids Surf B Biointerfaces. 2019;183:110446.
doi: 10.1016/j.colsurfb.2019.110446.

[131] Martins PP, Smyth HDC, Cui Z. Strategies to facilitate or block
nose-to-brain drug delivery. Int J Pharm. 2019;570:118635.
doi: 10.1016/j.ijpharm.2019.118635.

[132] Flamm J, Hartung S, Gänger S, Maigler F, Pitzer C,
Schindowski K. Establishment of an olfactory region-specific
intranasal delivery technique in mice to target the central
nervous system. Front Pharmacol. 2022;12:789780.
doi: 10.3389/fphar.2021.789780.

[133] Frey WH, Liu J, Chen X, Thorne RG, Fawcett JR, Ala TA, et al.
Delivery of 125I-NGF to the brain via the olfactory route. Drug
Deliv. 2008;7544:87–92. doi: 10.3109/10717549709051878.

[134] Johnsen KB, Burkhart A, Thomsen LB, Andresen TL, Moos T.
Targeting the transferrin receptor for brain drug delivery.
Prog Neurobiol. 2019;181:101665. doi: 10.1016/
j.pneurobio.2019.101665.

[135] Xu Y, Wei L, Wang H. Progress and perspectives on nano-
platforms for drug delivery to the brain. J Drug Deliv Sci
Technol. 2020;57:101636. doi: 10.1016/j.jddst.2020.101636.

[136] Luo Y, Yang H, Zhou YF, Hu B. Dual and multi-targeted
nanoparticles for site-specific brain drug delivery. J Control
Release. 2020;317:195–215. doi: 10.1016/
j.jconrel.2019.11.037.

[137] Salem LH, El-Feky GS, Fahmy RH, El Gazayerly ON,
Abdelbary A. coated lipidic nanoparticles as a new strategy
for enhancing nose-to-brain delivery of a hydrophilic drug
molecule. J Pharm Sci. 2020;109(7):2237–51. doi: 10.1016/
j.xphs.2020.04.007.

[138] Khan N, Shah FA, Rana I, Ansari MM, Din FU, Rizvi SZH, et al.
Nanostructured lipid carriers-mediated brain delivery of
carbamazepine for improved in vivo anticonvulsant and

Nanostructured lipid carrier system  1773



anxiolytic activity. Int J Pharm. 2020;577:119033.
doi: 10.1016/j.ijpharm.2020.119033.

[139] Jazuli I, Annu Nabi B, Moolakkadath T, Alam T, Baboota S,
Ali J. Optimization of nanostructured lipid carriers of
Lurasidone hydrochloride using box-behnken design for
brain targeting: in vitro and in vivo studies. J Pharm Sci.
2019;108(9):3082–90. doi: 10.1016/j.xphs.2019.05.001.

[140] Emami J, Yousefian H, Sadeghi H. Targeted nanostructured
lipid carrier for brain delivery of Artemisinin: design, pre-
paration, characterization, optimization and cell toxicity.
J Pharm Pharm Sci. 2018;21(1s):225s–241s. doi: 10.18433/
jpps30117.

[141] Ghasemian E, Vatanara A, Navidi N, Rouini MR. Brain delivery
of baclofen as a hydrophilic drug by nanolipid carriers:
characteristics and pharmacokinetics evaluation. J Drug
Deliv Sci Technol. 2017;37:67–73. doi: 10.1016/
j.jddst.2016.06.012.

[142] Menon GK. New insights into skin structure: scratching the
surface. Adv Drug Deliv Rev. 2002;54:S3–17. doi: 10.1016/
s0169-409x(02)00121-7.

[143] Kakadia PG, Conway BR. Lipid nanoparticles for dermal drug
delivery. Curr Pharm Des. 2015;21(20):2823–9. doi: 10.2174/
1381612821666150428143730.

[144] Melim C, Magalhaes M, Santos AC, Campos EJ, Cabral C.
Nanoparticles as phytochemical carriers for cancer treat-
ment: news of the last decade. Expert Opin Drug Deliv.
2022;19(2):179–97. doi: 10.1080/17425247.2022.2041599.

[145] Neubert RH. Potentials of new nanocarriers for dermal and
transdermal drug delivery. Eur J Pharm Biopharm.
2011;77(1):1–2. doi: 10.1016/j.ejpb.2010.11.003.

[146] Wang J, Wang H, Zhou X, Tang Z, Liu G, Liu G, et al.
Physicochemical characterization, photo-stability and cyto-
toxicity of coenzyme Q10-loading nanostructured lipid car-
rier. J Nanosci Nanotechnol. 2012;12(3):2136–48.
doi: 10.1166/jnn.2012.5790.

[147] Ghasemiyeh P, Mohammadi-Samani S. Solid lipid nanopar-
ticles and nanostructured lipid carriers as novel drug delivery
systems: applications, advantages and disadvantages. Res
Pharm Sci. 2018;13(4):288–303. doi: 10.4103/1735-
5362.235156.

[148] Puglia C, Bonina F. Lipid nanoparticles as novel delivery
systems for cosmetics and dermal pharmaceuticals. Expert
Opin Drug Deliv. 2012;9(4):429–41. doi: 10.1517/
17425247.2012.666967.

[149] Peira E, Scolari P, Gasco MR. Transdermal permeation of
apomorphine through hairless mouse skin from microemul-
sions. Int J Pharm. 2001;226(1–2):47–51. doi: 10.1016/
s0378-5173(01)00759-1.

[150] Azhar SN, Ashari SE, Salim N. Development of a kojic
monooleate-enriched oil-in-water nanoemulsion as a
potential carrier for hyperpigmentation treatment.
Int J Nanomedicine. 2018;13:6465–79. doi: 10.2147/
IJN.S171532.

[151] Ashtiani SY, Nasrollahi SA, Naeimifar A, Kashani AN,
Samadi A, Yadangi S, et al. Preparation and safety evaluation
of topical Simvastatin loaded NLCs for vitiligo. Adv Pharm
Bull. 2021;11(1):104–10. doi: 10.34172/apb.2021.011.

[152] Sharma N, Kumar S, Joshi G, Choudhary D. Formulation and
characterization of febuxostat loaded nanostructured lipid
carriers (NLCs)-gel for topical treatment of gout. Recent Pat

Nanotechnol. 2022;16(3):250–8. doi: 10.2174/
1872210515666210415114118.

[153] Ahmadi M, Mehdikhani M, Varshosaz J, Farsaei S, Torabi H.
Pharmaceutical evaluation of atorvastatin-loaded nanos-
tructured lipid carriers incorporated into the gelatin/hya-
luronic acid/polycaprolactone scaffold for the skin tissue
engineering. J Biomater Appl. 2021;35(8):958–77.
doi: 10.1177/0885328220970760.

[154] Rapalli VK, Sharma S, Roy A, Singhvi G. Design and derma-
tokinetic evaluation of Apremilast loaded nanostructured
lipid carriers embedded gel for topical delivery: a potential
approach for improved permeation and prolong skin
deposition. Colloids Surf B Biointerfaces. 2021;206:111945.
doi: 10.1016/j.colsurfb.2021.111945.

[155] Pandey SS, Patel MA, Desai DT, Patel HP, Gupta AR, Joshi SV,
et al. Bioavailability enhancement of repaglinide from
transdermally applied nanostructured lipid carrier gel:
optimization, in vitro and in vivo studies. J Drug Deliv
Sci Technol. 2020;57:101731. doi: 10.1016/j.jddst.2020.101731.

[156] Mendes IT, Ruela AL, Carvalho FC, Freitas JT, Bonfilio R,
Pereira GR. Development and characterization of nanostruc-
tured lipid carrier-based gels for the transdermal delivery of
donepezil. Colloids Surfaces B Biointerfaces.
2019;177:274–81. doi: 10.1016/j.colsurfb.2019.02.007.

[157] Kang Q, Liu J, Liu XY, Mo NL, Wang YJ, Zhao Y, et al.
Application of quality by design approach to formulate and
optimize tripterine loaded in nanostructured lipid carriers for
transdermal delivery. J Drug Deliv Sci Technol.
2019;52:1032–41. doi: 10.1016/j.jddst.2019.06.006.

[158] Gu Y, Tang X, Yang M, Yang D, Liu J. Transdermal drug
delivery of triptolide-loaded nanostructured lipid carriers:
preparation, pharmacokinetic, and evaluation for rheuma-
toid arthritis. Int J Pharm. 2019;554:235–44. doi: 10.1016/
j.ijpharm.2018.11.024.

[159] Chauhan MK, Sharma PK. Optimization and characterization
of rivastigmine nanolipid carrier loaded transdermal patches
for the treatment of dementia. Chem Phys Lipids.
2019;224:104794. doi: 10.1016/j.chemphyslip.2019.104794.

[160] Wang Y, Zhang H, Hao J, Li B, Li M, Xiuwen W. Lung cancer
combination therapy: co-delivery of paclitaxel and doxoru-
bicin by nanostructured lipid carriers for synergistic effect.
Drug Deliv. 2016;23(4):1398–403. doi: 10.3109/
10717544.2015.1055619.

[161] Nasirizadeh S, Malaekeh-Nikouei B. Solid lipid nanoparticles
and nanostructured lipid carriers in oral cancer drug delivery.
J Drug Deliv Sci Technol. 2020;55:101458. doi: 10.1016/
j.jddst.2019.101458.

[162] Hajipour H, Ghorbani M, Kahroba H, Mahmoodzadeh F,
Emameh RZ, Taheri RA. Arginyl-glycyl-aspartic acid (RGD)
containing nanostructured lipid carrier co-loaded with dox-
orubicin and sildenafil citrate enhanced anti-cancer effects
and overcomes drug resistance. Process Biochem.
2019;84:172–9. doi: 10.1016/j.procbio.2019.06.013.

[163] Garbuzenko OB, Kuzmov A, Taratula O, Pine SR, Minko T.
Strategy to enhance lung cancer treatment by five essential
elements: inhalation delivery, nanotechnology, tumor-
receptor targeting, chemo- and gene therapy. Theranostics.
2019;9(26):8362–76. doi: 10.7150/thno.39816.

[164] Sabzichi M, Mohammadian J, Bazzaz R, Pirouzpanah MB,
Shaaker M, Hamishehkar H, et al. Chrysin loaded

1774  Shamama Javed et al.



nanostructured lipid carriers (NLCs) triggers apoptosis in
MCF-7 cancer cells by inhibiting the Nrf2 pathway. Process
Biochem. 2017;60:84–91. doi: 10.1016/
j.procbio.2017.05.024.

[165] Godugu C, Doddapaneni R, Safe SH, Singh M. Novel diindo-
lylmethane derivatives based NLC formulations to improve
the oral bioavailability and anticancer effects in triple nega-
tive breast cancer. Eur J Pharm Biopharm. 2016;108:168–79.
doi: 10.1016/j.ejpb.2016.08.006.

[166] Vairo C, Collantes M, Quincoces G, Villullas S, Peñuelas I,
Pastor M, et al. Preclinical safety of topically administered
nanostructure lipid carriers (NLC) for wound healing
application: biodistribution and toxicity studies. Int
J Pharm. 2019;569:118484. doi: 10.1016/
j.ijpharm.2019.118484.

[167] Winter E, Pizzol CD, Locatelli C, Crezkynski-Pasa TB.
Development and evaluation of lipid nanoparticles for drug
delivery: study of toxicity in vitro and in vivo. J Nanosci
Nanotechnol. 2016;16(2):1321–30. doi: 10.1166/
jnn.2016.11667.

[168] Rahman HS, Rasedee A, Othman HH, Chartrand MS,
Namvar F, Yeap SK, et al. Acute toxicity study of Zerumbone-
loaded nanostructured lipid carrier on BALB/c mice model.
Biomed Res Int. 2014;2014:563930. doi: 10.1155/2014/
563930.

[169] Ahmadian E, Eftekhari A, Kavetskyy T, Khosroushahi AY,
Turksoy VA, Khalilov R. Effects of quercetin loaded nanos-
tructured lipid carriers on the paraquat-induced toxicity in
human lymphocytes. Pestic Biochem Physiol.
2020;167:104586. doi: 10.1016/j.pestbp.2020.104586.

[170] Liu L, Han K, Wang Q, Gao Y, Wang J, Zeng K. Acute and
chronic toxicity of 0.5% podophyllotoxin-loaded nanostruc-
tured lipid carriers to vaginal mucosa in rabbits and rats. Nan
Fang Yi Ke Da Xue Xue Bao. 2018;38(12):1527–32.
doi: 10.12122/j.issn.1673-4254.2018.12.21 (in Chinese).

[171] Abla MJ, Banga AK. Formulation of tocopherol nanocarriers
and in vitro delivery into human skin. Int J Cosmet Sci.
2014;36(3):239–46. doi: 10.1111/ics.12119.

[172] del Pozo-Rodríguez A, Delgado D, Gascón AR, Solinís MÁ.
Lipid nanoparticles as drug/gene delivery systems to the
retina. J Ocul Pharmacol Ther. 2013;29(2):173–88.
doi: 10.1089/jop.2012.0128.

[173] Lee M, Hwang JH, Lim KM. Alternatives to in vivo Draize rabbit
eye and skin irritation tests with a focus on 3D reconstructed
human cornea-like epithelium and epidermis models. Toxicol
Res. 2017;33(3):191–203. doi: 10.5487/TR.2017.33.3.191.

[174] Mandawgade SD, Patravale VB. Development of SLNs from
natural lipids: application to topical delivery of tretinoin. Int J
Pharm. 2008;363(1–2):132–8. doi: 10.1016/
j.ijpharm.2008.06.028.

[175] Shen J, Sun M, Ping Q, Ying Z, Liu W. Incorporation of
liquid lipid in lipid nanoparticles for ocular drug delivery
enhancement. Nanotechnology. 2020;21(2):025101.
doi: 10.1088/0957-4484/21/2/025101.

[176] Gonzalez-Mira E, Egea MA, Garcia ML, Souto EB. Design and
ocular tolerance of flurbiprofen loaded ultrasound-engi-
neered NLC. Colloids Surfaces B Biointerfaces.
2010;81(2):412–21. doi: 10.1016/j.colsurfb.2010.07.029.

[177] Baig MS, Ahad A, Aslam M, Imam SS, Aqil M, Ali A.
Application of Box-Behnken design for preparation of

levofloxacin-loaded stearic acid solid lipid nanoparticles for
ocular delivery: optimization, in vitro release, ocular toler-
ance, and antibacterial activity. Int J Biol Macromol.
2016;85:258–70. doi: 10.1016/j.ijbiomac.2015.12.077.

[178] Gökçe EH, Sandri G, Eğrilmez S, Bonferoni MC, Güneri T,
Caramella C. Cyclosporine a-loaded solid lipid nanoparticles:
ocular tolerance and in vivo drug release in rabbit eyes.
Curr Eye Res. 2009;34(11):996–1003. doi: 10.3109/
02713680903261405.

[179] Luo Q, Zhao J, Zhang X, Pan W. Nanostructured lipid carrier
(NLC) coated with Chitosan Oligosaccharides and its poten-
tial use in ocular drug delivery system. Int J Pharm.
2011;403(1-2):185–91. doi: 10.1016/j.ijpharm.2010.10.013.

[180] Rao MP, Manjunath K, Bhagawati ST, Thippeswamy BS. Bixin
loaded solid lipid nanoparticles for enhanced hepatopro-
tection – preparation, characterisation and in vivo evalua-
tion. Int J Pharm. 2014;473(1–2):485–92. doi: 10.1016/
j.ijpharm.2014.07.027.

[181] Ogbonna JDN, Kenechukwu FC, Nwobi CS, Chibueze OS,
Attama AA. Formulation, in vitro and in vivo evaluation
of halofantrine-loaded solid lipid microparticles. Pharm
Dev Technol. 2015;20(8):941–8. doi: 10.3109/
10837450.2014.949270.

[182] Aditya NP, Patankar S, Madhusudhan B, Murthy RS,
Souto EB. Arthemeter-loaded lipid nanoparticles produced
by modified thin-film hydration: pharmacokinetics, toxico-
logical and in vivo anti-malarial activity. Eur J Pharm Sci.
2010;40(5):448–55. doi: 10.1016/j.ejps.2010.05.007.

[183] Gao Y, Yang R, Zhang Z, Chen L, Sun Z, Li Y. Solid lipid
nanoparticles reduce systemic toxicity of docetaxel: perfor-
mance and mechanism in animal. Nanotoxicology.
2011;5(4):636–49. doi: 10.3109/17435390.2010.551427.

[184] Duong VA, Nguyen TT, Maeng HJ. Preparation of solid lipid
nanoparticles and nanostructured lipid carriers for drug
delivery and the effects of preparation parameters of solvent
injection method. Molecules. 2020;25(20):4781.
doi: 10.3390/molecules25204781.

[185] Chauhan I, Yasir M, Verma M, Singh AP. Nanostructured lipid
carriers: a groundbreaking approach for transdermal drug
delivery. Adv Pharm Bull. 2020;10(2):150–65. doi: 10.34172/
apb.2020.021.

[186] Chen T, Vargeese C, Vagle K, Wang W, Zhang Y. Lipid nano-
particle based compositions and methods for the delivery of
biologically active molecules. United States Patent number
US20080020058A1, Sirna Therapeutics Inc; 2008.

[187] Keck C, Muchow M. Nanonized testosterone formulations for
improved bioavailability. European patent number
EP2229936A1, PharmaSol GmbH; 2015.

[188] Singh CU. Solid nanoparticle formulation of water insoluble
pharmaceutical substances with reduced ostwald ripening.
United States Patent number US20090238878A1, Singh
Broemer And Company Inc; 2019.

[189] Petersen R. Nanocrystals for use in topical cosmetic formu-
lations and method of production thereof. United States
Patent number US20100047297A1, AbbVie Deutschland
GmbH and Co KG; 2015.

[190] Bondi ML, Giammona G, Craparo EF, Drago F. Nanostructured
lipid carriers containing riluzole and pharmaceutical formu-
lations containing said particles. Wordlwide patent number
WO2008000448A2; 2008.

Nanostructured lipid carrier system  1775



[191] Awasthi V, Lagisetty P. Anionic lipids and lipid nano-struc-
tures and methods of producing and using same. United
States Patent number US20110059157A1, University of
Oklahoma; 2013.

[192] Wang KKW, Wang J, Goodman JV, Larner SF. Antibody bound
synthetic vesicle containing molecules for deliver to central
and peripheral nervous system cells. United States Patent
number US20110097392A1, Banyan Biomarkers Inc; 2011.

[193] Petit JLV, Gonzalez RD, Botello AF. Lipid nanoparticle cap-
sules. United States Patent number US20130017239A1,
Lipotec SA; 2013.

[194] Lutz A, Schneider D, Grunder S, Krishnan B. Blocked poly-
urethane tougheners for epoxy adhesives. United States
Patent number US20180251633A1, Dow Global Technologies
LLC; 2018.

[195] Anselmo AC, Mitragotri S. Nanoparticles in the clinic: an
update. Bioeng Transl Med. 2019;4(3):e10143. doi: 10.1002/
btm2.10143.

[196] Muller RH, Shegokar R, Keck CM. 20 years of lipid nanopar-
ticles (SLN & NLC): present state of development & industrial
applications. Curr Drug Discov Technol. 2011;8(3):207–27.
doi: 10.2174/157016311796799062.

[197] Kesharwani P, Jain K, Jain NK. Dendrimer as nanocarrier for
drug delivery. Prog Polym Sci. 2014;39(2):268–307.
doi: 10.1016/j.progpolymsci.2013.07.005.

[198] Jain P, Rahi P, Pandey V, Asati S, Soni V. Nanostructure lipid
carriers: a modish contrivance to overcome the ultraviolet
effects. Egypt J Basic Appl Sci. 2017;4(2):89–100.
doi: 10.1016/j.ejbas.2017.02.001.

[199] Salvi VR, Pawar P. Nanostructured lipid carriers (NLC)
system: a novel drug targeting carrier. J Drug Deliv Sci
Technol. 2019;51(990):255–67. doi: 10.1016/
j.jddst.2019.02.017.

[200] Mihranyan A, Ferraz N, Strømme M. Current status and future
prospects of nanotechnology in cosmetics. Prog Mater Sci.
2012;57(5):875–910. doi: 10.1016/j.pmatsci.2011.10.001.

[201] Gadag S, Narayan R, Nayak AS, Ardila DC, Sant S, Nayak Y,
et al. Development and preclinical evaluation of micro-
needle-assisted resveratrol loaded nanostructured lipid
carriers for localized delivery to breast cancer therapy. Int J
Pharm. 2021;606:120877. doi: 10.1016/
j.ijpharm.2021.120877.

[202] Wang B, Sun L, Wen M, Tan Y, Almalki WH, Katouah H, et al.
Nano lipidic carriers for codelivery of sorafenib and gano-
deric acid for enhanced synergistic antitumor efficacy
against hepatocellular carcinoma. Saudi Pharm J.
2021;29(8):843–56. doi: 10.1016/j.jsps.2021.06.006.

[203] Yu G, Ali Z, Khan AS, Ullah K, Jamshaid H, Zeb A, et al.
Preparation, pharmacokinetics, and antitumor potential of
miltefosine-loaded nanostructured lipid carriers. Int J
Nanomedicine. 2021;16:3255–73. doi: 10.2147/IJN.S299443.

[204] Makeen HA, Mohan S, Al-Kasim MA, Sultan MH, Albarraq AA,
Ahmed RA, et al. Preparation, characterization, and anti-
cancer activity of nanostructured lipid carriers containing
Imatinib. Pharmaceutics. 2021;13(7):1086. doi: 10.3390/
pharmaceutics13071086.

[205] Elgizawy HA, Ali AA, Hussein MA. Resveratrol: isolation, and
its nanostructured lipid carriers, inhibits cell proliferation,
induces cell apoptosis in certain human cell lines carcinoma
and exerts protective effect against paraquat-induced

hepatotoxicity. J Med Food. 2021;24(1):89–100.
doi: 10.1089/jmf.2019.0286.

[206] Majumder J, Minko T. Multifunctional lipid-based nanoparti-
cles for codelivery of anticancer drugs and siRNA for treat-
ment of non-small cell lung cancer with different level of
resistance and EGFR mutations. Pharmaceutics.
2021;13(7):1063. doi: 10.3390/pharmaceutics13071063.

[207] Chand P, Kumar H, Badduri N, Gupta NV, Bettada VG,
Madhunapantula SV, et al. Design and evaluation of caba-
zitaxel loaded NLCs against breast cancer cell lines. Colloids
Surf B Biointerfaces. 2021;199:111535. doi: 10.1016/
j.colsurfb.2020.111535.

[208] Moraes S, Marinho A, Lima S, Granja A, Araújo JP, Reis S,
et al. Targeted nanostructured lipid carriers for doxorubicin
oral delivery. Int J Pharm. 2021;592:120029. doi: 10.1016/
j.ijpharm.2020.120029.

[209] Chaudhari VS, Gawali B, Saha P, Naidu VG, Murty US,
Banerjee S. Quercetin and piperine enriched nanostructured
lipid carriers (NLCs) to improve apoptosis in oral squamous
cellular carcinoma (FaDu cells) with improved biodistribution
profile. Eur J Pharmacol. 2021;909:174400. doi: 10.1016/
j.ejphar.2021.174400.

[210] Varshosaz J, Jandaghian S, Mirian M, Sajjadi SE. Co-delivery
of rituximab targeted curcumin and imatinib nanostructured
lipid carriers in non-Hodgkin lymphoma cells. J Liposome
Res. 2021;31(1):64–78. doi: 10.1080/
08982104.2020.1720718.

[211] Borderwala K, Rathod S, Yadav S, Vyas B, Shah P. Eudragit
S-100 surface engineered nanostructured lipid carriers
for colon targeting of 5-fluorouracil: optimization and
in vitro and in vivo characterization. AAPS PharmSciTech.
2021;22(6):216. doi: 10.1208/s12249-021-02099-3.

[212] Chaudhari VS, Murty US, Banerjee S. Nanostructured
lipid carriers as a strategy for encapsulation of active plant
constituents: formulation and in vitro physicochemical
characterizations. Chem Phys Lipids. 2021;235:105037.
doi: 10.1016/j.chemphyslip.2020.105037.

[213] Subramaniam B, Arshad NM, Malagobadan S, Misran M,
Nyamathulla S, Mun KS, et al. Development and
evaluation of 1’-acetoxychavicol acetate (ACA)-loaded
nanostructured lipid carriers for prostate cancer therapy.
Pharmaceutics. 2021;13(4):439. doi: 10.3390/
pharmaceutics13040439.

[214] Hu R, Liu S, Shen W, Chen C, Cao Y, Su Z, et al. Study on the
inhibitory effects of naringenin-loaded nanostructured lipid
carriers against nonalcoholic fatty liver disease. J Biomed
Nanotechnol. 2021;17(5):942–51. doi: 10.1166/
jbn.2021.3077.

[215] Matarazzo AP, Elisei LM, Carvalho FC, Bonfílio R, Ruela AL,
Galdino G, et al. Mucoadhesive nanostructured lipid carriers
as a cannabidiol nasal delivery system for the treatment
of neuropathic pain. Eur J Pharm Sci. 2021;159:105698.
doi: 10.1016/j.ejps.2020.105698.

[216] Bose SK, Sharma K, Chhibber S, Harjai K. Therapeutic
potential of nanolipoidal α-terpineol in combating keratitis
induced by Pseudomonas aeruginosa in the murine model.
Int J Pharm. 2021;594:120175. doi: 10.1016/
j.ijpharm.2020.120175.

[217] Shaaban M, Nasr M, Tawfik AA, Fadel M, Sammour O.
Bergamot oil as an integral component of nanostructured

1776  Shamama Javed et al.



lipid carriers and a photosensitizer for photodynamic treat-
ment of vitiligo: characterization and clinical experimenta-
tion. Expert Opin Drug Deliv. 2021;18(1):139–50.
doi: 10.1080/17425247.2021.1844180.

[218] Rubab S, Naeem K, Rana I, Khan N, Afridi M, Ullah I, et al.
Enhanced neuroprotective and antidepressant activity of
curcumin-loaded nanostructured lipid carriers in lipopoly-
saccharide-induced depression and anxiety rat model. Int J
Pharm. 2021;603:120670. doi: 10.1016/
j.ijpharm.2021.120670.

[219] Yoozbashi M, Rashidzadeh H, Kermanian M, Sadighian S,
Hosseini MJ, Kaboli Z, et al. Magnetic nanostructured lipid
carrier for dual triggered curcumin delivery: preparation,
characterization and toxicity evaluation on isolated rat liver
mitochondria. J Biomater Appl. 2022;36(6):1055–63.
doi: 10.1177/08853282211034625.

[220] Sirikhet J, Chanmahasathien W, Raiwa A, Kiattisin K. Stability
enhancement of lycopene in Citrullus lanatus extract via
nanostructured lipid carriers. Food Sci Nu tr 2021
9(3):1750–60. doi: 10.1002/fsn3.2156.

[221] Abourehab MA, Khames A, Genedy S, Mostafa S, Khaleel MA,
Omar MM, et al. Sesame oil-based nanostructured lipid
carriers of nicergoline, intranasal delivery system for brain
targeting of synergistic cerebrovascular protection.
Pharmaceutics. 2021;13(4):581. doi: 10.3390/
pharmaceutics13040581.

[222] Shinde C, Venkatesh MP, Pramod Kumar T, Pai DR.
Nanostructured lipid carrier-based smart gel: a delivery
platform for intra-articular therapeutics. Autoimmunity.
2021;54(1):35–44. doi: 10.1080/08916934.2020.1846184.

[223] Zhao Z, Liu T, Zhu S, Yang Y, Wang Z, Ma H, et al.
Development and evaluation studies of Corylin loaded
nanostructured lipid carriers gel for topical treatment of UV-
induced skin aging. Exp Gerontol. 2021;153:111499.
doi: 10.1016/j.exger.2021.111499.

[224] Dong X, Zhang X, Wang M, Gu L, Li J, Gong M. Heparin-
decorated nanostructured lipid carriers of artemether-pro-
toporphyrin IX-transferrin combination for therapy of
malaria. Int J Pharm. 2021;605:120813. doi: 10.1016/
j.ijpharm.2021.120813.

[225] Sharaf M, Arif M, Khan S, Abdalla M, Shabana S, Chi Z, et al.
Co-delivery of hesperidin and clarithromycin in a nanos-
tructured lipid carrier for the eradication of Helicobacter
pylori in vitro. Bioorg Chem. 2021;112:104896. doi: 10.1016/
j.bioorg.2021.104896.

[226] Ye Q, Li J, Li T, Ruan J, Wang H, Wang F, et al. Development
and evaluation of puerarin-loaded controlled release
nanostructured lipid carries by central composite design.
Drug Dev Ind Pharm. 2021;47(1):113–25. doi: 10.1080/
03639045.2020.1862170.

[227] Sharma T, Katare OP, Jain A, Jain S, Chaudhari D, Borges B,
et al. QbD-steered development of biotin-conjugated
nanostructured lipid carriers for oral delivery of chrysin: role
of surface modification for improving biopharmaceutical
performance. Colloids Surf B Biointerfaces. 2021;197:111429.
doi: 10.1016/j.colsurfb.2020.111429.

[228] Khan AS, Ud Din F, Ali Z, Bibi M, Zahid F, Zeb A, et al.
Development, in vitro and in vivo evaluation of miltefosine
loaded nanostructured lipid carriers for the treatment of

Cutaneous Leishmaniasis. Int J Pharm. 2021;593:120109.
doi: 10.1016/j.ijpharm.2020.120109.

[229] Saghafi Z, Mohammadi M, Mahboobian MM, Derakhshandeh K.
Preparation, characterization, and in vivo evaluation of per-
phenazine-loaded nanostructured lipid carriers for oral bio-
availability improvement. Drug Dev Ind Pharm.
2021;47(3):509–20. doi: 10.1080/03639045.2021.1892745.

[230] Mura P, Maestrelli F, D’Ambrosio M, Luceri C, Cirri M.
Evaluation and comparison of solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs) as vectors to
develop hydrochlorothiazide effective and safe pediatric oral
liquid formulations. Pharmaceutics. 2021;13(4):437.
doi: 10.3390/pharmaceutics13040437.

[231] Abdelhakeem E, El-Nabarawi M, Shamma R. Lipid-based
nano-formulation platform for eplerenone oral delivery as a
potential treatment of chronic central serous chorioretinopathy:
in vitro optimization and ex-vivo assessment. Drug Deliv.
2021;28(1):642–54. doi: 10.1080/10717544.2021.1902023.

[232] Patel P, Patel M. Enhanced oral bioavailability of nintedanib
esylate with nanostructured lipid carriers by lymphatic tar-
geting: in vitro, cell line and in vivo evaluation. Eur J Pharm
Sci. 2021;159:105715. doi: 10.1016/j.ejps.2021.105715.

[233] Ammar HO, Ghorab MM, Saleh MS, Ghoneim AM. Olanzapine
mesoporous nanostructured lipid carrier: optimization,
characterization, in vivo assessment, and physiologically
based pharmacokinetic modeling. IEEE Trans
Nanobioscience. 2021;20(2):166–74. doi: 10.1109/
TNB.2021.3052080.

[234] Patil TS, Deshpande AS. Nanostructured lipid carrier-
mediated lung targeted drug delivery system to enhance the
safety and bioavailability of clofazimine. Drug Dev Ind
Pharm. 2021;47(3):385–93. doi: 10.1080/
03639045.2021.1892743.

[235] Almurshedi AS, Aljunaidel HA, Alquadeib B, Aldosari BN,
Alfagih IM, Almarshidy SS, et al. Development of inhalable
nanostructured lipid carriers for ciprofloxacin for noncystic
fibrosis bronchiectasis treatment. Int J Nanomedicine.
2021;16:2405–17. doi: 10.2147/IJN.S286896.

[236] Shadambikar G, Marathe S, Ji N, Almutairi M, Bandari S,
Zhang F, et al. Formulation development of itraconazole
PEGylated nano-lipid carriers for pulmonary aspergillosis
using hot-melt extrusion technology. Int J Pharm.
2021;3:100074. doi: 10.1016/j.ijpx.2021.100074.

[237] Khan I, Hussein S, Houacine C, Sadozai SK, Islam Y, Bnyan R,
et al. Fabrication, characterization and optimization of
nanostructured lipid carrier formulations using
Beclomethasone dipropionate for pulmonary drug delivery
via medical nebulizers. Int J Pharm. 2021;598:120376.
doi: 10.1016/j.ijpharm.2021.120376.

[238] Agbo CP, Ugwuanyi TC, Ugwuoke WI, McConville C,
Attama AA, Ofokansi KC. Intranasal artesunate-loaded
nanostructured lipid carriers: a convenient alternative to
parenteral formulations for the treatment of severe and cer-
ebral malaria. J Control Release. 2021;334:224–36.
doi: 10.1016/j.jconrel.2021.04.020.

[239] Neves AR, Van der Putten L, Queiroz JF, Pinheiro M, Reis S.
Transferrin-functionalized lipid nanoparticles for curcumin
brain delivery. J Biotechnol. 2021;331:108–17. doi: 10.1016/
j.jbiotec.2021.03.010.

Nanostructured lipid carrier system  1777


	1 Introduction
	2 Types of NLCs
	2.1 Imperfect NLCs
	2.2 Amorphous NLCs
	2.3 Multiple O/F/W NLCs

	3 Components of NLCs
	4 Methods of preparation of NLCs
	4.1 High-energy approaches
	4.1.1 HPH technique
	4.1.2 Melt emulsification homogenization technique

	4.2 Low-energy approaches
	4.2.1 Microemulsion technique
	4.2.2 Membrane contractor technique
	4.2.3 Phase-inversion temperature technique
	4.2.4 Coacervation technique
	4.2.5 Double emulsification technique

	4.3 Approaches with organic solvents
	4.3.1 Solvent emulsification evaporation technique
	4.3.2 Emulsification solvent diffusion technique
	4.3.3 Evaporation solvent injection technique
	4.3.4 Supercritical fluid technique


	5 Lyophilization of NLCs
	6 Characterization of NLCs
	7 Optimization of NLCs
	8 Applications of NLCs
	8.1 Oral drug delivery
	8.2 IV drug delivery
	8.3 Ocular drug delivery
	8.4 Pulmonary drug delivery
	8.5 Nose-to-brain drug delivery
	8.6 Brain drug delivery
	8.7 Transdermal drug delivery
	8.8 Tumor targeting by NLCs

	9 Toxicity studies on NLCs
	10 Stability and safety of NLCs
	11 Patents on NLCs
	12 Regulatory considerations and marketed formulations
	13 Recent advancements of NLCs in delivering diverse therapeutics
	13.1 Anticancer agents
	13.2 Phytochemicals
	13.3 Therapeutics

	14 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


