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Abstract
For the delivery of the drug, the oral route is the most preferable due to ease of administration. However, the effective delivery 
of poorly aqueous soluble drugs is very challenging for the pharmaceutical scientist which leads to a low drug permeation 
profile across the biological membrane, poor drug bioavailability, and ultimately low therapeutic profile with less patient 
comfort. The inclusion of a therapeutic agent into the nanostructured-based lipid carrier can improve the limitation associated 
with the poorly soluble drug and it includes better drug therapeutic, pharmacokinetic profile, and controlled drug release 
up to a longer duration of time which causes patient compliance. Nanostructure lipid carriers (NLCs) are nanosized-based 
carrier systems which comprise solid lipid matrix combined with liquid lipids and surfactants. The aim of the paper is to 
explore the various advantages of formulation technology along with the characterization parameter of the NLCs and also 
report the clinical finding of the investigated NLCs for oral drug delivery system. This paper also highlighted the various 
patents on the NLCs.
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1 Introduction

An oral drug delivery system is a technique for giving medi-
cation via mouth. This can refer to a variety of pharmaceuti-
cals including tablets, capsules, liquids, and powders. Also 
due to ease in the administration of drugs through the oral 
route, this route has been preferred over the other route, but 
the major limitation associated with the administration of 
the oral route is the low drug bioavailability, and it may 
be due to poor drug solubility profile, poor drug permea-
tion across the biological membrane, and hepatic metabo-
lism of the active drug. Drug bioavailability is defined as 
the amount of the drug that reaches the systemic circula-
tion and is accessible to the body for therapeutic activity. 

Additionally, it can be significantly influenced by the route 
of administration of drug delivery method. However, they 
might not be appropriate for all medications, as some drugs 
get quickly metabolized which leads to poor absorption of 
the drug [1]. Various oral drug delivery systems have been 
formulated to overcome these problems with enhanced drug 
pharmacokinetics profile, targeted and sustained releases 
are among them. Sustained and controlled release formula-
tions are developed with the objective to release the drug 
gradually over a longer duration of time, which can increase 
patient compliance and lower the frequency of dosing [2]. In 
this paper, we have emphasized the development and char-
acterization of nanostructured lipid carrier (NLC) as a novel 
nanocarrier for the oral delivery along with their clinical 
finding. And also to enhance a drug’s pharmacokinetics and 
target body regions, novel oral drug delivery systems have 
been developed [4, 5]. We have also reported the various 
patents for the oral delivery of NLCs.

1.1  Nanostructured Lipid Carrier (NLC)

Nanostructured lipid carriers (NLCs) are advanced versions 
of solid lipid nanoparticles (SLN) [6]. The term “nano-
particle” refers to colloidal particulate systems with sizes 
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between 10 and 1000 nm [7]. The second-generation lipid 
nanocarriers known as NLCs are made of a solid lipid matrix 
combined with liquid lipids [8]. The structure of NLCs is 
depicted in Fig. 1.

As a result of the structural issues caused by the 
integration of liquid lipids (oil), solid lipids have a less 
ordered crystalline structure, which prevents drug leakage 
[9]. Researchers are very much focused on NLCs in recent 
years as a potential replacement for SLNs, polymeric nano-
particles, emulsions, microparticles, liposomes, etc. These 
nanocarriers have the usefulness in medication distribution 
for both lipophilic and hydrophilic drugs. For the admin-
istration of drugs via oral, parenteral, ophthalmic, pulmo-
nary, topical, and transdermal routes, NLCs have emerged 
as an efficient carrier system. Recently, NLCs have also 
been used in the administration of cosmeceuticals and 

nutraceuticals as well as chemotherapy, gene therapy, and 
brain targeting [10]. Various benefits and limitations of 
NLCs are listed in Table 1.

1.2  Types of NLC

NLC can be divided into three types according to the vari-
ations in lipid and oil mixture composition and the varied 
fabrication techniques. The different types of NLCs are 
presented in Fig. 2.

1.2.1  Imperfect Types

These kinds of NLC include the mixing of lipids that are 
spatially dissimilar, including glycerides, which are made 
up of many fatty acids and induce defects in the crystal 
order. By combining a combination of different glycerides 
with differing levels of saturation and carbon chain length, 
the drug loading can be further improved by increasing 
defects [10, 24].

1.2.2  Amorphous Type

Special lipids like hydroxyoctacosanyl hydroxystearate or 
isopropyl myristate are mixed with the solid lipid to create 
an amorphous, structure less matrix. Because of this, the 
NLC is not in an ordered state but is amorphous, which 
avoids drug ejection brought on β-modification during 
storage [7, 10].

Fig. 1  Diagram of nanostructured lipid carriers

Table 1  Benefits and limitations 
of NLCs

S. No Advantages Disadvantages

1 Ease to prepare and scale-up [11] Drug loss [12]
2 Better entrapment efficiency [13] Polymorphic transition [14]
3 Better oral bioavailability [15] Growth of particle size during storage [16]
4 Improved therapeutic profile [17] Lack of sufficient preclinical and clinical studies [18]
5 Improve benefit/risk ratio [11] Cytotoxic effects depending on the concentration and 

matrix type [18]
6 Better stability [19]
7 Controlled and targeted drug release [19] –
8 Nanodimention particulate size [20] –
9 Reduce skin irritation [7] –
10 Enhance solubility of poorly water-soluble 

drugs [21, 22]
–

11 Enhance Penetration [23] –
12 Use of organic solvent can be avoided [24] –
13 Reducing hepatic first-pass metabolism [25] –
14 Less drug toxicity [25] –
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1.2.3  Multiple Types

These kinds of NLC have a lot of tiny liquid oil com-
partments spread throughout the solid matrix. Due to the 
improved drug solubility in these nanosized compartments, 
the drug loading is improved. Additionally, solid lipid matrix 
surrounds the compartments; therefore, the drug release is 
delayed [10, 26].

1.3  Composition of NLC

NLC is composed of lipid phase and non-aqueous phase. 
NLCs contain lipids (solid and liquid), surfactants, organic 
solvents, and other components such as surface-modifying 
agents. Additionally, the final behavior of the developed for-
mulation depends on the components and their ratios [27].

1.3.1  Lipids

Various types of lipids can be used for the formulation 
of NLC, and it includes glyceryl dibehenate (Compritol® 
888 ATO), oleic acid, etc. However, the selection of lipids 
depends upon various characteristics such as physiologi-
cal tolerance, physiochemical structure, drug solubility, 
and solid lipid/liquid miscibility. The lipids are considered 

generally recognized as safe (GRAS), meaning that they 
are unlikely to have harmful effects at the used concentra-
tion. The second factor that will affect the condition of 
lipid at room temperature is its physicochemical structure. 
Additionally, it is important to check the drug’s solubility 
in lipid before fabricating NLCs. If the drug is not pref-
erentially dissolved in the lipid core, it will adhere to the 
surface of the particles resulting in relatively little drug 
entrapment and loading. Also, solid lipids and liquids can 
coexist, which requires a study of miscibility by examining 
the homogeneity and separation of the macroscopic lipid 
phase below the melting point of fat. The molten lipid 
phase should be a single phase [26, 28].

1.3.2  Surfactants

Surfactant type and their concentration give directly 
impact on the effectiveness and quality of NLC like toxic-
ity, physical stability, and crystallinity of NLC [7]. Like-
wise, drug permeability and the drug dissolution are also 
affected by surfactant. Due to their amphipathic nature, 
surface active agents (emulsifiers) are adsorbed on the 
interface where they lower the tension between the lipid 
and aqueous phases [29]. Various surfactants and lipids 
used for the development of NLCs are depicted in Table 2.

Fig. 2  Structure of different types of NLCs

Table 2  Various components used for the development of NLCs

Components Examples References

Solid ipids Compritol 888 ATO, Precirol ATO, glyceryl monostearate, cetyl palmitate, Gelucire Ò, stearic acid, choles-
terol, bees wax, tristearin

[10, 23, 28–37]

Liquid lipids Oleic acid, Migylol® 812, olive oil, palm oil, linoleic acid, decanoic acid, argon oil, coconut oil, linoleic 
acid, isodecyl oleate, isopropyl myristate

[10, 23, 28–38]

Surfactants Pluronic® F68 (Poloxamer 188), Pluronic® F127 (Poloxamer 407), Tween 20, Tween 40, Tween 80, 
polyvinyl alcohol, Solutol® HS15, trehalose, sodium deoxycholate, sodium glycocholate, sodium oleate, 
polyglycerol methyl glucose distearate, Tego®Care 450, Span 60, soy lecithin, egg lecithin

[10, 17, 23, 28–37]
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1.4  Methods of Preparation of NLCs

There are three different ways to prepare NLCs, which 
include using high-energy, low-energy, and organic solvents. 
The various methods of preparation of NLCs are represented 
in Fig. 3.

1.4.1  Micro Emulsion Method

In this method, drug is added to melted lipids (fatty acids 
or glycosides, like stearic acid). The melted lipid is added 
to a mixture of water, co-surfactant(s), and surfactant that 
has been heated to the same temperature as the lipids. When 
the compounds are combined in the ideal ratios for micro 
emulsion development, a transparent, thermodynamically 
stable system forms. Thus, the micro emulsion serves as 
the starting point for the development of nanoparticles with 
a nanosize range. The hot micro emulsion is then gently 
mechanically mixed with water in a ratio of 1:25–2:50 to 
disperse it in a cold aqueous media. Then the oil droplets 
quickly recrystallize [12, 33, 39, 40].

1.4.2  High‑Pressure Homogenization

This technique is very crucial for the development of NLCs 
and SLN due to employing a high pressure of 100–2000 bar 
onto the liquid lipid via a narrow gap which ultimately 

generates a high speed of 1000 km/h or more. Additionally, 
high speed in the form of shear stress and cavitation force 
minimized the particle size of the liquid upto the nanosize 
range. Also, when high-pressure homogenization is per-
formed at elevated temperature, then it is called hot homog-
enization, while at low temperature 2 to 6 °C, it is called 
cold homogenization. However, the hot method is not good 
for heat-sensitive drugs, so cold homogenization technique 
can be used. This method of high-pressure homogenization 
has been widely used for the preparation of cosmetics and 
topical formulations. The methods of preparation are shown 
in Fig. 4 [41, 42].

1.4.3  Hot Homogenization

In this technique, homogenization is carried out under 
this method at a high temperature that is 5 to 10 °C above 
the melting point in which the solid lipids melted. Liquid 
lipid and the drug to be encapsulated are combined to cre-
ate dispersion. The mixture is disseminated in an aqueous 
surfactant solution that has been heated to the same tem-
perature using a high-shear mixing apparatus, which results 
in the production of a pre-emulsion. A regulated tempera-
ture pre-emulsion is added to a high-pressure homogenizer. 
Homogenization typically requires 3 to 5 cycles at 500 to 
1500 bar. The lipid recrystallizes as the nano emulsion is 
gradually cooled, resulting in the creation of nanoparticles. 

Fig. 3  Methods of preparation of NLCs
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High temperatures used throughout the procedure may cause 
heat-sensitive components to degrade. Another issue that 
can develop is a decrease in the surfactants’ ability to emul-
sify as a result of the high temperature as surfactants have 
cloud points below 85 °C, but this might make nanocarriers 
unstable [9, 43–45].

1.4.4  Cold Homogenization

In this method, overall temperature is lower than that of a hot 
homogenization process, effectively eliminating any poten-
tial heat-related problem. Also, liquid nitrogen allows for a 
quick cooling of the drug and lipid mixture. The resulting 
lipid matrixes are ground, the particles are disseminated in 
the emulsifier solution, and finally, the mixture is homog-
enized to produce fine particles. This method has a number 
of benefits over hot homogenization, including minimized 
thermal deterioration, increased effectiveness of drug entrap-
ment, and medication diffusion throughout the lipid. Larger 
particle sizes and a wider size dispersion are seen when 
using the cold homogenization approach as opposed to the 
hot homogenization method [46, 47].

1.4.5  Double Emulsion Technique

This technique is basically used for the development of 
hydrophilic drug-loaded lipid nanoparticle. Additionally, 
the drug is initially dissolved in an aqueous solvent (inner 
aqueous phase), then dispersed into a lipid phase (composed 
of molten solid lipid, liquid lipid, lipophilic surfactant, and 
lipophilic active components) to form a primary emulsion 

(water-in-oil). Thereafter, both the lipid and aqueous phases 
are kept at the same temperature. And the primary emul-
sion is dispersed into a large volume of aqueous surfactant 
solution followed by sonication to create a double emulsion 
(water-in-oil-in-water). The use of stabilizers in this tech-
nique is to prevent the drug loss from the external phase 
during solvent evaporation. Then the lipid nanoparticles are 
subjected to purification by ultrafiltration or solvent evap-
oration. This drug delivery technology also facilitates for 
surface modification of the nanoparticles. Furthermore, for 
the preparation of NLCs, various factors are to be consid-
ered and they include optimized drug concentration, opti-
mized lipid blend, little toxicity, optimized process, nano 
dimension size, and controlled drug release profile along 
with improved stability profile [48–50]. The preparation of 
NLCs by this method is shown in Fig. 5.

1.4.6  High Shear Homogenization Followed by Sonication

High shear homogenization followed by ultra-sonication is 
a preferable method for making NLCs. Under high shear 
homogenization followed by ultra-sonication, solid and liq-
uid lipid is melted and dispersed in an aqueous surfactant 
solution, for the development of nano dispersion [49, 50]. 
Ultrasonic cavitation, which creates violently and asymmet-
rically imploding vacuum bubbles and breaks apart parti-
cles down to the nanoscale, delivers the intense shear forces 
required for the nano emulsification. The intended outcomes 
of homogenization, dispersion, de-agglomeration, mill-
ing, and emulsification are produced via probe-type ultra-
sonication [51]. Strong shear forces are required to create 

Fig. 4  Hot and cold homogeni-
zation technique in the prepara-
tion of NLCs
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small-size nanocarriers using a process that is repeatable, 
various factors to be considered, including the type of lipid 
and surfactant concentration, their ratio, the length of soni-
cation or agitation, and speed. High shear homogenization 
and ultra-sonication have the limitation of having poor dis-
persion quality. These techniques frequently result in micro 
particles, which degrade the lipid nanoparticles dispersion 
quality and thus lead to physical instability when stored. The 
other limitation with ultra-sonication is metal contamination 
from the apparatus [52, 53].

1.4.7  Solvent Emulsification Evaporation Method

This approach involves dissolving the drug and the lipids 
(solid lipid + liquid lipid) in an organic solvent that is 

insoluble in water (cyclohexane, chloroform, etc.). The 
resultant mixture is mixed with emulsifiers in water to 
prepare an o/w emulsion, followed by vaporization at low 
pressure. Utilizing evaporation to remove causes the sol-
vent to dissolve nanoparticles in the aqueous phase (by 
lipid precipitation in the aqueous medium). This technique 
prevents heat stress; however, using an organic solvent has 
drawbacks. The solid lipid and surfactant have an impact 
on particle size, which can range from 30 to 100 nm [46, 
47, 54–56]. A schematic representation of preparation of 
NLCs via solvent emulsification evaporation method has 
been given in Fig. 6.

Fig. 5  Schematic representation of preparation of NLCs via double emulsion technique

Fig. 6  Schematic representation of preparation of NLCs via solvent emulsification evaporation method
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1.4.8  Solvent Emulsification‑Diffusion Method

The solvent employed in the solvent emulsification-diffu-
sion technique must be partially miscible with water, and it 
includes benzyl alcohol, butyl lactate, and ethyl acetate and 
can be utilized in either an aqueous phase or an oil. In this 
phase, water and the solvent were first mutually saturated in 
order to maintain the two liquids’ original thermodynamic 
equilibrium. The saturation process is carried out at the 
temperature that is needed to solubilize the lipid. The drug 
and lipid were then dissolved in a solvent that was saturated 
with water, and the resulting organic phase (internal phase) 
was then emulsified with water and introduced to the system 
after the development of the o/w emulsion to allow solvent 
diffusion into the continuous phase and develop aggregation 
of the lipid in the nanoparticles. The diffusion stage was car-
ried out at either room temperature. Both phases were kept 
at the same high temperature. The mixture was constantly 
stirred throughout the procedure. Finally, vaccum distilla-
tion or lyophilization was utilized to get rid of the diffused 
solvent [57–59]. 

1.4.9  Solvent Injection Technique

In the solvent injection approach, lipids are dissolved in 
a water-miscible solvent like acetone, methanol, or water-
miscible solvent combination then rapidly injected into an 
aqueous solution of surfactants by an injection needle. Addi-
tionally in this technique, less technological advanced equip-
ment with simple handling and speed is used [6, 24, 60].

1.4.10  Phase Inversion Technique

This novel and cost-efficient technique for formulating lipid 
nanocarriers adopts a solvent-free method by transitioning 
from an oil-in-water (o/w) to a water-in-oil (w/o) emulsion 
through phase inversion. The process unfolds in two steps.

During Step 1, a mixture of lipid, surfactant, and water in 
optimized proportions is stirred as the temperature gradu-
ally rises at a rate of 4 °C, reaching 85 °C from room tem-
perature. The system undergoes three temperature cycles 
(85–60–85–60–85 °C) to enter the phase inversion zone.

In Step 2, an irreversible shock is introduced to the 
system by swiftly diluting it with cold water (0 °C). This 
rapid addition of cold water prompts the formation of nano 
structured-based carrier. To prevent particle aggregation, a 
gentle magnetic stirring is applied for 5 min. The use of low 
energy results in the formation of stable transparent disper-
sions with particle sizes smaller than 25 nm, suitable for 
encapsulating various types of therapeutic agents [61, 62].

1.4.11  Membrane Contactor Technique

This technique is novel for the development of NLCs. 
In this technique, the development of nano droplets is 
made possible by the lipid phase being forced through 
the membrane pores at a temperature above the lipid’s 
melting point. The droplets that form at the pore exits 
are removed by the membrane module’s internal aqueous 
phase, which is constantly circulating. Thereafter, cooling 
the preparation at room temperature for NLC development. 
The aqueous phase and lipid phase temperatures, aque-
ous phase cross-flow velocity, lipid phase pressure, and 
membrane pore size are process variables that affect NLC 
particle size. This technique has several advantages and it 
includes simplicity, ability to manage the NLC size using 
the proper process parameters, and its scaling-up capabili-
ties [63, 64].

1.4.12  Micro Fluidization Method

This method uses a micro fluidizer, a high-shear fluid 
device, and the liquid is accelerated to 400 m/s and driven 
through micro channels at high operating pressures to an 
impingement region. The method is applicable to both 
production and laboratory-scale applications [65]. Various 
drugs used for preparation of NLC are listed in Table 3.

2  Characterization of NLC

To assure their performance, product quality, and stability, 
appropriate approaches must be used to characterize the 
physicochemical parameters of NLC. The feasibility of 
NLCs as a drug delivery system is investigated by a num-
ber of evaluation parameters, including particle morphol-
ogy, interfacial characteristics, drug entrapment efficiency, 
crystallinity, and polymorphism.

2.1  Particle Size

The most effective techniques for routinely measuring 
particle size are photon correlation spectroscopy (PCS) 
and laser diffraction. Dynamic light scattering (DLS) is 
another name for PCS. It monitors the variations in scat-
tered light intensity brought on by particle motion. This 
method is limited to a size range of a few nanometers (nm) 
to 3 µm [75]. Laser diffraction allows for the detection 
of the greater size. The relationship between the diffrac-
tion angle and particle radius provides the foundation for 
the conclusion. The type and ratio of lipid and emulsifier 
employed in NLCs show a significant impact on particle 
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size. High emulsifiers are always helpful for better thor-
ough emulsification and a better rigid structure, which 
allows for a smaller particle size [76].

2.2  Polydispersity Index (PDI)

The polydispersity index (PDI), which is provided by the 
sample particle size distribution, can also be measured using 
PCS. Low PDI (0.1–0.25) denotes a uniform and nano size 
distribution, while PDI above 0.5 denotes a broad size dis-
tribution and higher levels of polydispersity. In terms of 
Brownian motion, PCS demonstrates NLC differs from a 
nano emulsion due to the non-spherical nature of the parti-
cles. Higher PDI in NLC than in nano emulsions is a result 
of the particle asymmetry [77, 78].

2.3  Zeta Potential

Zeta potential (ZP), which is connected to electrophoretic 
mobility in the liquid and is known as the sliding or shear 
plane, is the electric potential of a particle that is not on 
its surface but rather distant from it in a diffuse layer. It is 
strongly connected to the stability of the suspension and 
particle surface shape. In contrast to particle size or molecular 
weight, ZP depends not only on the particles but also on their 
surrounding conditions, including pH, ionic strength, and 
the kinds of ions that are present [79]. ZP provides crucial 
details regarding nanoparticle stability over time and their 
susceptibility to aggregate. Excellent stability is generally 
indicated by a ZP of 60 mV. However, a minimum ZP of 
20 mV is preferred for circumstances where stability is the 

Table 3  List of some drugs for oral drug delivery used in NLC

DMSO dimethyl sulfoxide, PEG 400 polyethylene glycol 400, Capmul MCM Capmul medium chain mono glyceride.

Drugs Solid lipids Liquid lipids Surfactants Method Entrapment effi-
ciency

References

Amphotericin B Glycerol monostea-
rate, stearic acid

Castor oil, Laxol Labrasol, Cre-
mophor RH 
40, Tween 80, 
DMSO, PEG 400

Micro emulsion 
Method

 ~ 75% [66]

Entacapone Glycerol monostea-
rate

Oleic acid Tween 80 Probe sonication 
method

82.5 ± 3% [13]

Candesartan Cilex-
etil

Glycerol monostea-
rate

Capryol™ 90 Lutrol® F127 and 
Cremophor® 
RH 40

Hot homogeniza-
tion-ultra-soni-
cation

96.23 ± 3.14% [15]

Carbamazepine Trilaurin Oleic acid Tween 80, Span 80 
and Poloxamer 
188

Nano emulsion tem-
plate technique

72.8 to 85.2% [67]

Hydrochlorothiazide Precirol ATO5 Synthetic (Transc-
utol HP, Capryol 
90, Labrafac PG, 
Labrafil Lipophile 
WL1349) and 
natural (oleic acid, 
castor, sesame, 
and peanut oils)

Pluronic F68 or 
Tween 80

Hot homogeniza-
tion-ultra-soni-
cation and micro 
emulsion

80.0 ± 0.2% [22]

Itraconazole Precirol ATO5 Oleic acid Polysorbate 80 Hot melt extrusion 
and probe sonica-
tion

97.28 ± 0.50% [68]

Albendazole Precirol ATO5 Oleic acid Tween 80 and Span 
80

Microemulsification 
technique

75.5% [69]

Lopinavir Compritol 888 
ATO®

Oleic acid Pluronic F68 and 
Tween 80

High shear homog-
enization

 > 92% [70]

Olanzapine Glycerol tripalmi-
tate

Castor oil Pluronic F68 Solvent diffusion 
method

69.73% [71]

Raloxifene Glycerol monostea-
rate

Capmul MCM C8 - Solvent diffusion 
method

74.78 ± 3.34% [72]

Rosuvastatin Precirol® ATO 5 Oleic acid Tween 80 Hot melt high-pres-
sure homogeniza-
tion

72% ± 0.2% and 
84.3% ± 1.3%

[73]

Tilmicosin Stearic acid Oleic acid Tween 80 High shear homog-
enization

93.46 ± 0.50% [74]
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result of both steric and electrostatic stabilization, and a 
minimum ZP of 30 mV is preferred for cases where stability 
is the consequence of only electrostatic stabilization. High 
negative or positive potential on all the particles will cause 
them to repel one another, reducing the propensity to 
assemble. Additionally, high zeta potential causes repulsion 
of charge particles thus leads to the prevention of aggregation 
and coagulation, while on the other hand, low zeta potential 
attracts the surrounding particles and tends to coagulate. 
Analytical tools based on the electrophoretic/electroacoustic 
mobility principle can be used to measure ZP with ease. A 
ZP unit and DLS instrument are combined in commercial 
devices to measure particle charge and particle size with the 
same device [7, 80, 81].

2.4  NLC Morphology

Morphology describes particle’s surface features, such as 
its form and surface integrity. In comparison to spherical 
particles, isometric particles have a higher surface area and 
shorter diffusion paths [78]. Non-spherical particles need 
more surfactants to stabilize them because of their larger 
surface area. In addition, particle size has a big impact on 
NLC targeted delivery, pharmacokinetics profile, drug load-
ing, encapsulation efficiency, and drug release properties. 
Additionally, it is crucial for cell interaction, receptor bind-
ing, and cellular uptake [83, 84].

For the determination of various features of NLCs 
like particle size, state of aggregation, shape, surface 
topography, and internal structure of the NLC can be 
done by using electron microscopy techniques including 
scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and atomic force microscopy 
(AFM) [54]. SEM provides details on the particle’s three-
dimensional shape and surface properties. The nano 
dispersion is often transformed into a powder for SEM, 
primarily through freeze drying. Prior to measurement 
under high vacuum, these dried particles are then sputtered 
with a conductor, such as gold, coating the surface. In 
comparison to TEM, the SEM has a relatively low resolving 
power of 3–4 nm, and it does not offer any information for 
the internal structure of the particles [85–87].

With a resolving capability of about 0.4  nm, TEM 
typically produces a two-dimensional image of the interior 
structure of the nanoparticles. Since the sample electron 
density affects the fraction of electrons transmitted, 
components with different electron densities show up as 
areas of different intensities in the picture. To improve 
contrast, the sample is typically dyed with heavy metals 
before being dried and preserved for examination. Compared 
to SEM, the sample preparation process is relatively 
complicated because the sample must have an ideal thickness 
of a few hundred nanometers [38, 88].

Additionally, sample preparation is relatively easy, no 
vacuum is required to work, and the nanocarriers may be 
measured in their hydrated condition without causing any 
morphological distortions or artifact generation; AFM has 
been widely employed for NLC characterization. A probe is 
used to scan the sample, which produces an extremely high-
resolution image of the sample surface. AFM typically has 
a lateral resolution of up to 30 nm and a vertical resolution 
of up to 0.1 nm [12, 49, 59, 89].

In this context, Chun-Yang Zhuang et al. developed vin-
pocetine-loaded nanostructured lipid carrier. And the formu-
lations were subjected to morphological evaluation with the 
help of SEM and TEM (JEM-1200EX, JEOL). SEM allowed 
for the visualization of the surface morphology of VIN-
loaded NLC (SSX-550, Shimadzu, Kyoto, Japan). The TEM 
study showed the particles nearly spherical, homogeneous 
morphologies and the fact that they did not adhere to one 
another. A 100–150-nm range covered the average diameter. 
The TEM and SEM morphology images of VIN-NLC are 
depicted in Figs. 7 and 8, respectively, with permission [90]. 

2.5  Entrapment Efficiency

Entrapment efficiency identifies how much of the drug is 
contained in NLCs, indicating the efficiency of the nano-
carriers. High entrapment efficiency of lipophilic drugs was 
reported due to the nature of NLCs (i.e., high lipid con-
tent), which is attributed to the homogeneous solubiliza-
tion of the drug inside the lipid and development of a stiff 
solid core during cooling which prolongs the release of the 
entrapped drug [91]. Equation (1) can be used to deter-
mine the quantity of drug trapped in NLCs and measure it 

Fig. 7  TEM morphology of VIN-NLC. Bar = 200  nm (adapted with 
Chun-Yang Zhuang et al. with permission)
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Fig. 8  SEM morphology of VIN-NLC, showing the surface struc-
ture of the lyophilized powder of VIN-NLC. Bar = 5 m (adapted with 
Chun-Yang Zhuang et al. with permission)

Fig. 9  In vitro drug release of FEN from FEN-NLC and FEN suspen-
sion in distilled water. Composition of FEN-NLC was dN30. Each 
value represents the mean ± standard deviation (n = 3)

spectrophotometrically using UV spectrophotometer or with 
HPLC at the appropriate λmax after adding enough organic 
solvent (such as methanol) to dissolve the NLCs and release 
the drug [30, 92].

The amount of free drug in the supernatant after centrifuging 
the loaded NLCs suspension can also be determined indirectly 
using Eq. (2) by taking spectrophotometric measurements at 
the relevant λmax [93]. In this context, Mara Ferreira et al. 
developed methotrexate-loaded NLC for the treatment of cancer. 
They prepared the formulation by using Witepsol1 E85 as the 
solid lipid and Mygliol1 812 as liquid lipid along with hot ultra-
sonication technique and characterized for various parameter 
like morphology, particle size, zeta potential, entrapment 
efficiency, stability profile, and in vitro drug release along 
with cytotoxicity studies. The prepared formulation of NLCs 
showed spherical shape along with 252 nm of particle size; the 
PDI and zeta potential was found to be 0.06 ± 0.02 and 14 mv; 
additionally, the entrapment efficiency was found to be 87%; 
also, the in vitro drug release was found to be initially rapid and 
thereafter prolonged release upto 24 h with negative cytotoxicity 
effect on the fibroblast cell model. these results advocate that 
NLCs are the portential angent for the drug delivery [94].

(1)

Entrapment Eff iciency % =
Amount of entrapped drug

Total amount of initially added drug
× 100

2.6  In Vitro Release

The dialysis approach is frequently used to study the 
in vitro release of drugs from NLCs [92, 95]. Basically, 
drug-loaded NLCs are put in a dialysis bag that has been 
soaked in distilled water overnight, secured at both ends, 
and then placed in a dissolving media while being main-
tained at 37 °C in a thermostatic shaker. To maintain sink 
conditions, samples are taken out and replaced at regular 
intervals with an equal volume of new release medium. 
Drug concentration can be assessed spectrophotometrically 
at a suitable λmax or can be calculated using a high-per-
formance liquid chromatography (HPLC) method that has 
been validated in comparison to standards with known con-
centrations. The mean cumulative amount of drug release 
is plotted against time in triplicate. Under the same experi-
mental systems, it is crucial to employ a free drug solution 
as a control. Thereafter, release data is examined to check 
the kinetics of drug release from the NLCs [95, 96]. The 
release profile of NLC is affected by the composition of 
particle, type and ratio of stabilizing agent employed, dif-
ference in dissolution kinetics, the partition coefficient, and 
the electrostatic behavior of the active molecules [26, 97, 
98]. Additionally, Tuan Hiep Tran et al. developed fenofi-
brate-loaded NLC. They performed in vitro release studies 
on NLC dispersion within 24 h of preparation by using a 

(2)Entrapment Eff iciency % =
Total amount of initially added drug − Unentrapped drug

Total amount of intially added drug
× 100
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dialysis bag. According to their study, the result was found 
to be approximately 60% of the drug was released from 
the formulation within 4 h which is showed in Fig. 9 [99].

3  Beneficial Role of NLCs in Oral Drug 
Delivery

The oral route is the most recommended method of administra-
tion due to a number of benefits including patient compliance, 
precise dose, convenience of administration, and lack of pain. 
However, these routes have various drawbacks including physi-
cal, chemical, and enzymatic degradation in the digestive tract, 
along with solubility problem therefore very low bioavailability.

In this regard, it is very urgent to explore the nanoparticulate-
based carrier system for the effective delivery of the drug as this 
novel system has several advantages like improve therapeutic 
effectiveness, reduce dosage, and low side effects. Additionally, 
when compared to other nanocarriers, lipid nanoparticles 
like SLN and NLC also have a number of benefits, including 
improved permeability, bioavailability, stability by protecting 
against pH and enzymatic degradation, longer circulation times, 
less clearance, and longer mean residence times (MRT). NLC 
has been utilized specifically for oral delivery with the goal 
of increasing oral bioavailability by improving the lymphatic 
system uptake of the drug via microfold cells (M cells) in 
the intestinal membrane and avoiding first-pass metabolism 
[100, 101]. The lipids in the NLC are partially digested inside 
the GIT, first in the stomach and subsequently in the small 
intestines, where they are converted into diglycerides and free 
fatty acids. Also, the presence of lipids shortens the transit time 
and lengthens the time spent in the stomach and upper small 
intestine, therefore leads to increasing absorption. Additionally, 
the nanoscale significantly increases surface area, which 
improves NLC’s adherence to gut walls. Also, NLC promotes 
bile production, which aids in the formation of micelles and 
the solubilization of drugs. Additionally, it enhances carrier 
movement through the stagnant barrier between intestinal bulk 
fluid and enterocytes brush border membrane and improves 
drug absorption [102].

3.1  Enhancement of Oral Bioavailability

The US Food and Drug Administration (FDA) define 
bioavailability as the rate at which the active ingredient is 
absorbed from a drug product and the extent to which it 
is available at the site of action. The extent refers to how 

much of the drug concentration enters into the systemic 
circulation. Poor bioavailability of drugs taken orally is 
still a problem. However, it is primarily attributed to either 
physiologically related problems, such as a significant 
first-pass effect, enterocyte eff lux transportation, 
instability of the drug moiety in gastric fluids, rapid 
gastric emptying, and intestinal barrier restriction, or 
physicochemical-related problems, such as poor solubility, 
an incorrect drug partition coefficient, and a large drug 
molecular size. Various strategies for improving oral 
bioavailability have been identified in the literatures which 
are listed along with drug disposition from NLC and are 
represented in Fig. 10 [103]. 

a. Increasing drug solubility is thought to be one method of 
increasing bioavailability, especially for biopharmaceu-
tical classification system class II (BCS class II) drugs 
which have low solubility and high permeability (such 
as atorvastatin [104], olanzapine [71], raloxifene [105], 
lovastatin [106], fluvastatin [107], nintedanib [95], and 
vinpocetine [90] and class IV drugs, as low drug solubil-
ity is one of the barriers that causes low bioavailability 
(such as saquinavir [108] and etoposide [109].

b. Due to the fatty composition of NLCs, lipase and co-lipase 
break them down into micelles, which are composed of 
drug and lipid monoglycerides and encourage bile flow to 
generate mixed micelles. By avoiding the first-pass effect 
and absorbing mixed micelles via chylomicron production 
into lymphatic capillaries, drugs are more effectively 
absorbed. This layer is present between the bulk fluid 
and brush border membrane of enterocytes [102]. When 
a drug is embedded into a chylomicron, the process of 
absorbing fat also causes the drug to be absorbed (Trojan 
horse effect) [110].

c. NLCs and other nano particulate systems have been shown 
to increase the intracellular uptake of drugs by Peyer’s 
patch M cells, increasing oral drug bioavailability [111].

d. With the action of various surfactants utilized in the 
preparation, such as Tween 80, efflux transporter (P-gp) 
is inhibited.

e. The hydrophilic surfactant pluronic utilized during 
preparation has a steric hindrance effect that causes the 
particles to degrade slowly.

f. Drug diffusion through the gastrointestinal barrier will be 
increased because passive diffusion will continue as long 
as the concentration gradient is maintained since drug 
release from nanoparticles is efficient (large surface area).



 BioNanoScience

g. Due to the effect of highly lipophilic surfactants on 
enhancing paracellular absorption, tight junctions (gaps 
between two adjacent intestinal epithelial cells) briefly 
opened [112].

h. Improved retention and uptake caused by nanoparticle 
adhesion to the intestinal underlying epithelium [113].

4  Patent Status of NLCs

Various patents on NLCs are listed in Table 4.

5  Conclusion and Disscussion

The oral route of drug administration is most preferable 
due to ease in application. The loading of drug into the 
lipid-based carrier is termed as nanostructred lipid car-
riers (NLC), and these are lipid nanoparticles made of a 
solid and a liquid lipid, as well as a stabilizing surfactant. 
The special feature of NLCs includ the prevention of drug 
molecules from degradation and increase the bioavail-
ability of poorly water-soluble drugs along with enhance 
permeability across biological membrane. Also, due to 
their capacity to encapsulate both hydrophilic and lipo-
philic drug, nanostructured lipid carriers (NLCs) have 

demonstrated significant potential agents as drug deliv-
ery. Various methods for the development of NLCs have 
been discussed in this paper including microemulsion 
method, high-pressure homogenization method, hot and 
cold homogenization, double emulsion technique, high 
shear homogenization followed by sonication, solvent 
emulsification evaporation, solvent emulsification diffu-
sion, solvent injection technique, phase inversion tech-
nique, membrane contactor technique, and micro fluidi-
zation method. Additionally, further study is required to 
perfect the formulation and development of NLCs, as they 
offer a promising means of enhancing the effectiveness 
and safety of oral drug administration, including chemo-
therapy drugs and in gene delivery.
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