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ABSTRACT
Nanotechnology is rapidly evolving in the development of new drug delivery systems. 
Nanostructured lipid carriers are the second era of Solid Lipid Nanoparticles (SLN). These are 
the alternative carrier system over the solid lipid nanoparticles. Nanostructured lipid carriers are 
composed of a mixture of solid and liquid lipids, resulting in a solely crystallized lipid system with 
various advantages over solid lipid nanoparticles, such as higher drug entrapment efficiency, 
drug release modification versatility, and improved stability. Lipid biocompatibility is responsible 
for their evolution as a viable drug delivery technology. It was observed that it had superior 
qualities to other lipid compositions. Various drug-distribution technologies have arisen in the 
last few decades, with the improvement of nanoscale drug-delivery devices being a fascinating 
component of this. This review explains the nanostructured lipid carriers in terms of structure, 
fabrication methods, characterization, future developments, wide applications, patents, and 
benefits over first-generation lipid nanoparticles. The review is primarily concerned with the 
forthcoming view of nanostructured lipid carriers and their specificity for various physiological 
affinities. Several polymers have been used in the development of nanoparticles for drug delivery 
research to maximize medicinal effectiveness while limiting negative effects. Because of their 
biological non-toxicity, non-immunogenicity, and compatibility, nanostructured lipid carriers will 
be the most intensively studied lipid nanocarrier systems.
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INTRODUCTION

Lipid nanocarriers known as Nanostructured Lipid Carriers 
(NLC) have a solid lipid core that is made up of a combination of 
solid and liquid lipids. Many varieties of NLC, including flawed, 
amorphous, and numerous types, are produced relying on the 
fabrication process and lipid mix constituents. By combining 
specific lipids, such as hydroxyoctacosanyl hydroxy stearate and 
isopropyl myristate, the lipid matrix in the amorphous type is 
solid rather than crystalline. The fundamental idea is to maximize 
the active compound payload and prevent entrapped compound 
expulsion during storage by giving the lipid matrix a specific 
nanostructure.1 Modern pharmaceutical advance have led to the 
discovery of a large number of powerful novel molecules. The 

two most common problems with novel API compounds are 
their poor water solubility and low bioavailability. Consequently, 
there is a growing need to create a pharmaceutical carrier system 
that resolves these challenges. This vehicle strategy should not 
be poisonous, have a sufficient capacity for pharmacological 
loading, and be capable of pharmaceutical precise and controlled 
release properties. The system must ensure the included 
pharmaceutical's personal and chemical stability. It should be 
possible to access both the affordability and the viability of the 
production method.2-4

SLN has been offered as an option for dispersions, liposomes, and 
polymeric  microparticles. Figure 1 depicts the first-generation 
(SLN) and second-generation (NLC) lipid nanocarriers. SLNs are 
made exclusively from solid lipids. The crystal lattice's defects are 
few as a result of this alteration’s high degree of alignment, which 
leads to drug expulsion.5 To overcome SLN-related problems, 
NLC have been created. They are suggested to be the lipid 
nanoparticles' second lives. NLC has a higher loading capacity 
for challenging compounds than SLN because it creates a slightly 
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well-assembled solid lipid matrix. In other words, by combining 
a fluid lipid with a solid lipid, a higher element of medication 
layering may be accomplished. In comparison to SLN, the NLC 
can stack more drugs, and as a result, there is a lower chance 
of drug expulsion during storage.6-8 Additionally, NLC exhibits 
less unexpected gelation and has a reduced water content in the 
element suspension.9-10 NLC demonstrated certain advantages 
over other colloidal carrier techniques.11,12 They provide 
additional chemical stability to the incorporated medications as 
well as a regulated pharmaceutical concern.13 Furthermore, they 
are safe carriers that are simple to manufacture on a large scale.14

Advantages of NLC

NLC can be more easily verified and approved by regulatory 
agencies.15

1. NLC exhibits excellent biocompatibility NLC.16

2. NLC is less expensive and easier to scale up than polymeric or 
surfactant-based carriers.17

3. NLC offer control and/or targeted drug release to enhance 
pharmaceutical stability.18

4. In comparison to other carriers on the market, NLC deliver 
excellently and increased medication content.19

5. Drugs that are both lipophilic and hydrophilic can be 
transported simultaneously using NLC.20,21

6. Good physical and chemical stability as well as high 
encapsulation efficiency.

7. Owing to a strong matrix, offering a regulated release profile.

8. A slower rate of disintegration due to the solid matrixes less 
regular crystalline structure, which results in a protracted release 
of bioactive.

9. Made from naturally occurring, biodegradable materials with 
minimally harmful effects.

10. Appropriate polymers can modify the surface of NLC for 
a variety of purposes, such as enhancing their target ability or 
stability.22

Disadvantages of NLC

1. Shorter skin residency duration due to SLN’s lower viscosity.23

2. Promising outcomes only for topical use; not for transdermal 
use.24

3. Reduced occlusive impact compared to SLNs.25

4. Because of the usage of certain surfactants, there is sensitivity 
and allergy.

5. Application and efficacy of protein and peptide therapeutics, 
as well as gene delivery technologies, still need to be improved.

Requirements

NLC, like emulsions, are composed of a lipid phase, an aqueous 
phase, and a surface-active agent. However, the ultimate behaviour 
of the created formulation might be significantly influenced by the 
component choices and their ratios. A versatility of lipid types, 
including triglycerides, partial glycerides, fatty acids, steroids, 
and waxes, have been employed in the creation of NLC. First, the 
lipids should be labelled as Generally Recognized as Safe (GRAS), 
meaning that they won't have any harmful effects at the current 
concentration. Second, the lipid's condition at room temperature 
will be determined by its physicochemical structure. Thirdly, 
the permeability of the active ingredient in the lipid should be 
fundamentally established prior to the manufacture of NLC.

Supplies used in the formulation of NLC

A solid lipid, a liquid lipid (if it is NLC), a surface-active agent, 
and water are often included in the manufacture of NLC, along 
with the powerful compounds that will be included.26

Lipids

Lipids are the prominent structural constituent of lipid 
nanoparticles and thus make up the majority of the lattice 
which has a significant impact on the features of this interfacial 
networks.27-29 Typically, waxes, wax esters, free fatty acids, and fatty 
alcohols are employed. Additionally, it contains sphingolipids, 
glycolipids, and phospholipids. A few of these lipids also have 
a surface-active agent function that helps the formation of the 
particles. Table 1 represents the list of lipids used to prepare the 
NLC.

Surfactants and functions of lipids in formulation 
design

The characteristics and concentrations of surface-active agents 
have a considerable influence on the effectiveness and efficiency 
of nano lipid particles and nano lipid carriers. Because of their 
amphiphilic character, since they reduced the interfacial tension 
between lipid and aqueous phases, these surfactants are more 
regularly found in interfacial areas. In order to prevent the tiny 
particles in the colloidal system from aggregating, non-ionic 
emulsifiers, particularly Poloxamer 188, provide an extra steric 
stabilizing effect.30 Table 2 represents the list of surfactants utilized 
in the formulation of nanostructured lipid carriers.

Other components

Other cryoprotectants utilized in lyophilized formulations include 
glucose, fructose, and sorbitol.31,32 Chitosan has been employed as 
a coating material, and parabens or thiomersal have been used 
as antimicrobial preservation agents for particle dispersions.33-35 
These additives are added to the lipid components and elements of 
compaction used in the formulation of NLC. Several commercial 
preservatives, including pentylene glycol, caprylyl glycol, benzyl 
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alcohol, tocopherol, and potassium sorbate, have also been 
employed.36

NLC Drug Encapsulation

The lipid nanocarriers, or NLC, can include or encapsulate 
pharmaceuticals in one of three methods. They consist of a 
uniform matrix of a solid solution, a shell that is enhanced with 
medicines, and a core that is enhanced with therapeutics too.37

Solution Solid matrix that is homogeneous

The drug is evenly distributed throughout the lipid matrix of the 
particles as part of the encapsulation process, and the drug is 
released via a diffusion mechanism.

Drug-enriched shells

In this approach, the Active Pharmaceutical Ingredient (API) is 
directed at the nano lipid particles outermost shell. This type of 
nanoparticle exhibits a quick release of medication owing to a 
sedimentation and solubilization methodology.

Drug-enriched cores: (core enhanced with drugs)

In this approach, an extended release is seen because the drug is 
saturated with lipid solubility.

MATERIALS AND METHODS

According to the difference in lipid and oil mixture composition, 
NLC can be classed in addition to the numerous fabrication 
techniques which includes.

Imperfect type-I,

Amorphous type-II,

Multiple oil-in-solid fat-in-water/F/W type-II.

Imperfect type

The combination of lipids with diverse spatial properties, such 
as glycerides, which are made up of many fatty acids, causes 
defects in the crystal order in imperfect type NLC. By combining 
a combination of different glycerides with differing levels of 

Components Name Functions
Liquid lipids Oleic acid Increasing the oral bioavailability of carbamazepine and simvastatin.

Spironolactone is delivered topically for the treatment of acne vulgaris.
Caprylic/capric 
triglycerides

Vinpocetine and thymoquinone oral bioavailability improvement.

α-tocopherol/ Vitamin E. Enhancement of Quercetin in vitro anti-breast cancer activity.
Soya bean oil Itraconazole distribution through the lungs.
Black cumin oil Has a synergistic effect on the suppression of reactive free radicals when combined 

with marigold and carrot extract.
Caraway essential oil Enhances the speed of healing of infected excision wounds.
Olive oil Decreases the potential cytotoxicity effect of residual surfactants and produces 

oleuropein-loaded NLC with appropriate physicochemical stability.
Sweet almond oil Enhances the defenses and stability of NLC enriched with cinnamon essential oil.
Squalene Combination topical administration of calcipotriol and methotrexate.

Improving lovastatin oral bioavailability.
Capmul MCM C8 Enhancing the bioavailability and lymphatic dispersion of tacrolimus.

Raloxifene hydrochloride sustained release with increased bioavailability.
Solid lipids Compritol 888 ATO Fluocinolone acetonide and clobetasol propionate skin permeating for the treatment 

of psoriasis,
Fenofibrate's oral bioavailability is being improved.

Precirol ATO 5 Distribution of dapsone to the skin
Enhancement of rhEGF's ability to enhance healing of wounds in a full-thickness 
excisional wound model in pigs.

Stearic acid Acrylic acid distribution of tretenoin topically,
Progesterone's controlled release and acid defense.

Glyceryl monostearate Increasing oral bioavailability Raloxifene and omega-3 fatty acids.
Cetyl palmitate Administration of coenzyme Q10 topically,

Oral mucosal absorption of miconazole and its antifungal effects.

Table 1:  Lipids used in earlier studies and functions.
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saturation and carbon chain length, API loading can be improved 
even more by enhancing flaws. The NLC type I solid matrix, also 
renowned as the imperfect crystal type, is poorly structured. 
Glycerides are a form of fatty acid that can be utilized to strengthen 
and alter the structure. The overall amount of structural flaws 
contributes to the ability of good medicine to have an easily 
upgraded quality.38 The preparation of type I NLC can involve 
mixing lipids that are spatially dissimilar, which can result in 
flaws in the crystal lattice. The drug molecules form amorphous 
clusters and extra-disorderly crystals in their molecular form. To 
avoid this, a small amount of extra liquid lipid might be added 
to boost the drug loading. The glycerides minor quality can be 
leveraged to get around this problem.39

Amorphous type

In the case of the amorphous kind, specific hydrophobic such as 
hydroxyoctacosanyl hydroxy stearate or isopropyl myristate are 
combined with the solid lipid to create an amorphous matrix 
that lacks any structure. The NLC thus takes on an amorphous 
structure as opposed to an organized state, preventing drug 
expulsion brought on by alteration during storage.40

Multiple O/F/W types

Various nanosized liquid oil compartments are dispersed 
throughout the solid matrix of the multiple O/F/W type 
NLC. Due to the improved drug solubility in these nanosized 
compartments, the drug loading is boosted. Additionally, the 
partitions are encircled by a thick lipid matrix, which delays the 
release.41,42

NLC preparation strategies

The strategies are represented in Figure 2.

High-energy approaches

High-Pressure Homogenization is an accurate, well-recognized, 
resourceful, and effective method for a wide range of production. 
In order to create nanoemulsions for parenteral nutrition, HPH 
has been employed for many years.43

Hot homogenization process

Hot homogenization requires carrying out the operation at 
temperatures exceeding the lipid's transition temperature. Here, 
an aqueous surfactant is mixed with melted lipids and medication 
at an identical temperature. The high-shear device creates a 
heated pre-emulsion. The pre-emulsion is typically homogenized 
using a Pistongap homogenizer or a jet-stream homogenizer to 
create a hot colloidal emulsion. In order to produce NLC, the hot 
colloidal emulsion must be cooled to room temperature before the 
droplets may be recrystallized. In some extreme circumstances, 
emulsions may need to undergo specific thermal treatment, such 
as icing to sub-zero temperatures or refrigeration settings thus 
generating the lipid nanoparticles of NLC which are the final 
products. Droplets of a few micrometers in size are required since 
the reliability, and excellence of the pre-emulsion considerably 
determine the excellence of the finished product.44

Cold homogenization technique

Cold HPH, like hot homogenization, involves heating a solid lipid 
and dissolving or dispersing drug molecules in molten lipids to 
incorporate them into the matrix. By cooling the drug-containing 
lipid melt with dry ice or liquid nitrogen, it quickly solidifies. The 
homogeneous accumulation of the medication within the lipid 
substance is favoured by quick cooling. The solid is subsequently 
milled into tiny particles to create a fine powder. Then, a cold 
aqueous surface-active agent solution is used to disperse the 
microparticles. To create SLNs, the dispersion is commodified at 
high pressure. In contrast to hot homogenization, which includes 
a lipid melt, cold homogenization involves homogenizing 
solid lipids. High energy input is needed for this solid lipid 
dispersion, which in turn necessitates difficult homogenization 
circumstances. In the heated instance, homogenization is 
therefore more effective, and the smaller particles that arise are 
more monodisperse.45

Ultrasonication or high-shear homogenization 
techniques

Dispersion procedures include ultrasonication and high-shear 
homogenization. Lipid nanoparticle suspensions are created 

Sl. No. Surfactant type Examples
1. Phosphatidylcholine Soya lecithin,

Phosphatidylcholine and egg lecithin.
2. Ethylene oxide/propylene oxide copolymers. Poloxamer188, Poloxamer 182, poloxamer 407, 

Poloxamer 908.
3. Polymers of Sorbitan ethylene oxide/propylene oxide. Polysorbate20, polysorbate60, polysorbate80.
4. Alkyl aryl polyether alcohol polymers Tyloxapol.
5. Alcohols Ethanol, butanol.
6. Biliary salts Sodium cholate, sodium taurocholate sodium glycol 

cholate.

Table 2:  List of the surface-active agents used in the manufacturing of nano lipid carriers.
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by high-shear homogenization of melting lipids in a warm, 
surfactant-containing aqueous phase, followed by ultrasonication. 
The main step in this process is to heat a solid lipid to a 
temperature that is roughly 5-10ºC over its melting point. To 
create an emulsion, the lipid melt is mixed quickly at an identical 
temperature with an aqueous wetting agent solution. The size of 
the emulsion's droplets is decreased by further sonication. Slow 
settling of the heated emulsion underneath the crystallization 
temperature of the lipid results in lipid nanoparticle dispersion. 
Ultracentrifugation can be utilized to make a composition of lipid 
nanomaterials dispersions.46

Low-energy approaches
Microemulsion technique

The initial step involves combining melted lipids with a heated 
surfactant solution. Until the microemulsion forms, gentle 
stirring is used. The second stage involves swirling moderately 
while a large amount of hot microemulsion is distributed in 
chilled water (2ºC to 3ºC). This results in the solidification of the 
liquid droplets. The ease of production stages is a benefit of this 
method, but it also needs a lot of co surfactant and surfactant 
to stabilize created nanoparticles.47 This approach produces 
spherical NLC with a limited size distribution. The resulting 
dispersion is considerably diluted (varies from 1:25 to 1:50 in 
comparison to the hot emulsion), which is one of the methods 
many flaws. This can call for additional concentration through 
lyophilization, ultra-filtering, or other techniques.48

Membrane contractor technique

This method makes use of a barrel-shaped biofilm component. 
The water phase with a surface-active agent is supplied across 
the biofilms interior channel, and melted lipid is forced into 
the internal water flow through membrane pores, permitting 
the creation of tiny globules that are swept away by the aqueous 
phase. The preparation is then brought to room temperature in 
order to generate NLC. The process is scalable, and by utilizing 
membranes with various pore sizes, the particle size may be 
adjusted.

Phase Inversion Technique (PIT)

This technique involves swirling lipid, drug, water, and surfactant 
while performing three heating and cooling cycles before diluting 
the emulsion with cold water, which causes the emulsion to split 
and cause phase inversion, producing NLC. Phase inversion, 
which occurs when an o/w category of emulsion transforms into a 
W/O kind of emulsion, is brought about by altering temperature, 
and the temperature at which the reversal takes place is known as 
the PIT.49 This method primarily relies on how polyoxyethylated 
surfactants characteristics change as a function of temperature.

Coacervation technique

A standard supramolecular stabilization solution is produced in 
warm water before forming lipid nanoparticles. A sodium salt of 
the lipidic acid is uniformly mixed into an inventory solution of 
the polymeric stabilizer to produce a "transparent" solution. This 
solution is then repeatedly agitated even when being heated far 

Publication /patent no. Title References
US20080020058A1 Compositions and methods for delivering physiologically active chemicals 

utilizing lipid nanoparticles.
100

EP2229936 A1 Nanotechnology is being used in testosterone preparations to boost accessibility. 101
US20090238878 A1 Medicinal compounds in a solid nanoparticle formulation with reduced Ostwald 

ripening that is insoluble in water.
102

US20100047297 A1 Nanocrystals for topical cosmetic compositions and their manufacturing 
processes.

103

US20100247619 A1
WO2008000448 A3

Pharmaceutical formulations containing solid particles and nanostructured lipid 
carriers containing riluzole.

104

US20110059157 A1 Anionic lipids, lipid nanostructures, techniques for making and utilizing them. 105
US20110097392 A1 Delivering chemicals to the central and peripheral neural systems via 

antibody-bound synthetic vesicles.
106

WO2011116963 A2 Capsules with lipid nanoparticles. 107
US20130035279 A1 A methodology and approach for producing thermally unstable nanoparticles 

with particular characteristics, as well as the resulting nanoparticle matrices.
108

WO2007028421 A1 The production method for nanoparticles. 108
US20080102127 A1 Composition for hybrid lipid-polymer nanoparticulate delivery. 108
US20080286365 A1 Create solid-lipid composite drug particles using this technique. 108
US20090214633 A1 Pharmaceutical formulations that can be used to treat ocular illnesses. 108

Table 3: List of Patents on Nanostructured lipid carriers.
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above the sodium salt of the fatty acids Krafft point. Later, the 
medication (hydrolyzed in ethanol) is integrated into the evident 
solution while agitating constantly to create a single phase. This 
mixture produces a suspension when a coacervating solution 
is gradually added. The suspension is further cooled in a water 
bath while being constantly stirred; producing drug-loaded 
nanoparticles that are evenly spread.50 The procedure of particle 
formation is a drop in the pH of a dilute solution of alkaline 
salts of fatty acids due to acidity (coacervating solution) in the 
involvement of a polymeric coacervation.

Double emulsion technique

For the yield of SLN and NLC, the double emulsion method is 
appropriate for peptides and active medicinal components that 
are hydrophilic. This technique involves emulsifying a drugs 
liquid solution in a melting lipid blend to create a primary 
W/O emulsion that is stabilized with appropriate excipients. 
To create a double W/O/W emulsion, the aqueous phase of a 
hydrophilic emulsify is appended to the initial W/O emulsion. 
To separate the double emulsion, it is agitated and filtered. This 
procedure generates large particles, but it also allows for surface 
modification, such as using PEGs, in addition to the insertion of 
hydrophilic molecules. The particle formation mechanism is lipid 
crystallization as a result of emulsion solidification.

Micro-emulsion cooling technique

This technique involves creating an o/w microemulsion by melting 
an emulsifying wax between 37ºC and 55ºC and adding water 
warmed to an identical temperature while stirring infrequently 
to create uniform milky slurry. After the injection of a suitable 
polymeric surface-active agent in the amounts recommended, 
a steady and unambiguous o/w microemulsion in the form 
of a lattice of solvents is also created. This o/w microemulsion 
is subsequently refrigerated at ambient temperature or 4ºC to 
precipitate SLN. This approach is repeatable, uncomplicated, and 
convenient to build.51

Very low (or) no energy approaches

Emulsification-solvent evaporation technique

There are three steps in the setup for this technique,

(a) To prepare the organic phase, magnetic stirring is used to 
dissolve the lipophilic substance in the required volume of 
the organic solvent. (b) Pre emulsification step: Employing a 
high-speed homogenizer, to make a coarse pre-emulsion, a 
lipid-incorporating organic phase is scattered in significant 
quantities of an aqueous solution. The obtained coarse 
pre-emulsion is instantly put through a high-pressure 
homogenizer at a maximum generating pressure to achieve 
nanodispersion. (c) To alleviate the organic solvent, The resultant 
nanodispersion is then left overnight on the mechanical stirring.52

Lipid precipitation in the aqueous medium causes the formation 
of nanodispersion after the solvent evaporates. To get rid of lipid 
and medication agglomerates, a sintered glass filter is then utilized 
to filter the solidified nanodispersion. This technique produces 
tiny, monodisperse nanoparticles with great encapsulation 
effectiveness. For the synthesis of many nanoparticles, the 
procedure can be scaled up and automated.53 Lipid crystallization 
as a result of anti-solvent solvent evaporation is the particle 
formation mechanism.

Figure 1:  A diagrammatic representation of Nanostructured lipid Carriers.

Figure 2:  Strategies of NLC preparation.
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Emulsification solvent diffusion technique

To attain the initial thermodynamic equilibrium for the  
formation of NLC using this technique, the solvent and water 
must be simultaneously saturated. Then, bioactive and lipidic 
components are dissolved in corresponding solvents that 
are saturated with oil and water. A high-speed rotor-stator 
homogenizer emulsifies the solvent containing lipids and 
bioactive compounds in an aqueous emulsifier solution to create 
an O/W emulsion. The emulsion is created in this step by adding 
water in a specific amount, and the nanoparticles are created 
by solvent diffusion in the aqueous phase.54 The mechanism of 
particle production is lipid crystallization as a result of solvent 
migration from the interior organic phase to the external aqueous 
phase.

Solvent-injection technique

The solvent injection technique and the solvent diffusion 
technique have a similar fundamental idea. Employing an 
injection needle, lipids are quickly administered into an 
aqueous solution of wetting agents after being solubilized in 
a water-miscible solvent or a combination of water-miscible 
solvents. To effectively generate NLC, two concurrent events must 
occur. Lipid crystallization results from rapid solvent diffusion 
from the interior organic phase to the external aqueous phase, 
which is the particle creation mechanism.

Supercritical fluid technique

The technique of "Supercritical Fluid Extraction of Emulsions" 
(SFEE) is used to create lipid nanoparticles from emulsions.55 
To make an organic solution, the medication and lipid material 
is  disseminated in an organic solvent such as chloroform with 
the introduction of an accurate surface-active agent. To make an 
o/w emulsion, an organic solution is combined with an aqueous 
suspension using a high-pressure homogenizer. The supercritical 
fluid is delivered at a counter-current and permanent flow 
rate, while the O/W emulsion is initiated from one edge of 
the extraction column (typically the top). Lipid nanoparticle 
dispersions are created by continuously extracting solvents 
from oil/water emulsions.56 The process by which particles are 
composed by the expansion of the organic phase causes lipid 
crystallization.

Characterization of NLC
Particle size

The most effective techniques for regular measurement are laser 
diffraction and Photon Correlation Spectroscopy (PCS) for the 
size of the particles. Another name for PCS is dynamic light 
scattering. It gauges the intensity variation of dispersed light 
created by the motion of particles. This method addresses the 
sizes that were determined to range from a few nm to 3 µm. Laser 
diffraction can be used to identify bigger sizes. This conclusion is 

based on the diffraction angle's reliance on an area of a particle. 
While adding multiple emulsifiers always promotes deeper 
emulsification and a stronger rigid structure, size inclusion can 
be minimized.57,58 The preparation process affects the particle size 
of NLC formulations.

Zeta potential

Zeta potential can be analyzed by the Zetasizer/PCS. Surface 
charge is measured in order to ascertain the Particle stability in 
use is affected by aggregation and dispersion mechanisms. In 
general, charged particles have a lower likelihood of aggregation 
or fusion due to electrostatic opposition. An electrically positive 
surface of NLC has a high rate of Blood-Brain Barrier entry (BBB) 
because it adheres to BBB's paracellular region, an abundant in 
anionic sites region.59 The zeta potential can be determined by 
checking if the cationic surface is useful for formulation design. 
To stabilize the nanoparticulate systems during certain processes, 
particle surfaces may occasionally need to be negatively charged 
during storage. The zeta potential, or particle’s surface charge, is 
a measure of a system's stability during storage. The endurance 
of NLC formulations stabilized by charged wetting agents during 
storage requires a zeta potential of at least 30 mv.

Electron microscopy

SEM and TEM can also be utilized to estimate the particle radius 
and allocation of the size of NLC (TEM). The electron microscope 
is also useful for monitoring the morphology and form of the 
particles. While TEM utilizes electrons passed by means of the 
specimen, SEM uses electrons transmitted from the sample's 
contact area. High resolution and simple sample preparation are 
two benefits of SEM. After freezing or thawing, nanoparticles can 
be seen under a TEM.

Atomic force microscopy

AFM is the most effective technology for assessing incredibly 
fine morphological and surface properties. Instead of photons or 
electrons, AFM employs a tiny, sharp-tipped probe at the free end 
of a cantilever that is pushed by inter-atomic forces between its 
tip and perhaps the specimen's surface.60

Surface tension

Using the Wilhelmy plate method, the surface tension of lipid 
nanoparticles is regularly studied. The contact angle is also another 
technique for evaluating the surface tension of nanoparticles.61

Differential scanning calorimetry

DSC sheds light on the solid lipids from NLC' behavior during 
melting and recrystallization. The assertion that different lipid 
alterations have various melting points and enthalpies is used 
in DSC determination. The percentage of NLC enthalpy to bulk 
lipid enthalpy, calculated using the gross capacity collected, 
characterizes  the extent of crystallinity of NLC.62,63 With an 
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increase in the ratio of liquid to lipid in the particles, the 
crystallinity degree of nanoparticles drops.

X-ray diffraction

The state of lipids is frequently studied using both DSC and X-ray 
diffraction. Polymorphism has been observed in lipid molecules 
with extended hydrocarbon chains.64 With the use of wide-angle 
X-ray diffraction, NLC' crystalline organization can be better 
understood. The polymorphism status of the nanoparticles 
discovered by X-ray might be employed to validate DSC 
outcomes.65 The length of the lipid lattice's long and short spacing 
can be determined using X-ray scattering.

Parelectric spectroscopy

The foundation of parelectric spectroscopy is the intensity 
dependence of dipole density and mobility under an 
electromagnetic field modification. This strategy is used to 
comprehend the dynamics and structure of NLC. The versatility 
of parelectric spectroscopy has been demonstrated by providing 
details on the experimental design and operation of open-ended 
coaxial probes that can be utilized to analyze liquid dispersions 
and even test live things material used to aid in medical diagnosis.66

Nuclear magnetic resonance

To look into the mobility of the materials found in NLC's internal 
structure, proton NMR spectroscopy is used. The spacing at half 
amplitude of the indications is correlated with the movement of 
the solid and liquid lipids.67 Molecules with limited mobility and 
significant affinities exhibit broad signals and tiny amplitudes.68

Raman spectroscopy

After a powerful laser beam has excited molecules, Raman 
spectroscopy may detect their vibrations. At 3500 cm-1, water 
only produces broad peaks. The bands denoting the sequence 
of lipid chains are of relevance in relation to the feature of oil 
filled in a crystalline lattice.69 The methylene group bending 
vibration modes at 2840 cm-1 and the prominent bands of the 
non-symmetric  stretching mode at 2880 cm-1 demonstrate 
that NLC have a high degree of hydrocarbon chain structural 
organization.70

Molecular surroundings

Nile red, a lipophilic fluorescent dye, can be utilized  to 
construct a fluorometric spectroscopy-identified indicator. 
The solvatochromism of Nile red helps to clarify the molecular 
surroundings or polarity of NLC.71 A lipophilic benzo phenoxazine 
known as Nile red exhibits intense fluorescence in lipid and 
organic solvent environments. The Nile red emission maximum 
is close to 600 nm, which is consistent with high lipophilicity. 
Nile red's emission spectra can change to shorter wavelengths 
when the polarity of the surroundings becomes less. On the other 
hand, when accessed to more hydrophilic conditions, such as a 

liquid media or a nanoparticulate shell, the maximum emission 
wavelength switches to a higher wavelength and the emission 
intensity diminishes. Nile red is typically found in the aqueous 
lipid phase of NLC.72

Drug encapsulation efficiency

The ability to incorporate active molecules is a critical characteristic 
of an efficient DDS. The ultra filtration-centrifugation method 
was used to assess the Encapsulation Efficiency (%EE) of the 
most effective formulations. For NLC, determining drug-loading 
efficiency is crucial because it affects the release characteristics. 
Encapsulation Efficiency (EE) is a significant characteristic that 
must be addressed during processing design since it affects both 
drug release and formulation cost-effectiveness. It is the amount 
of medicine that is encapsulated in the nanoparticle and shows 
the NLC formulation's efficiency. Entrapment is excellent for 
lipophilic medications because the substance is homogeneously 
solubilized within the lipid. Consequently, the medication is 
kept entrapped within the lipid system due to the creation of 
a stiff solid lipid particle after freezing. Lipids having flaws in 
their crystal structure have a greater EE. The inclusion of liquid 
lipids in NLC enhances crystal structural defects, hence raising 
Encapsulation efficiency.73

Crystallinity

The degree of lipid crystallinity and polymorphic forms are two 
others prominent NLC properties that have a significant effect 
on the rates of bioactive incorporation and release. The lipids 
used in the manufacture of the NLC have a substantial impact 
on these behaviors. The three primary polymorphic types of 
glycerides are hexagonal, orthorhombic, and triclinic, with the 
latter having a totally packed structure and a fast rate of release.74 
The lipid crystallization  pattern is specifically correlated to 
the polymorphism phenomenon, which is influenced by both 
intrinsic variables like molecular organization  and defects 
and environmental variables like temperature, pressure, and 
cooling phases. Colloidal instabilities are then exacerbated 
by polymorphism by increasing surface and hydrophobic 
contacts.75,76

Drug release

The Franz cell and dialysis are two techniques for estimating in 
vitro drug  distribution profiles  from nanoparticles. By altering 
the kind and concentration of Liquid lipids, Solid Lipids, and 
surfactants, as well as the production parameters, drug molecules 
can be released from NLC under certain conditions.77,78 Faster 
release rates are produced by lipids with shorter fatty acid chains 
because they are enhanced permeability and break down more 
quickly than those with longer fatty acid chains. owing to their 
increased contact area and shorter necessary path for drug 
diffusion, NLC with tiny particle sizes indicated the quicker 
release of the drug.79



Indian Journal of Pharmaceutical Education and Research, Vol 58, Issue 1, Jan-Mar, 2024 29

Chinthaginjala, et al.: Nanostructured Lipid Carriers

Applications
Topical delivery

For the delivery of drugs to cutaneous areas, the topical route 
has been extensively used with lipid-based nanoparticles. The 
topical use of NLC for their special features has been the subject 
of numerous investigations and experiments in recent years NLC 
are used to apply many categories of medications topically for 
improved penetration and prolonged release.80

Acitretin NLC impregnated gel is widely used in the 
management of psoriasis on the skin. Miconazole nitrate-loaded 
NLC used for the management of antifungal therapy.81,82

Oral delivery

NLC have been demonstrated to be one of the significant 
processes for the oral administration of medicines with limited 
bioavailability and poor water solubility. Because NLC are 
dispersive, they have a vast defined contact area for enzymatic 
assault by intestinal lipases. Additional benefits of ingesting 
NLC encompass enhanced medication loading, enhanced drug 
accumulation, patient compliance, relatively superior particulate 
concentration, and a cream-like substance texture.83,84

Parenteral delivery

NLC of artemether (Nanoject), which significantly improve 
anti-malarial efficacy and action duration in comparison to the 
traditional injectable formulation, is another case that has been 
described. The existing injectable intramuscular formulation can 
be effectively replaced by nanoject.85,86

Ocular drug delivery

Ibuprofen is a lipophilic medication, and recent research suggested 
that NLC could boost its ocular bioavailability. Another strategy 
is to promote drug transcorneal passage by adding permeation 
enhancers to formulations such as Gelucire 44/14, a type of 
solid lipid, and Transcutol IP, which may elevate drug corneal 
permeability to some level while stearyl amine may increase 
drug pre-corneal retention. The preparation of an NLC ocular 
medication delivery was optimized using all three materials, and 
the preparation demonstrated greater bioavailability as compared 
to eye drops. The in vivo distribution study discovered that 
thiolated NLC may intensify the period of pre-corneal residency 
and transport substantial amounts of cyclosporine to the ocular 
surface and anterior chamber tissues.87

Pulmonary drug delivery

Inhalation medication delivery has various merits over  
traditional (parenteral and oral) dose modalities, including 
avoiding first-pass metabolism and pervasive hazard, 
minimizing dosage on a regular basis, and increasing local drug  

concentrations by immediately approaching the lung epithelium. 
There have been rare attempts to use nanoparticles and liposomes 
to deliver anti-cancer drugs through inhalation, but the main 
drawbacks are instability during nebulization, biodegradability, 
drug leakage, and unfavorable consequences. The majority of the 
nebulized nanoparticles were capable to accumulate in the alveolar 
region of the mucus lungs, extending the duration of celecoxib 
lung occupancy. Celecoxib, a lipophilic COX-2 inhibitor, was 
convincingly fabricated in NLC nanoparticles utilizing a perfect 
blend of solid and liquid lipids.88

Drug delivery to the brain

In comparison to oral delivery, this method has the benefits of 
preventing first-pass metabolism and having a rapid onset of effect. 
Because of their quick absorption by the brain, bioacceptability, 
and biodegradability, LNC (for example, NLC) of this generation 
is taken into account as one of the frontier techniques for drug 
delivery without any alteration to the active ingredient. NLC 
improved duloxetine intranasal medication administration to the 
brain for the management of severe depression. Bromocriptine, 
a dopamine activator of a binding site, has also been included in 
NLC for active targeting medicine administration in an effort to 
provide protracted medicinal value and maybe lengthen the BC 
half-life in vivo for Parkinson's disease therapy.89,90

Other applications
Cosmetics

NLC were created using the regulated nanostructured formation of 
the particle-matrix, which offers considerable benefits in terms of 
load-bearing capability and long-term stability. NLC dispersions 
come in a range of formulations, including gels, creams, lotions, 
and ointments. The advantages of using these NLC in cosmetics 
include improving the skin's absorption of active ingredients, 
controlling occlusion and film formation, UV protection, 
enhanced permeation, transdermal targeting enhanced physical 
and chemical stability, and hydration of the  skin in vivo are all 
benefits of this product.91

Chemotherapy

Various nanosystems have been created in conjunction 
with anti-cancer medications, such as albumin-paclitaxel 
nanoparticles, which were endorsed for use in radiation therapy 
for propagated breast cancer in early 2005; etoposide NLC, which 
were discovered to be cytotoxic against human epithelial-like lung 
carcinoma cells; and topotecan NLC stabilization and prolonged 
release, which were developed for the treatment of refractory 
ovarian and mild-cell lung cancer. High drug loading efficiency, 
longer transmit potential, enhanced chemical stabilization, 
and increased cytotoxicity are benefits of using anti-cancer 
medications in NLC.92
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Gene delivery and gene therapy

The two main categories of gene delivery technologies are viral 
and non-viral vectors. Although gene therapy that is not viral has 
the profits of reduced antigenicity and simplicity of fabrication, 
viral vectors have garnered a lot of attention due to their high 
transfection effectiveness. Their effectiveness, though, could 
be improved. Lipopolyplexes are employed as nanomedicines 
to deliver genes successfully and effectively. These are made by 
combining lipids, polycations, and genes (RNA/DNA). The 
ability of PNLC combined with triolein to transfer genes in 
vitro in human lung adenocarcinoma emphasized the relevance 
of NLC in gene transport.93 Recently, the improved efficacy of 
NLC for tumor-localized distribution of anti-cancer medications 
via inhalation, as well as a combination of siRNAs for treating 
pulmonary cancer with effective tumor growth lowering and the 
avoidance of undesirable consequences on sensitive organs, has 
been proven.94

Nutraceuticals

Nutraceuticals are bioactive substances that give pharmacological 
or health profits, such as the ability to treat and prevent disease. 
Hesperetin, a flavanone, was also directly incorporated in NLC, 
which displayed acceptable acceptability, uniformity, superior 
flavor, and improved medicinal qualities. Hesperetin has been 
shown to be effective in chemically induced breast malignancy, 
colon carcinogenesis, cardiac arrest, and hypertension.95

Present and upcoming developments of NLC

The choice of choosing the appropriate carrier for drug delivery 
plays a crucial role.

To load medications for therapy, some innovative nanocarriers 
are being researched. Because of their potency and safety as 
a medication carrier, NLC have become one of them and have 
attracted a lot of attention recently. Topical and oral routes 
as well as intravenous administration are potential means of 
drug delivery from NLC. Lipid nanoparticles can be utilized 
to fix problems with clinically used vehicles. As new medicines 
for conditions like cancer, neurodegenerative illness, and 
inflammation become urgently needed, it is anticipated that the 
use of NLC in fundamental research and therapeutic settings will 
rise. Despite the fact that the majority of the components used 
to manufacture NLC are recyclable, the attainable detoxification 
of nanoparticles must be taken into account when generating 
NLC. Owing to their small size and correspondingly enhanced 
contact areas, nanomaterials are thought to be more harmful 
to organisms than materials of a larger size. There is still little 
knowledge available about the potential dangers of nanomaterials 
to human health. Two primary drug delivery methods used by 
NLC are intravenous injection and topical application. Another 
factor for future progress is the incorporation of two medically 
effective medicines to be contained in a unified polymeric matrix. 

Despite the fact that NLC for drug delivery has advantages, it is 
not quite clear how these advantages are achieved. Low molecular 
weight medications have been the main focus of exploration on 
NLC as delivery of drug systems for chemotherapeutic treatments. 
In order to incorporate high molecular weight medicines like 
peptides, proteins, and nucleic acids utilized in cancer therapy, it 
is necessary to broaden the scope of their applications. This might 
make it easier to treat a larger range of cancers. In fact, it has been 
claimed that NLC can act as a promising vector in lung cancer 
gene therapy.96,97 In reality, very few researchers have focused 
on safety concerns related to the usage of NLC. Farther than in 
vivo experiments are needed to properly build the tolerances 
and criteria that should be incorporated as specifications for 
NLC design. The potential of NLC can also be further explored 
through additional research on their upscaling of production, 
and kinetics as well as their use in clinical trials in the near future.

Patents

It is clear that there aren't many patents related to NLC. The 
phrase "nanostructured lipid carriers" appears in the caption of 
just one patent. Due to two restrictions, the cellular transport of 
medicinal substances is frequently hampered. First off, a lot of 
the medications have poor selectivity. Second, the sophisticated 
membrane systems of live cells prohibit chemical transportation. 
Researchers have developed novel particle delivery systems to 
transmit various substances to cells, including cationic lipids, 
microparticles, and nanoparticles.98,99 Table 3 represents the list 
of patents of NLC.

CONCLUSION

The pharmaceutical sector is keen to develop a delivery method 
that can be used for a variety of administration modern amenities. 
NLC are a form of O/W emulsion system that contains both liquid 
and solid lipids in its matrix, as well as sufficient thickeners in the 
exterior phase to achieve an extreme distribution of these lipids 
in an aqueous environment. NLC appear to be appropriate drug 
delivery vehicles for local, oral, pulmonary, ophthalmoscopically, 
and parenterally. The active ingredients utilized  have either 
been registered by legislator bodies and are GRAS-compliant, or 
they have been extensively utilized in pharmaceuticals or food 
commodities. Excipients, on the other hand, must be utilized at 
specific compositions. If larger quantities are needed for NLC 
production, a toxicological analysis should be performed to 
determine the excipients' tolerability at those concentrations. 
These (Nanocarriers) may enhance the sustainability of 
liposoluble health supplements. NLC may combine the benefits 
of several colloidal delivery techniques while addressing a 
few of their drawbacks (poor LC, depletion of phytochemical 
constituents owing to storage expulsion, particle agglomeration, 
and deterioration). This nanocarrier has also been identified 
as a potential method for improving the biodistribution and 
rigidity of hydrophobic bioactive chemicals, as well as controlling 
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bioactive ingredient release to their locations of action. The ability 
to easily scale up the formulation technology is another appealing 
characteristic of NLC formation.

ACKNOWLEDGEMENT

The authors are grateful for RIPER-Autonomous.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

ABBREVIATIONS

NLC: Nanostructured lipid carriers; TDDS: Targeted drug 
delivery systems; SLN: Solid lipid nanoparticles; GRAS: Generally 
recognized as safe; SEM: Scanning Electron microscopy; TEM: 
Transmission Electron microscopy; PCS: Photon correlation 
spectroscopy; AFM: Atomic force microscopy; DSC: Differential 
scanning calorimetry; HPH: High pressure Homogenization; 
CPH: Cold pressure Homogenization; BBB: Blood brain barrier; 
BC: Bromocriptine; PCS: Photon correlation spectroscopy; PIT: 
Phase inversion technique; SCF: Super critical fluid technique; 
SFEE: Super critical fluid extraction of emulsions; COX: 
Cyclooxygenase; PNLC: Poly cationic nanostructured lipid 
carriers.

REFERENCES
1.  Satapathy MK, Yen TL, Jan JS, Tang RD, Wang JY, Taliyan R, et al. Solid lipid 

nanoparticles (SLNs): an advanced drug delivery system targeting the brain through 
BBB. Pharmaceutics. 2021;13(8):1183. doi: 10.3390/pharmaceutics13081183, PMID 
34452143.

2.  Thirupathi G, Kumara Swamy SK, Ramesh A. Solid lipid nanocarriers as alternative 
drug delivery system for improved oral delivery of drugs. J Drug Deliv Ther. 2020; 
10(6-s):168-72. doi: 10.22270/jddt.v10i6-s.4410.

3.  Mahmoudian M, Maleki Dizaj S, Salatin S, Löbenberg R, Saadat M, Islambulchilar 
Z, et al. Oral delivery of solid lipid nanoparticles: underlining the physicochemical 
characteristics and physiological condition affecting the lipolysis rate. Expert Opin 
Drug Deliv. 2021;18(11):1707-22. doi: 10.1080/17425247.2021.1982891, PMID 
34553650.

4.  Sarhadi S, Gholizadeh M, Moghadasian T, Golmohammadzadeh S. Moisturizing 
effects of solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) using 
deionized and magnetized water by in vivo and in vitro methods. Iran J Basic Med Sci. 
2020;23(3):337-43. doi: 10.22038/IJBMS.2020.39587.9397, PMID 32440320.

5.  Gordillo-Galeano A, Mora-Huertas CE. Solid lipid nanoparticles and nanostructured 
lipid carriers: a review emphasizing on particle structure and drug release. Eur J Pharm 
Biopharm. 2018;133:285-308. doi: 10.1016/j.ejpb.2018.10.017, PMID 30463794.

6.  Chhikara BS. Current trends in nanomedicine and nanobiotechnology research. J 
Mater Nanosci. 2017;4(1):19-24.

7.  Goel S, Sachdeva M, Agarwal V. Nanosuspension technology: recent patents on drug 
delivery and their characterizations. Recent Pat Drug Deliv Formul. 2019;13(2):91-104. 
doi: 10.2174/1872211313666190614151615, PMID 31203813.

8.  Mishra V, Bansal KK, Verma A, Yadav N, Thakur S, Sudhakar K, et al. Solid lipid 
nanoparticles: emerging colloidal Nano drug delivery systems. Pharmaceutics. 
2018;10(4):191. doi: 10.3390/pharmaceutics10040191, PMID 30340327.

9.  Makowski M, Silva ÍC, Pais do Amaral C, Gonçalves S, Santos NC. Advances in 
lipid and metal nanoparticles for antimicrobial peptide delivery. Pharmaceutics. 
2019;11(11):588. doi: 10.3390/pharmaceutics11110588, PMID 31717337.

10.  Shrivastava P, Gautam L, Jain A, Vishwakarma N, Vyas S, Vyas SP. Lipid drug conjugates 
for improved therapeutic benefits. Curr Pharm Des. 2020;26(27):3187-202. doi: 10.21 
74/1381612826666200311124003, PMID 32160838.

11.  Puglia C, Lauro MR, Offerta A, Crascì L, Micicchè L, Panico AM, et al. Nanostructured 
lipid carriers (NLC) as vehicles for topical administration of sesamol: in vitro 
percutaneous absorption study and evaluation of antioxidant activity. Planta Med. 
2017;83(5):398-404. doi: 10.1055/s-0042-105293, PMID 27124246.

12.  Amiri M, Jafari S, Kurd M, Mohamadpour H, Khayati M, Ghobadinezhad F, et 
al. Engineered solid lipid nanoparticles and nanostructured lipid carriers as 

new generations of blood-brain barrier transmitters. ACS Chem Neurosci. 
2021;12(24):4475-90. doi: 10.1021/acschemneuro.1c00540, PMID 34841846.

13.  Ali RS, El-Maadawy WH, ElMeshad AN, Shoukri RA, Yousry C. Impact of reverse micelle 
loaded lipid nanocapsules on the delivery of gallic acid into activated hepatic stellate 
cells: A promising therapeutic approach for hepatic fibrosis. Pharm Res. 2020;37(9).

14.  Nobari Azar FA, Pezeshki A, Ghanbarzadeh B, Hamishehkar H, Mohammadi M. 
Nanostructured lipid carriers: promising delivery systems for encapsulation of food 
ingredients. J Agric Food Res. 2020;2:100084. doi: 10.1016/j.jafr.2020.100084.

15.  Mottalib A, Kasetty M, Mar JY, Elseaidy T, Ashrafzadeh S, Hamdy O. Weight 
management in patients with type 1 diabetes and obesity. Curr Diabetes Rep. 
2017;17(10):92. doi: 10.1007/s11892-017-0918-8, PMID 28836234.

16.  Lade S, Shah N, Burle S. Nanostructured lipid carriers: A vital drug carrier for migraine 
treatment. Res J Pharm Technol. 2022;15(7):3309-16. doi: 10.52711/0974-360X.202 
2.00554.

17.  DeCarolis DD, Gravely A, Olney CM, Ishani A. Impact of antihypertensive drug class 
on outcomes in Sprint. Hypertension. 2022;79(5):1112-21. doi: 10.1161/HYPERTENSI 
ONAHA.121.18369, PMID 35259925.

18.  Pandey S, Shaikh F, Gupta A, Tripathi P, Yadav JS. A recent update: solid lipid 
nanoparticles for effective drug delivery. Adv Pharm Bull. 2022;12(1):17-33. doi: 10.3 
4172/apb.2022.007, PMID 35517874.

19.  Singh P, Gupta RK, Jan R, Raina SK. Adherence for medication among self-reporting 
rural elderly with diabetes and hypertension. J Med Soc. 2017;31(2):86. doi: 10.4103 
/jms.jms_48_16.

20.  Uner M, Damgalı S, Ozdemir S, Celik B. Therapeutic potential of drug delivery by 
means of lipid nanoparticles: reality or illusion? Curr Pharm Des. 2017;23(43):6573-91. 
doi: 10.2174/1381612823666171122110638, PMID 29173153.

21.  Villar MAL, Vidallon MLP, Rodriguez EB. Nanostructured lipid carrier for bioactive rice 
bran gamma-oryzanol. Food Biosci. 2022;50:102064. doi: 10.1016/j.fbio.2022.10206 
4.

22.  Akhavan S, Assadpour E, Katouzian I, Jafari SM. Lipid nano scale cargos for the 
protection and delivery of food bioactive ingredients and nutraceuticals. Trends 
Food Sci Technol. 2018;74:132-46. doi: 10.1016/j.tifs.2018.02.001.

23.  Samimi S, Maghsoudnia N, Eftekhari RB, Dorkoosh F. Lipid-based nanoparticles for 
drug delivery systems. Char Biol Nanomater Drug Deliv. 2019:47-76.

24.  Garcês A, Amaral MH, Sousa Lobo JM, Silva AC. Formulations based on solid lipid 
nanoparticles (SLN) and nanostructured lipid carriers (NLC) for cutaneous use: a 
review. Eur J Pharm Sci. 2018;112:159-67. doi: 10.1016/j.ejps.2017.11.023, PMID 
29183800.

25.  Sala M, Diab R, Elaissari A, Fessi H. Lipid nanocarriers as skin drug delivery systems: 
properties, mechanisms of skin interactions and medical applications. Int J Pharm. 
2018;535(1-2):1-17. doi: 10.1016/j.ijpharm.2017.10.046, PMID 29111097.

26.  Bornare AS, Saudagar RB. Nanostructured lipid carrier (NLC): a modern approach for 
transdermal drug delivery. Res J Pharm Technol. 2017;10(8):2784-92. doi: 10.5958/ 
0974-360X.2017.00493.0.

27.  Wasutrasawat P, Al-Obaidi H, Gaisford S, Lawrence MJ, Warisnoicharoen W. Drug 
solubilization in lipid nanoparticles containing high melting point triglycerides. 
Eur J Pharm Biopharm. 2013; 85;3(A):365-71. doi: 10.1016/j.ejpb.2013.04.020, PMID 
23688806.

28.  Đorđević S, Gonzalez MM, Conejos-Sánchez I, Carreira B, Pozzi S, Acúrcio RC, et 
al. Current hurdles to the translation of nanomedicines from bench to the clinic. 
Drug Deliv Transl Res. 2022;12(3):500-25. doi: 10.1007/s13346-021-01024-2, PMID 
34302274.

29.  Mishra P, Handa M, Ujjwal RR, Singh V, Kesharwani P, Shukla R. Potential of 
nanoparticulate based delivery systems for effective management of alopecia. 
Colloids Surf B Biointerfaces. 2021;208:112050. doi: 10.1016/j.colsurfb.2021.112050 
, PMID 34418723.

30.  Nnamani PO, Ugwu AA, Nnadi OH, Kenechukwu FC, Ofokansi KC, Attama AA, et 
al. Formulation and evaluation of transdermal nanogel for delivery of artemether. 
Drug Deliv Transl Res. 2021;11(4):1655-74. doi: 10.1007/s13346-021-00951-4, PMID 
33742415.

31.  Hecq J, Amighi K, Goole J. Development and evaluation of insulin-loaded cationic 
solid lipid nanoparticles for oral delivery. J Drug Deliv Sci Technol. 2016;36:192-200. 
doi: 10.1016/j.jddst.2016.10.012.

32.  Varshosaz J, Eskandari S, Tabbakhian M. Freeze-drying of nanostructure lipid carriers 
by different carbohydrate polymers used as cryoprotectants. Carbohydr Polym. 
2012;88(4):1157-63. doi: 10.1016/j.carbpol.2012.01.051.

33.  Vaghasiya H, Kumar A, Sawant K. Development of solid lipid nanoparticles based 
controlled release system for topical delivery of terbinafine hydrochloride. Eur J 
Pharm Sci. 2013;49(2):311-22. doi: 10.1016/j.ejps.2013.03.013, PMID 23557842.

34.  Tan F, Xu L, Liu Y, Li H, Zhang D, Qin C, et al. Design of hydroxy-α-sanshool 
loaded nanostructured lipid carriers as a potential local anesthetic. Drug Deliv. 
2022;29(1):743-53. doi: 10.1080/10717544.2022.2039808, PMID 35244508.

35.  Kupetz E, Bunjes H. Lipid nanoparticles: drug localization is substance-specific and 
achievable load depends on the size and physical state of the particles. J Control 
Release. 2014;189:54-64. doi: 10.1016/j.jconrel.2014.06.007, PMID 24933601.

36.  Obeidat WM, Schwabe K, Müller RH, Keck CM. Preservation of nanostructured lipid 
carriers (NLC). Eur J Pharm Biopharm. 2010;76(1):56-67. doi: 10.1016/j.ejpb.2010.05. 
001, PMID 20452422.



Indian Journal of Pharmaceutical Education and Research, Vol 58, Issue 1, Jan-Mar, 202432

Chinthaginjala, et al.: Nanostructured Lipid Carriers

37.  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, PMID 21174180.

38.  Junghanns JU, Müller RH. Nanocrystal technology, drug delivery and clinical 
applications. Int J Nanomedicine. 2008;3(3):295-309. doi: 10.2147/ijn.s595, PMID 
18990939.

39.  Shah RM, Eldridge DS, Palombo EA, Harding IH. Microwave-assisted microemulsion 
technique for production of miconazole nitrate and econazole nitrate-loaded solid 
lipid nanoparticles. Eur J Pharm Biopharm. 2017;117:141-50. doi: 10.1016/j.ejpb.201 
7.04.007, PMID 28411057.

40.  Kamble P, Singh P. A critical review on potential advancements of nanostructured 
lipid carriers in drug delivery. Current nanomedicine (formerly: recent patents on 
nanomedicine). 2020;10(4):298-325.

41.  Ferraris C, Rimicci C, Garelli S, Ugazio E, Battaglia L. Nanosystems in cosmetic 
products: A brief overview of functional, market, regulatory and safety concerns. 
Pharmaceutics. 2021;13(9):1408. doi: 10.3390/pharmaceutics13091408, PMID 
34575484.

42.  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: 10.3 
4172/apb.2020.021, PMID 32373485.

43.  Yadav VK, Gowda DV, Veeranna B. Lipid nanocarriers: promising approach for oral 
drug delivery system. Indian J Pharm Educ Res. 2020; 54(2s):s32-42. doi: 10.5530/ij 
per.54.2s.59.

44.  Gidwani B, Vyas A, Kaur CD. Cytotoxicity and pharmacokinetics study of 
nanostructured lipid carriers of mechlorethamine: preparation, optimization and 
characterization. Part Sci Technol. 2020;38(1):23-33. doi: 10.1080/02726351.2018.1 
536685.

45.  Jafarifar Z, Rezaie M, Sharifan P, Jahani V, Daneshmand S, Ghazizadeh H, et al. 
Preparation and characterization of nanostructured lipid carrier (NLC) and 
nanoemulsion containing vitamin D3. Appl Biochem Biotechnol. 2022;194(2):914-29. 
doi: 10.1007/s12010-021-03656-z, PMID 34581963.

46.  Peters MCC, Santos Neto ED, Monteiro LM, Yukuyama MN, Machado MGM, de 
Oliveira IF, et al. Advances in ophthalmic preparation: the role of drug nanocrystals 
and lipid-based nanosystems. J Drug Target. 2020;28(3):259-70. doi: 10.1080/106118 
6X.2019.1663858. PMID 31491352.

47.  Qidwai A, Khan S S, Fazil M, Baboota S, Narang JK, Ali J. Nanostructured lipid carrier 
in photodynamic therapy for the treatment of basal-cell carcinoma. Drug Deliv. 
2016;23(4): 1476-85.doi: 10.3109/10717544.2016.1165310.

48.  Eleraky NE, Allam A, Hassan SB, Omar MM. Nanomedicine fight against antibacterial 
resistance: an overview of the recent pharmaceutical innovations. Pharmaceutics. 
2020;12(2):142. doi: 10.3390/pharmaceutics12020142, PMID 32046289.

49.  Shastri DH. Effective delivery routes and strategies for solid lipid nanoparticles (SLN) 
and nanostructured lipid carriers (NLC). Curr Pharm Des. 2017;23(43):6592-601. doi:  
10.2174/1381612823666171122111132, PMID 29173154.

50.  Talarico L, Consumi M, Leone G, Tamasi G, Magnani A. Solid lipid nanoparticles 
produced via a coacervation method as promising carriers for controlled release 
of quercetin. Molecules. 2021;26(9):2694. doi: 10.3390/molecules26092694, PMID 
34064488.

51.  Yang L, Ji W, Mao M, Huang JN. An updated review on the properties, fabrication, and 
application of hybrid-nanofluids along with their environmental effects. J Cleaner 
Prod. 2020;257:120408. doi: 10.1016/j.jclepro.2020.120408.

52.  González-Fernández FM, Bianchera A, Gasco P, Nicoli S, Pescina S. Lipid-based 
nanocarriers for ophthalmic administration: towards experimental design 
implementation. Pharmaceutics. 2021;13(4):447. doi: 10.3390/pharmaceutics13040 
447, PMID 33810399.

53.  Jaiswal J, Gupta SK, Kreuter J. Preparation of biodegradable cyclosporine 
nanoparticles by high-pressure emulsification-solvent evaporation process. J Control 
Release. 2004;96(1):169-78. doi: 10.1016/j.jconrel.2004.01.017, PMID 15063039.

54.  Tavakoli N, Taymouri S, Saeidi A, Akbari V. Thermosensitive hydrogel containing 
sertaconazole loaded nanostructured lipid carriers for potential treatment of fungal 
keratitis. Pharm Dev Technol. 2019;24(7):891-901. doi: 10.1080/10837450.2019.1616 
755, PMID 31062987.

55.  Chattopadhyay P, Shekunov BY, Yim D, Cipolla D, Boyd B, Farr S. Production of solid 
lipid nanoparticle suspensions using supercritical fluid extraction of emulsions 
(SFEE) for pulmonary delivery using the AERx system. Adv Drug Deliv Rev. 
2007;59(6):444-53. doi: 10.1016/j.addr.2007.04.010, PMID 17582648.

56.  Pushpalatha D, Khan AW, Manjunath K, Brunda S. Formulation and evaluation of 
lovastatin loaded nanosponges. World J Adv Res Rev 2021. 2021.11.3.0404;11(3): 
041-56. doi: 10.30574/wjarr.

57.  Da Silva FLO, Marques MBF, Kato KC, Carneiro G. Nanonization techniques to overcome 
poor water-solubility with drugs. Expert Opin Drug Discov. 2020;15(7):853-64. doi: 10 
.1080/17460441.2020.1750591, PMID 32290727.

58.  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.

59.  Das M, Mohanty C, Sahoo SK. Ligand-based targeted therapy for cancer tissue. 
Expert Opin Drug Deliv. 2009;6(3):285-304. doi: 10.1517/17425240902780166, PMID 
19327045.

60.  Amandeep BS, Bhatt S, Kumar M, Devi S, Upadhyay P, Saini V, et al. Recent advances in 
the development of the nanostructured lipid carriers for the topical fungal infections. 
J Rep Pharm Sci. 2020;9(2):271. doi: 10.4103/jrptps.JRPTPS_99_19.

61.  Sitterberg J, Özcetin A, Ehrhardt C, Bakowsky U. Utilising atomic force microscopy 
for the characterisation of nanoscale drug delivery systems. Eur J Pharm Biopharm. 
2010;74(1):2-13. doi: 10.1016/j.ejpb.2009.09.005, PMID 19755155.

62.  Hu FQ, Jiang SP, Du YZ, Yuan H, Ye YQ, Zeng S. Preparation and characteristics of 
monostearin nanostructured lipid carriers. Int J Pharm. 2006;314(1):83-9. doi: 10.101 
6/j.ijpharm.2006.01.040, PMID 16563671.

63.  Castelli F, Puglia C, Sarpietro MG, Rizza L, Bonina F. Characterization of 
indomethacin-loaded lipid nanoparticles by differential scanning calorimetry. Int 
J Pharm. 2005;304(1-2):231-8. doi: 10.1016/j.ijpharm.2005.08.011, PMID 16188405.

64.  Wolska E, Sznitowska M, Krzemińska K, Ferreira Monteiro M. Analytical techniques 
for the assessment of drug-lipid interactions and the active substance distribution 
in liquid dispersions of solid lipid microparticles (SLM) produced de novo and 
reconstituted from spray-dried powders. Pharmaceutics. 2020;12(7):664. doi: 10.33 
90/pharmaceutics12070664, PMID 32679745.

65.  Teeranachaideekul V, Müller RH, Junyaprasert VB. Encapsulation of ascorbyl 
palmitate in nanostructured lipid carriers (NLC)—effects of formulation parameters 
on physicochemical stability. Int J Pharm. 2007;340(1-2):198-206. doi: 10.1016/j.ijpha 
rm.2007.03.022, PMID 17482778.

66.  Zoschke C, Schäfer‐Korting M. Overcoming the translational gap-nanotechnology in 
dermal drug delivery. Fundam Drug Deliv. 2021:285-309.

67.  Alshawwa SZ, Kassem AA, Farid RM, Mostafa SK, Labib GS. Nanocarrier drug delivery 
systems: characterization, limitations, future perspectives and implementation of 
artificial intelligence. Pharmaceutics. 2022;14(4):883. doi: 10.3390/pharmaceutics14 
040883, PMID 35456717.

68.  Jain AK, Thareja S. In vitro and in vivo characterization of pharmaceutical nanocarriers 
used for drug delivery. Artif Cells Nanomed Biotechnol. 2019;47(1):524-39. doi: 10.10 
80/21691401.2018.1561457, PMID 30784319.

69.  Mitsutake H, Ribeiro LNM, Rodrigues da Silva GH, Castro SR, de Paula E, Poppi RJ, 
et al. Evaluation of miscibility and polymorphism of synthetic and natural lipids for 
nanostructured lipid carrier (NLC) formulations by Raman mapping and multivariate 
curve resolution (MCR). Eur J Pharm Sci. 2019;135:51-9. doi: 10.1016/j.ejps.2019.05.0 
02, PMID 31071439.

70.  Shah P, Chavda K, Vyas B, Patel S. Formulation development of linagliptin solid lipid 
nanoparticles for oral bioavailability enhancement: role of P-GP inhibition. Drug Deliv 
Transl Res. 2021;11(3):1166-85. doi: 10.1007/s13346-020-00839-9, PMID 32804301.

71.  Hussain Z, Thu HE, Khan S, Sohail M, Sarfraz RM, Mahmood A, et al. 
Phytonanomedicines, a state-of-the-art strategy for targeted delivery of 
anti-inflammatory phytochemicals: a review of improved pharmacokinetic profile 
and therapeutic efficacy. J Drug Deliv Sci Technol. 2022;77:103895. doi: 10.1016/j.j 
ddst.2022.103895.

72.  Kadam T, Agrawal S. A short review on the important aspects involved in Preparation, 
Characterization and Application of Nanostructured Lipid Carriers for Drug Delivery. 
CNANOM. 2020;10(3):188-207. doi: 10.2174/2468187310999200728140914.

73.  Malik R, Rathi J, Manchanda D, Makhija M, Kushwaha D, Katiyar P, et al. Nanoceuticals 
as an emerging field: current status and future prospective. Curr Nutr Food Sci. 
2021;17(7):679-89. doi: 10.2174/1573401317666210203121229.

74.  Fang CL, Al-Suwayeh SA, Fang JY. Nanostructured lipid carriers (NLC) for drug 
delivery and targeting. Recent Pat Nanotechnol. 2013;7(1):41-55. doi: 10.2174/18722 
1013804484827, PMID 22946628.

75.  El-Assal MI, El-Gendy MA, Tadros MI, El-Gazayerly ON. Olmesartan medoxomil-loaded 
self-Nano emulsifying drug delivery systems: design, in vitro characterization and 
pharmacokinetic assessments in rabbits via. Int J Pharm Sci Res. 2018;9(3):945-55.

76.  Pokharkar V, Patil-Gadhe A, Kaur G. Physicochemical and pharmacokinetic 
evaluation of rosuvastatin loaded nanostructured lipid carriers: influence of long- 
and medium-chain fatty acid mixture. J Pharm Investig. 2018;48(4):465-76. doi: 10.1 
007/s40005-017-0342-8.

77.  Scioli Montoto S, Muraca G, Ruiz ME. Solid lipid nanoparticles for drug delivery: 
pharmacological and biopharmaceutical aspects. Front Mol Biosci. 2020;7:587997. 
doi: 10.3389/fmolb.2020.587997, PMID 33195435.

78.  Son GH, Lee BJ, Cho CW. Mechanisms of drug release from advanced drug 
formulations such as polymeric-based drug-delivery systems and lipid nanoparticles. 
J Pharm Investig. 2017;47(4):287-96. doi: 10.1007/s40005-017-0320-1.

79.  Islan GA, Cacicedo ML, Rodenak-Kladniew B, Duran N, Castro GR. Development and 
tailoring of hybrid lipid nanocarriers. Curr Pharm Des. 2017;23(43):6643-58. doi: 10.2 
174/1381612823666171115110639, PMID 29141536.

80.  Gupta M, Vyas SP. Development, characterization and in vivo assessment of 
effective lipidic nanoparticles for dermal delivery of fluconazole against cutaneous 
candidiasis. Chem Phys Lipids. 2012;165(4):454-61. doi: 10.1016/j.chemphyslip.2012 
.01.006, PMID 22309657.

81.  Thapa RK, Diep DB, Tønnesen HH. Nanomedicine-based antimicrobial peptide 
delivery for bacterial infections: recent advances and future prospects. J Pharm 
Investig. 2021;51(4):377-98. doi: 10.1007/s40005-021-00525-z.

82.  Bilia AR, Bergonzi MC, Boulos JC, Efferth T. Nanocarriers to enhance solubility, 
bioavailability, and efficacy of artemisinins. World J Trad Chin Med. 2020;6(1):26. doi:  
10.4103/wjtcm.wjtcm_2_20.



Indian Journal of Pharmaceutical Education and Research, Vol 58, Issue 1, Jan-Mar, 2024 33

Chinthaginjala, et al.: Nanostructured Lipid Carriers

83.  Zhuang CY, Li N, Wang M, Zhang XN, Pan WS, Peng JJ, et al. Preparation and 
characterization of vinpocetine loaded nanostructured lipid carriers (NLC) for 
improved oral bioavailability. Int J Pharm. 2010;394(1-2):179-85. doi: 10.1016/j.ijphar 
m.2010.05.005, PMID 20471464.

84.  Abbasi BH, Fazal H, Ahmad N, Ali M, Giglioli-Guivarch N, Hano C. Nanomaterials for 
cosmeceuticals: nanomaterials-induced advancement in cosmetics, challenges, and 
opportunities. Nanocosmetics. 2020:79-108.

85.  Choudhury H, Gorain B, Chatterjee B, Mandal UK, Sengupta P, Tekade RK. 
Pharmacokinetic and pharmacodynamic features of nanoemulsion following oral, 
intravenous, topical and nasal route. Curr Pharm Des. 2017;23(17):2504-31. doi: 10. 
2174/1381612822666161201143600, PMID 27908273.

86.  Qureshi OS, Kim HS, Zeb A, Choi JS, Kim HS, Kwon JE, et al. Sustained release 
docetaxel-incorporated lipid nanoparticles with improved pharmacokinetics for oral 
and parenteral administration. J Microencapsul. 2017;34(3):250-61. doi: 10.1080/026 
52048.2017.1337247, PMID 28557649.

87.  D’Souza A, Shegokar R. Nanostructured lipid carriers (NLC) for drug delivery: role of 
liquid lipid (oil). Curr Drug Deliv. 2021;18(3):249-70. doi: 10.2174/156720181766620 
0423083807, PMID 32324512.

88.  Dabholkar N, Waghule T, Krishna Rapalli V, Gorantla S, Alexander A, Narayan Saha R, 
et al. Lipid shell lipid nanocapsules as smart generation lipid nanocarriers. J Mol Liq. 
2021;339:117145. doi: 10.1016/j.molliq.2021.117145.

89.  Pottoo FH, Sharma S, Javed MN, Barkat MA, Harshita AMS, Alam MS, et al. Lipid-based 
nanoformulations in the treatment of neurological disorders. Drug Metab Rev. 
2020;52(1):185-204. doi: 10.1080/03602532.2020.1726942, PMID 32116044.

90.  Cunha S, Forbes B, Sousa Lobo JM, Silva AC. Improving drug delivery for Alzheimer’s 
disease through nose-to-brain delivery using nanoemulsions, nanostructured lipid 
carriers (NLC) and in situ hydrogels. Int J Nanomedicine. 2021;16:4373-90. doi: 10.21 
47/IJN.S305851, PMID 34234432.

91.  Dobreva M, Stefanov S, Andonova V. Natural lipids as structural components of 
solid lipid nanoparticles and nanostructured lipid carriers for topical delivery. Curr 
Pharm Des. 2020;26(36):4524-35. doi: 10.2174/1381612826666200514221649, PMID 
32410552.

92.  Bahadur S, Jha MK. Emerging nanoformulations for drug targeting to brain 
through intranasal delivery: A comprehensive review. J Drug Deliv Sci Technol. 
2022;78:103932. doi: 10.1016/j.jddst.2022.103932.

93.  Anamika J, Nikhar V, Laxmikant G, Priya S, Sonal V, Vyas SP. Nanobiotechnological 
modules as molecular target tracker for the treatment and prevention of malaria: 
options and opportunity. Drug Deliv Transl Res. 2020;10(4):1095-110. doi: 10.1007/ 
s13346-020-00770-z, PMID 32378173.

94.  Han X, Xu K, Taratula O, Farsad K. Applications of nanoparticles in biomedical 
imaging. Nanoscale. 2019;11(3):799-819. doi: 10.1039/c8nr07769j, PMID 30603750.

95.  Paolino D, Mancuso A, Cristiano MC, Froiio F, Lammari N, Celia C, et al. 
Nanonutraceuticals: the new frontier of supplementary food. Nanomaterials (Basel). 
2021;11(3):792. doi: 10.3390/nano11030792, PMID 33808823.

96.  Han Y, Li Y, Zhang P, Sun J, Li X, Sun X, et al. Nanostructured lipid carriers as novel drug 
delivery system for lung cancer gene therapy. Pharm Dev Technol. 2016;21(3):277-81. 
doi: 10.3109/10837450.2014.996900, PMID 25560648.

97.  Wang H, Liu S, Jia L, Chu F, Zhou Y, He Z, et al. Nanostructured lipid carriers for 
microRNA delivery in tumor gene therapy. Cancer Cell Int. 2018;18(1):101. doi: 10.11 
86/s12935-018-0596-x, PMID 30008618.

98.  Ryu S, Jin M, Lee HK, Wang MH, Baek JS, Cho CW. Effects of lipid nanoparticles 
on physicochemical properties, cellular uptake, and lymphatic uptake of 
6-methoxflavone. J Pharm Investig. 2022;52(2):233-41. doi: 10.1007/s40005-021- 
00557-5.

99.  Kadian R. Nanoparticles: A promising drug delivery approach. Asian J Pharm Clin Res. 
2018;11(1):30-5. doi: 10.22159/ajpcr.2017.v11i1.22035.

100.  Xue HY, Wong HL. Tailoring nanostructured solid-lipid carriers for time-controlled 
intracellular siRNA kinetics to sustain RNAi-mediated chemosensitization. 
Biomaterials. 2011;32(10):2662-72. doi: 10.1016/j.biomaterials.2010.12.029, PMID 
21236485.

101.  Mukhopadhyay S. Nano drugs: A critical review of their patents and market. Cahr Bio 
Nanometer Drug Deliv. 2019:523-51.

102.  Antunes A, Fierro I, Guerrante R, Mendes F, de M Alencar MS. Trends in 
nanopharmaceuticals patents. Int J Mol Sci. 2013;14(4):7016-31. doi: 10.3390/ijms1 
4047016, PMID 23535336.

103.  Litvinova EV, Posylkina OV. Features of the patent research of nanotechnology-based 
drug development. Turk J Pharm Sci. 2016;13(1):121-34.

104.  Agarwal V, Bajpai M, Sharma A. Patented and approval scenario of 
nanopharmaceuticals with relevancy to biomedical application, manufacturing 
procedure and safety aspects. Recent Pat Drug Deliv Formul. 2018;12(1):40-52. doi: 1 
0.2174/1872211312666180105114644, PMID 29303083.

105.  Sayes CM, Aquino GV, Hickey AJ. Nanomaterial drug products: manufacturing and 
analytical perspectives. AAPS J. 2017;19(1):18-25. doi: 10.1208/s12248-016-0008-x,  
PMID 27822601.

106.  Medhi B. Guidelines for nanopharmaceutical products for regulatory approval. PCI- 
Approved-IJPSN. 2022;15(1):5723-5. doi: 10.37285/ijpsn.2022.15.1.1.

107.  Patel RB, Thakore SD, Patel MR. Recent survey on patents of nanoemulsions. Curr 
Drug Deliv. 2016;13(6):857-81. doi: 10.2174/1567201812666150901111930, PMID 
26324230.

108.  Carbone C, Cupri S, Leonardi A, Puglisi G, Pignatello R. Lipid-based nanocarriers 
for drug delivery and targeting: a patent survey of methods of production and 
characterization. Pharm Pat Anal. 2013;2(5):665-77. doi: 10.4155/ppa.13.43, PMID 
24237173.

Cite this article: Chinthaginjala H, Bogavalli V, Hindustan AA, Pathakamuri J, Pullaganti SS, Gowni A, et al. Nanostructured Lipid Carriers: A Potential Era of 
Drug Delivery Systems. Indian J of Pharmaceutical Education and Research. 2024;58(1):21-33.


