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Abstract The oral route is one of the most preferred 
routes of administration because of its convenience 
and safety. Nanostructured lipid carriers (NLCs) are 
the second-generation nanosize solid lipid nanocarri-
ers that are composed of solid lipids, liquid lipids, and 
surfactants. The lipid matrix of NLCs has an imper-
fect structure which allows more drug loading. Other 
advantages offered by NLCs include biocompat-
ibility, biodegradability, and high encapsulation effi-
ciency. They are considered potential nanocarriers in 
oral drug delivery and have particle size in the range 
of 50–300 nm. NLCs have shown improved oral bio-
availability of lipophilic drugs. They also bypass first-
pass metabolism and inhibit the P-glycoprotein (P-gp) 
efflux mechanism of drugs. This review mainly high-
lights the role of NLCs in the oral delivery of drugs 
and different barriers that have to be overcome to 
achieve drug delivery by oral route.

Keywords Oral route · Nanostructured lipid 
carrier · Lipids · Nanocarriers · Drug delivery

Introduction

The oral route is a widely used and accepted route 
of administration. It offers many advantages such as 
self-administration of dosage forms, better patient 
compliance, painless, and economical route compared 
to other routes of administration. Despite these ben-
efits, the oral route is still challenging because of low 
aqueous solubility and low penetration of drug across 
the gastrointestinal (GI) membrane. A drug that is 
administered orally must survive in the harsh environ-
ment of the GI tract and should be absorbed [1, 2]. 
Researchers are working on a nanotechnology-based 
delivery system to facilitate the oral administration 
of the poorly soluble drugs. Targeted and controlled 
release of drugs can be achieved using nanocarrier-
based oral drug delivery system (DDS). In addition, 
nanocarriers that are given orally can improve the 
pharmacodynamic and pharmacokinetic performance 
of many drugs [3]. Thus, smart DDS should be for-
mulated to overcome challenges associated with oral 
drug delivery [4].

Nanostructured lipid carriers

Different lipid-based DDS like liposomes, nanoemul-
sions, and micelles have been developed for oral drug 
delivery of drugs. Lipidic DDS have shown improved 
water solubility and oral absorption over conventional 
ones. But the conventional lipid-based DDS such as 
liposomes, nanoemulsions, and micelles get degraded 
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in the GIT by the intestinal enzymes and show insta-
bility problems during their storage [5–7]. Muller et al. 
(1991) developed solid lipid nanoparticles (SLNs) 
using biodegradable and biocompatible solid lipid 
Dynasan 112 and solved stability issue and other limita-
tions such as low drug loading and initial burst release 
of drugs that are associated with conventional lipidic 
DDS [8]. But on storage, these SLNs showed drug leak-
age problem because of their transformation to more 
ordered structure [9]. To avoid drawbacks associated 
with SLNs, modified lipidic nanocarriers, i.e., NLCs, 
came into existence in early 2000 and are considered 
second-generation SLNs [10]. The addition of liquid 
lipids into the solid matrix of SLNs results in the for-
mation of imperfections in the solid matrix and is thus 
responsible for more drug payload by maintaining the 
physical stability of nanocarriers [3]. The newly formed 
nanoparticles containing imperfect matrices are termed 
NLCs [11–13]. The NLCs are formulated by heating 
and cooling crystallization of solid and liquid lipids 
mixture. NLCs offer many advantages over SLNs such 
as unstructured matrix that helps to avoid drug leakage 
and ensures high drug entrapment (Fig.  1) [14]. Both 
hydrophilic and lipophilic drugs can be incorporated 
into NLCs. Solid and liquid lipids used in the formula-
tion of NLCs are biodegradable and show low toxicity 
profile [15].

NLCs can give controlled and site-specific drug 
delivery [5], and they ensure the accumulation of 
drug at the site of action because of enhancement 
in drug solubility [16]. NLCs show high sustain-
ability because of the presence of biocompatible and 

physiological lipids [17]. The incorporation of liquid 
lipids into NLCs creates many imperfections in the 
core matrix which aids in higher drug entrapment 
[18–20].

Advantages of nanostructured lipid carriers

• Good physical and chemical stability [21]
• Low toxicity profile
• Biodegradable and biocompatible
• Organic solvents can be avoided for the formula-

tion [10, 15].
• Improved drug release pattern [22].
• High drug payload [23]
• Show good dispersibility in an aqueous medium [24].

Types of NLCs

There are three types of NLCs (Table 1, Fig. 2) which 
include the following:

Composition of NLCs

The solid matrix of NLCs consists of solid and liquid 
lipids. The core ingredients of NLCs are solid lipids, 
liquid lipids, and surfactants. When these lipids and 
surfactant are blended, they form unstructured solid 
matrix. Solid and liquid lipids are generally used in a 

Fig. 1  Schematic represen-
tation of structure of SLNs 
and NLCs
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ratio of 70:30 to 99.9:0.1. The concentration of sur-
factants used in the formulation of NLCs is 1–5% [14].

Lipids Lipids play an important role in the formu-
lation of NLCs as they provide desired physical and 
chemical properties and stability. The selection of 
lipids is based on many factors such as they should be 
biocompatible and biodegradable and able to produce 
particles in the nano range [28]. Both the lipids used 
in the formulation of NLCs should be spatially incom-
patible, and also, there should not be the dissolution 
of solid lipids into liquid lipids. There should not be 
phase separation at a temperature lower than the melt-
ing point of lipids [16, 29, 30]. Selected lipids should 
not give toxic residue during the formulation of NLCs, 
and thus, lipids should have low toxicity profile [31].

Stearic acid and its derivatives are widely used 
as solid lipids. Stearic acid is a natural fat found 

in both animals and plants. It is also safe and bio-
compatible; therefore, it can be used in drug deliv-
ery [32, 33]. Sometimes, hard fats and waxes can 
also be used in the formulation as a part of the 
solid matrix. Waxes are isolated from animals and 
plants, while hard fats are hydrogenated products 
of unsaturated oils. Solid lipids are used in combi-
nation to decrease crystallinity of the lipid matrix 
which thereby increases drug payload [34, 35]. 
Other solid lipids used in the formulation of NLCs 
include palmitic acid, lauric acid, behenic acid, 
oleic acid, and myristic acid [36, 37].

Digestible natural oils are used as liquid lipids in 
the formulation of NLCs. Soyabean oil, sunflower 
oil, and cottonseed oil are the other natural edible 
oils used in the formulation of NLCs. Other than 
these liquid lipids, oleic acid and medium chain tri-
glycerides can also be used as liquid lipids [38].

Table 1  Different types of NLCs

Type of NLC Description References

I (imperfect type) In this type, less amount of liquid lipid is used than solid lipid. Both lipids are blended to form oil 
in water nanoemulsion which is then subjected to cooling at room temperature to form nanopar-
ticles. Cooling crystallization leads to the formation of an unstructured imperfect lipid matrix 
which further helps with high drug payload

[25]

II (amorphous type) This type is also called the amorphous or structureless type. Solid lipids used in this type remain 
stable alpha polymorphs after solidification. Such solid lipids along with liquid lipids further 
form an amorphous core. In this type of NLC, no crystallization is required, and the drug is 
entrapped in the amorphous core

[26]

III (multiple type) Drug solubility in the lipophilic phase decreases when NLCs are subjected to homogenization fol-
lowed by cooling. Crystallization that occurs during storage can negatively impact the solubility 
of the drug in the lipid phase, and this may lead to drug leakage from the lipid core. Liquid lipid 
shows better solubility of drugs compared to solid lipid

These types of NLCs are formulated by double emulsion method which forms oil in fat in water 
nanoemulsion. If drug has less lipid solubility, then the addition of liquid lipids can help to 
enhance drug lipid solubility and avoid drug expulsion from the matrix

[27]

Fig. 2  Structural repre-
sentation of imperfect, 
amorphous, and multiple 
types of NLCs
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Surfactants Surfactants possess hydrophilic head 
and hydrophobic tail. These agents decrease the 
interfacial tension between the oil and water phase. 
Surfactants are selected on the basis of HLB value, 
administration route of nanocarriers, and the surface 
modification of nanocarriers. Their ability to stop 
lipid degradation is also one of the criteria for the 
selection of surfactants [39, 40].

The most frequently used hydrophilic surfactants 
are tween and poloxamer 188. The lipophilic sur-
factants used in the formulation of NLCs are lecithins 
and span 80. The use of surfactants in combination is 
more helpful to avoid the agglomeration of particles. 
Surfactants are used in combination to prevent the 
aggregation of particles. The circulation of drugs can 
be improved by surface modification of nanocarriers 

with polyethylene glycol. Surface modification pre-
vents drug uptake by reticuloendothelial system [41–
43]. Examples of lipids and surfactants used for the 
formulation of NLCs are shown in Table 2.

Method of preparation of NLCs

Various formulation methods can be employed for the 
production of NLCs. Some of them include high-pressure 
homogenization, microemulsion technique, solvent injec-
tion method, solvent emulsification evaporation method, 
and double emulsion technique. High-pressure homog-
enization and microemulsion techniques are widely used 
methods for the formulation of NLCs (Table 3).

Table 2  Examples of lipids and surfactants used for the formulation of NLCs

Drug name Solid lipid Liquid lipid Surfactant Research outcomes References

Fenofibrate Stearic acid Oleic acid Tween 80 NLCs showed particle size of approxi-
mately 200 nm and PDI 0.3. Compared 
to marketed formulation, NLCs showed 
enhanced entrapment efficiency. 
The pharmacokinetic parameters of 
fenofibrate in the form of NLCs were 
improved after oral administration

[44]

Nintedanib Glyceryl monostearate Tricaprylin Tween 80 NLCs showed nanoscale particle sizes 
with positive zeta potential. The oral 
bioavailability of NLCs was enhanced 
by 3.13-fold compared with drug solu-
tion. The antitumor activity in mice 
demonstrated excellent lung tumor 
inhibition

[45]

Resveratrol Trimyristin Glycerol tricaprylate Tween 80
Sodium cholate

The study demonstrated the impact of 
various liquid lipids having different 
structure and HLB on the particle size 
and storage stability of NLCs. NLC 
formulated with GTO indicated the 
highest stability with acceptable PS 
and PDI

[46]

Albendazole Precirol ATO5 Oleic acid Tween 80
Span 80

NLCs showed particle size of 188 and 
200 nm for coated and uncoated NLC 
with spherical morphology. NLCs 
improved the effectiveness of albenda-
zole to treat Trichinella spiralis infec-
tion compared to drug suspension

[47]

Exemestane Precirol ATO Flaxseed oil Tween 80
Poloxamer

NLCs showed particle size and PDI of 
131.3 ± 2.43 nm and 0.205 ± 0.06. 
NLCs were spherical in shape. Dis-
solution study showed sustained drug 
release for 24 h. In vivo pharmacoki-
netic study indicated 3.9-fold increase 
in oral bioavailability of NLCs

[48]
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Characterization of NLCs

Particle size and particle morphology

The stability of NLCs can be influenced by particle 
size and particle size distribution. Smaller particles 
show more stability and less aggregation during stor-
age. Particle size is also related to surface area and 
can further affect their solubility and drug release 
rate. The size of NLCs normally ranges from 10 to 
1000 nm. NLCs for higher cellular uptake and site-
specific drug delivery should range from 50 to 300 

nm. For sustained drug release, NLCs should have a 
size above 300 nm [49].

Particle size determination of NLCs is done using 
photon correlation spectroscopy (PCS) and laser 
diffraction. PCS is the most widely used technique 
because of its suitability for the measurement. Both 
techniques can also be employed for the measurement 
of particle size distribution which is represented in 
terms of the polydispersity index (PI). If the PI value 
is equal to or near zero, then the distribution is mono-
dispersed, while the distribution is polydispersed 
when the PI value is close to 1 [7, 31, 50]. Harshitha 

Table 3  Methods used to formulate oral NLCs

Drug Lipid matrix Preparation method Outcome References

Amphotericin B Beeswax, coconut oil High-pressure homogenization No expulsion of Amp B on 
exposure to simulated gastro-
intestinal pH media from the 
formulation. The amount of 
Amp B retained in NLCs was 
found to be 63.9% relative to 
uncoated formulation

[99]

Curcumin Cholesterol oleate, glycerol 
trioleate

Solvent evaporation AUC 0–t of Cur-NLC was 
improved by 499.45 and 
116.89 folds relative to Cur-
solution

[100]

Docetaxel oleate Glyceryl monostearate, oleic 
acid

Solvent diffusion method Docetaxel oleate NLCs showed 
high drug entrapment. Bio-
availability of docetaxel oleate 
NLCs enhanced by 2.06-fold 
compared to a drug suspen-
sion

[101]

Baicalin Glyceryl monostearate Ultrasonic solvent emulsifica-
tion

Relative to drug suspension, 
baicalin NLCs showed a 
1.9-fold increase in AUC and 
a 1.7-fold increase in mean 
residence time

[102]

Iloperidone Lauric acid, Phosal® 53 MCT Ultrasonication-Emulsification Iloperidone NLCs demonstrated 
enhanced oral bioavailability 
compared to drug suspension

[103]

Thymoquinone Hydrogenated palm oil, olive oil High-pressure homogenization Thymoquinone-loaded NLCs 
demonstrated significant 
enhancement in gastroprotec-
tive properties against ethanol-
induced ulcer

[104]

Fenofibrate Compritol 888 ATO, Labrafil M 
1944CS

Ultrasonication Fenofibrate NLCs showed 
increased in oral bioavail-
ability compared to drug 
suspension

[105]

Decitabine Precirol ATO 5, Transcutol Cold high-pressure homogeni-
zation

Decitabine-loaded NLCs 
showed fourfold improvement 
in permeability when com-
pared with drug suspension

[106]
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et  al. (2019) formulated NLCs of paclitaxel using 
melt emulsification technique for the treatment of the 
liver cancer and characterized it for particle size and 
PDI (Fig. 3). The NLCs showed particle size and PDI 
of 153.82 ± 5.58 nm and 0.221 ± 0.026 [51].

Determination of structure and surface mor-
phology of NLCs is done by transmission electron 
microscopy (TEM) and scanning electron micros-
copy (SEM). SEM involves scanning of the surface 
by using focused beam of electrons, thereby produc-
ing images, while TEM creates images when beam 
of electrons is transmitted through the sample. TEM 
gives an idea of particle size and the structure of 
the lipid matrix [52–54]. Atomic force microscopy 
(AFM) is another widely used technique for the 
determination of surface morphology. AFM gives 
three-dimensional images, while SEM and TEM give 
two-dimensional images [55]. AFM uses nanom-
eter resolution to get detailed information about the 
structure and the topography of NLCs [56]. Zhu et al. 
(2020) prepared NLCs of nintedanib (BIBF) with a 
goal to enhance its oral absorption. BIBF NLCs were 

formulated using the melt-emulsification method and 
characterized for their morphology. NLCs demon-
strated spherical morphology (Fig. 4) and acceptable 
entrapment efficiency [57].

Zeta potential

Zeta potential (ZP) is the electrical potential of par-
ticles that is related to the movement of particles in 
a liquid. The ZP is defined as the potential difference 
between the dispersion medium and the stationary 
layer of liquid attached to the particle. ZP depends on 
particles and conditions like nature ions, ionic strength, 
and pH [58]. It indicates the charge attained by the par-
ticles. The ZP gives an idea about the stability of NLCs 
during storage. High ZP prevents particle aggregation 
because of the electric repulsion between the particles 
and stabilizes NLCs. Low ZP results in the aggrega-
tion of particles as the attraction between the particles 
is greater than the repulsion. A ZP of more than +30 
mV or less than −30 mV is required for the stabiliza-
tion of NLCs. Doppler electrophoresis is utilized for 

Fig. 4  TEM images of 
optimized BIBF-NLCs

Fig. 3  Particle size of 
PTX-NLCs
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the determination of the ZP of NLCs. When an elec-
tric field is applied across the sample, charged particles 
move with a velocity proportional to the magnitude 
of the ZP towards the opposite charge electrode. This 
magnitude of velocity is measured by Laser Doppler 
velocimetry [59]. Zhang et al. (2019) developed NLCs 
of tilmicosin (TMS) using high shear method com-
bined with ultrasonic techniques and characterized 
them for ZP. TMS-NLCs showed ZP of −30.04 ± 1.36 
mV (Fig. 5), indicating its good stability [60].

Polydispersity index

Measurement of the polydispersity index (PDI) is 
necessary as the colloidal particles are polydispersed. 
Determination of PDI is done by photon correlation 
spectroscopy [61]. Particle size distribution and sta-
bility of NLCs can be predicted using PDI. PDI val-
ues in the 0–0.5 range show a narrow particle size 
distribution, and the system is considered to be mono-
dispersed [16], while PDI values greater than 0.5 
indicate polydispersity. A PDI value of less than 0.3 
is considered an optimum value [62, 63].

Degree of crystallinity

The encapsulation efficiency and rate of drug release 
from NLCs are influenced by the structure of the crys-
tal lattice and its lipid components [64]. More imper-
fections in the crystal lattice ensure more drug encap-
sulation [65]. Increased lipid packing density and 
thermodynamic stability are observed with decrease 
in the drug incorporation rates in the following order: 
supercooled melt < α-modification < β-modification 
< β′-modification [66]. Determination of crystallinity 

is done by X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC). In the case of DSC, 
physical and chemical changes within a sample are 
measured in terms of heat lost or gained as a function 
of temperature. DSC provides information about the 
nature of lipids as well as their melting and crystal-
lization behavior [67, 68].

Wide angle X-ray diffraction (WXRD) can be used 
for the identification of some crystalline compounds. 
WXRD can identify arrangements of acyl chains in 
lipids. A change in peak intensity is measured by 
WXRD which is an indication of the formation of 
NLCs [64]. The ratio of bulk enthalpies can be deter-
mined by the degree of crystallinity of lipids from 
NLCs [69].

In XRD, monochromatic X-ray beam is diffracted 
at the angle determined by the spacing of the planes 
in the crystal type of arrangement of atoms which 
is further recorded as pattern by detector. For each 
type of crystalline compound, the intensity and posi-
tion of the diffraction are unique. XRD can identify 
the arrangement of lipid molecules, the structure of 
lipids, and phase behavior [70, 71]. Pyo et al. (2020) 
enhanced the solubility and bioavailability of fenofi-
brate by formulating it as fenofibrate-loaded NLCs 
(FFB-NLCs) and coating it with a biodegradable 
polymer (chitosan) to allow controlled drug release. 
The FFB-NLCs were characterized for their crystal-
linity, and the diffractogram of pure fenofibrate dem-
onstrated sharp characteristic peaks at diffraction 
angles of 11.8°, 14.3°, 16.1°, 16.6°, and 22.2°. These 
peaks showed crystallinity of fenofibrate and were not 
observed in the FFB-NLC formulations (Fig. 6) [31]. 
These results indicated that CF-NLCs were fabricated 
well by coating method [44].

Fig. 5  Zeta potential of TMS-NLCs Fig. 6  X-ray diffractogram of FFB-NLCs
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Encapsulation efficiency (EE)

Drug entrapment efficiency is defined as quantity 
of drug integrated into particles compared to total 
amount of drug available in the dispersion. Drug 
encapsulation efficiency is also called drug entrap-
ment efficiency. The determination of encapsulation 
efficiency is done by the combination of separation 
and analytical techniques. Separation techniques 
may include ultrafiltration, dialysis, and centrifuga-
tion. The encapsulation efficiency of NLCs is gener-
ally more than 70% [72]. Encapsulation efficiency 
can affect drug release characteristics [73]. The lipo-
philic drugs are either uniformly distributed in the 
lipid matrix or embedded in the core, while hydro-
philic drugs are embedded in interfacial and aqueous 
phases. Drug loading capacity depends on solubility 
of drugs in lipid phase [74].

The specified quantity of dispersion of NLCs 
is centrifuged, and concentration of the drug in 
the supernatant is measured. The free drug will be 
present in the supernatant. The concentration of 
entrapped drugs is calculated by subtracting the con-
centration of free drugs from the initial concentration 
of drugs present in the dispersion. Entrapment effi-
ciency increases as the solubility of the drug in the 
lipid blend increases which will decrease drug expul-
sion from NLCs [75, 76]. Shevalkar et al. (2019) fab-
ricated NLCs of ezetimibe to improve its bioavailabil-
ity on oral administration by microemulsion method 
and characterized them for entrapment efficiency. 
The encapsulation efficiency of ezetimibe NLCs was 
found to be 34.60 ± 2.63%. This result demonstrated 
that ~35% of ezetimibe was entrapped in the NLC, 
while ~65% might be associated with the surfactant in 
micellar form [77].

Drug release

The sustained release of active ingredients from 
NLCs can lead to a prolonged half-life of drug. The 
release of active ingredients from NLCs depends on 
liquid lipid concentration, temperature, and surfactant 
concentration [64]. In the dialysis method, NLCs con-
taining the drug is kept in a dialysis bag which is then 
immersed in a buffer solution at 37 °C. At a specific 
time interval, samples are removed and replaced with 
same volume of fresh dissolution medium. Another 
method that can be employed for drug release studies 

is the Franz diffusion cell method. In this method, 
the donor compartment contains drug-loaded NLCs, 
while acceptor compartment contains fresh buffer 
solution. These two compartments are separated by a 
cellulose membrane. At specific time intervals, sam-
ples are withdrawn from acceptor compartment and 
evaluated for the amount of drug released [78]. Drug 
release studies can provide insight into NLC perfor-
mance in vivo [79]. Thapa et al. (2018) improved bio-
availability of telmisartan by formulating telmisartan 
NLCs and characterized them for drug release study. 
The in vitro drug release of telmisartan NLCs in the 
simulated gastric fluid (acidic buffer, pH 1.2) and 
simulated intestinal fluid (phosphate buffer, pH 6.8) 
was found to be significantly improved compared to 
drug suspension and marketed formulation both due 
to increased solubilisation and entrapment efficiency 
(Fig. 7) [80].

Surface tension measurement

An increment in surfactant concentration reduces 
interfacial tension because of the emulsification 
process. Measurement of surface tension is done by 
Wilhelmy plate method. Surface tension can also 
be determined by measuring the contact angle [6]. 
Another instrument used for the measurement of 
surface tension is the Kibron instrument which is 
an easy to use torsion balance instrument with high 
precision. It is based on the use of the maximum 
pull force technique and ultrasensitive microbalance 
with the sensor. This instrument gives more accurate 
results compared to the platinum Wilhelmy plate 
and Du Nouy ring [81].

Fig. 7  In vitro drug release study of telmisartan NLCs, mar-
keted formulation, and pure drug suspension in pH 6.8 phos-
phate buffer
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Oral drug delivery of drugs through NLCs

The oral route is highly preferred route of adminis-
tration because of its safety, patient compliance, and 
ability to self-administer. Though it is the most suit-
able route of administration, many barriers present in 
the GIT make it challenging route of administration 
[82, 83]. The presence of goblet cells, enterocytes, 
and Peyer’s patches with M cells can make the intes-
tinal epithelium a good platform for the absorption of 
drugs. The oral route is helpful in the case of diseases 
requiring frequent administration for a prolonged time. 
The oral route has advantages like painless route, self-
administration, high patient compliance, and eco-
nomic compared to other routes of drug delivery [84].

For effective drug delivery by the oral route, this 
route should overcome challenges like low aqueous 
solubility, harsh gastric environment, and stability of 
drug in the digestive enzymes [85]. Nanotechnology 
offers advantages in the field of oral drug delivery as 
it allows drug delivery intracellularly and transcel-
lularly. It helps to deliver low aqueous soluble drugs 
and targets drugs at particular sites in the gastrointes-
tinal tract. Nanotechnology enables drug transcyto-
sis across tight intestinal barriers [86]. To overcome 
these challenges, nanocarriers like nanostructured 
lipid carriers can be a potential drug delivery sys-
tem. This nanocarrier system offers many advantages 
such as improved oral uptake of the drug, enhanced 
oral bioavailability, improved drug stability, increased 
intracellular permeation, prevention of drug from 
P-glycoprotein efflux, and enzymatic degradation. In 
this system, drug is incorporated into lipid matrix, 
and controlled or sustained drug release can be 
achieved with the prolonged gastric residence of the 
drug. In addition, it prevents biochemical and enzy-
matic degradation of the drug in the GIT [87, 88].

Challenges associated with oral drug delivery and 
NLCs role in overcoming these barriers

Almost more than 60% of drugs that come into the 
market are available and are administered via the oral 
route. The drug absorption in GIT is based on physi-
ological and anatomical barriers such as chemical and 
enzymatic barriers, permeability-related barriers like 
intestinal epithelium, and mucus layer. Oral delivery 
of many drugs is majorly affected by factors such as 
poor hydrophilicity and intrinsic dissolution rate.

Different drug delivery approaches were pro-
posed to overcome these barriers and to enhance 
oral absorption of many drugs. The approaches to 
overcome these barriers include use of permeation 
enhancers, modification of drugs and GI transit time, 
prevention of drug degradation by first-pass metabo-
lism, utilization of enzyme inhibitors, and develop-
ment of new DDS such as NLCs. Luminal and prote-
olytic drug degradation of drugs can be prevented by 
designing targeted NLCs based DDS that can release 
drug at site of GIT where proteolytic activity is less 
which thereby enhances drug absorption and bio-
availability [89].

The wide pH range of the gastrointestinal tract is 
one of the concerns for the chemical and physical 
stability of nanocarriers. In the stomach, more acidic 
conditions are found around pH 1–2.5, whereas in 
the colon pH conditions are found in the range of 
7–8. Many nanocarriers possess ionizable groups 
on their surface, so pH near to their isoelectric point 
will lower or remove their surface charge. GI flu-
ids contain different concentrations of electrolytes 
and salts which can show a negative surface charge 
on the nanocarriers. This causes destabilization that 
may result in their agglomeration in GI fluids. Gastric 
enzymes such as gelatinase or pepsin can also affect 
the stability of nanocarriers. Enzyme concentration is 
found to be higher in the duodenum due to the pres-
ence of biliary and pancreatic secretions that contain 
amylase, peptidase, and lipases [90]. The presence of 
lipases can help to digest lipid-based nanocarriers, 
leading to aggregation, solubilization, and precipita-
tion of nanocarriers [91].

Mucus forms a barrier for the penetration of many 
drugs from the lumen to epithelium due to its viscoe-
lastic and hydrogel-like structures. The two mucus 
layers that are the outer loosely adherent layer and the 
inner firm adherent layer restrict the penetration of 
various drugs. Goblet cells secrete mucus every 24–48 
h which prevents the adhesion of harmful bacteria and 
compounds. Mucus has a gel-like structure that helps 
to entrap foreign materials. It mainly consists of mucin 
and glycoproteins [92]. Other constituents of mucus 
include carbohydrates, proteins, lipids, salts, nucleic 
acids, and antibodies [85]. Hence, mucus creates and 
provides safe and nutrient-rich surroundings for bacte-
rial colonization and antibacterial drugs.

One of the critical biochemical barriers that affect 
the oral bioavailability of many drugs is pH and 
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enzymatic degradation. The enzymes present in GIT 
and acidic pH of stomach degrade almost 90–94% of 
drugs because of deamination, hydrolysis, or oxida-
tion [93]. In addition, digestive enzymes like pepsin 
are one of the challenges for oral drug delivery along 
with extremely acidic conditions of the stomach. The 
hydrophobic part of many drugs can be hydrolyzed 
by lipases present in the stomach. Digestive enzymes 
like chymotrypsin, carboxypeptidases, trypsins, and 
elastases which are present in high concentrations in 
the small intestine are also responsible for the diges-
tion of many drugs [92]. Thus, lipid nanocarrier-
based oral drug delivery is a difficult task as nano-
carriers have to overcome extreme GI conditions and 
other physical and chemical barriers. Other barriers 
include GI fluids which have variable pH values and 
contain that may affect the nanocarrier stability. Gut 
microflora present in the mucus layer limits intestinal 
residence time or entry of nanocarriers into the intes-
tinal epithelium leading to the efflux of drugs. This 
efflux of drugs results in low absorption of nanocar-
riers [90, 94]. If a proper study is conducted on these 
GI barriers and their interactions with nanocarriers, 
then these challenges can be converted into opportu-
nities and will also help to design nanocarrier-based 
drug delivery systems that will facilitate oral drug 
delivery by enhancing oral absorption and bioavail-
ability of poorly soluble drugs.

These challenges of the oral drug delivery can be 
effectively overcome by NLCs. For the absorption of 
any drug molecule by any mechanism, the required 
prerequisite is that the drug should be present in an 
aqueous solution. This fact is dependent on the drug’s 
aqueous solubility and rate of dissolution. Because of 
their increased specific surface area, lipid-based nan-
odrug delivery systems such as NLCs can enhance bio-
availability. In addition, they increase the amount of 
nutrients in systemic circulation via systemic and lym-
phatic transport. Therefore, NLCs are safe and promis-
ing nanocarrier drug delivery system for lipophilic and 
poorly soluble molecules in an aqueous solution. The 
two main steps that decide the oral absorption of drug 
molecules are the dissolution rate and penetration rate 
of drug molecules across the cell membrane [95].

The formulation has altered properties when the 
lipids along with surfactants and cosurfactants are for-
mulated as NLCs [96]. Alteration in the lipid’s physi-
cal state, interactions between molecules, and energy 
associated with lipids in the matrix and aqueous 

surfactant surrounding resulted in a change in the 
properties of NLCs. Drug-loaded NLCs can enhance 
bioavailability due to their nano-range particle size 
which in turn provide high surface area and energy 
required for the interaction between lipids-surfactant 
drug. Therefore, it can be concluded that small particle 
size can improve the bioavailability of drugs as well 
as the surface properties of NLCs significantly [97, 
98]. Shah et  al. formulated oral NLCs of raloxifene 
for enhancement of oral bioavailability. The pharma-
cokinetic study indicated increment bioavailability of 
raloxifene NLCs compared to drug suspension [107].

The oral pharmacokinetics can be assessed by 
different in  vitro assays as extensive preclinical 
in  vivo studies are time-consuming and costly. In 
addition, the in  vivo animal pharmacokinetic data 
obtained from the studies is not reliable to predict 
oral bioavailability in humans [108, 109]. The oral 
bioavailability of many drugs can be predicted 
using economical and more efficient in vitro assays. 
Different parameters such as dissolution, perme-
ability, solubility, and absorption can be assessed 
by in vitro assays. Different mechanistic approaches 
such as steady-state models, dynamic models, 
and quasi-equilibrium models are used to predict 
oral absorption. The dynamic models comprise of 
compartmental model and dispersion model. The 
steady-state models can only predict the extent 
of absorption, but not the rate of the absorption 
of the drug. The dynamic models are used for the 
prediction of the rate as well as the extent of oral 
drug absorption. The dynamic models can predict 
both the rate and extent of oral drug absorption 
[110–113]. In addition, dynamic models can assess 
plasma concentration-time drug profiles.

The pH-triggered release mechanisms are com-
monly utilized in oral delivery among many strategies 
for overcoming barriers. The pH-responsive NLCs 
for oral drug delivery have been shown to improve 
drug stability in the stomach and provide controlled 
release in the intestines [114]. In the acidic medium, 
pH-responsive NLCs undergo physical or chemical 
changes like dissociation or degradation, efficiently 
releasing the loaded drugs to achieve spatiotem-
poral control of targeted treatment [115–117]. The 
pH responsiveness of polymeric materials can be 
achieved by protonation of ionizable groups or acid 
hydrolysis of chemical bonds and conformation or 
chemical modifications [118]. The responsiveness of 
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pH-sensitive nanosystem may be attributed to hydro-
phobic contacts, hydrogen bonds, stacking, or ionic 
bonds in the nano-core at the molecular level [119]. 
pH-sensitive NLC systems frequently consist of a 
surface polymer with acid-sensitive linkages that dis-
sociate in response to ambient pH, resulting in tar-
geted therapeutic release at the target disease tissues. 
pH-sensitive NLCs containing a targeting moiety or 
ligand can attach to their target cell, causing inter-
nalization. pH-responsive NLCs can dissociate and 
deliver drugs when coming into contact with an acidic 
intracellular environment. Thus, pH-sensitive NLCs 
can be used to selectively deliver drugs to target cells 
rather than nontarget cells [120]. Using pH-responsive 
materials such as PEG-PTMBPE, PEG-PH-PLLA, 
or PIA-PEG-FA-PHI maintains structural stability of 
oral delivery system to release the drug in a relatively 
short time when entering the intestine. This decreases 
release of drug in gastric secretion and prevents drug 
deposition on intestinal epithelium [121]. Kim et  al. 
(2018) formulated RIPL peptide (IPLVVPLRRR RRR 
RRC)-conjugated NLCs for the selective drug delivery 
to hepsin (Hpn)-expressing cancer cells. pH-sensitive 
cleavable PEG (cPEG) was grafted onto RIPL-NLCs 
(cPEG-RIPL-NLCs) to attain steric stabilization. 
From the results, it was observed that PEG detachment 
from the cPEG-RIPL-NLCs was pH sensitive and 
time dependent. At 2-h incubation, cPEG-RIPL-NLCs 

and PEG-RIPL-NLCs exhibited comparable cellular 
uptake at pH 7.4, whereas cPEG-RIPL-NLC uptake 
was increased over twofold at pH 6.5 [122].

Mechanism of NLCs disposition

Many mechanisms were suggested for the disposition 
of NLCs. NLCs dispose of themselves inside the body 
by selective uptake through payer’s patches. As they 
pass through the GIT, NLCs undergo lipid digestion. 
Firstly, triglycerides present in NLCs are converted to 
monoglycerides and free fatty acids by duodenal pan-
creatic enzymes. The drug is released due to the break-
down of triglycerides and is then transported passively 
or actively by enterocytes or through the chylomicron-
mediated pathway they enter into lacteals [123]. Further 
bile salts present in the intestinal chime interact with 
the drug and broken fragments of triglycerides. This 
interaction leads to the formation of micelles that cross 
the aqueous mucin layer and reach intestinal absorp-
tive cells. Drugs, monoglycerides, and fatty acids come 
from these micelles. Further interaction between cho-
lesterol, phospholipids, and lipid constituents results in 
the encapsulation of drugs in chylomicrons. Then this 
chylomicron-encapsulated drug undergoes exocyto-
sis. Encapsulation of drugs with chylomicrons avoids 
first-pass metabolism by allowing the drug to enter 
through lacteals (Fig. 8) [10]. In the course of passage 

Fig. 8  Mechanism of 
disposition of NLCs
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through the digestive system, NLCs can bypass the 
digestion process and enter paracellularly into portal 
blood, thereby circumventing enzymatic degradation. 
NLCs can also enter lymphatic circulation with the 
help of M cells [52]. Hu et al. formulated lipid nano-
particles to find out the absorption mechanism of these 
nanoparticles in vivo using fluorescent probes, but no 
evidence was found regarding the nanoparticles absorp-
tion through the intestinal membrane [123]. However, it 
was observed that surface modification of nanoparticles 
facilitates cellular uptake of nanoparticles and over-
comes mucosal barriers [124, 125].

Role of NLCs in oral delivery of drugs

Poorly soluble drugs

Poorly soluble drugs with low bioavailability can be 
given by the oral route effectively by formulating them 
as NLCs. The NLCs are considered potential oral drug 
carriers because of their high dispersivity which shows 
a high specific surface area for the intestinal lipase 
enzymatic attack. Other advantages offered by NLCs 
include enhanced drug absorption and bioavailabil-
ity, improved drug entrapment, increased inclusion of 
drugs, high concentration of particles, and improved 
patient compliance [126]. NLCs possess an inherent 
GI solubilization property because of their transforma-
tion from crystalline form to amorphous form and abil-
ity to form mixed micelles in GI lumen (Fig.  9). The 
solubility of drugs also enhanced due to their property 

to combine with bile salts in GIT. In addition, NLCs use 
selective lymphatic transport for drugs showing exten-
sive first-pass metabolism [127]. Therefore, NLCs have 
been potentially employed to enhance the solubility 
of many hydrophobic drugs. Bacalin, a poorly soluble 
drug when formulated as NLC, demonstrated increased 
oral bioavailability compared to its suspension because 
of enhanced solubility [102]. A poorly soluble drug 
repaglinide when formulated as NLCs has shown better 
antidiabetic property compared to its conventional dos-
age form because of its better solubility and oral absorp-
tion [128]. Fenofibrate-loaded NLCs showed a fourfold 
increase in area under curve in rats when administered 
orally as well as a good solubility profile [105].

Restricted capacity of the process of biliary secretion 
emulsification

Gut enzymes degrade the lipids resulting in the for-
mation of surface-active monoglycerides and diglyc-
erides on the surface of NLCs. These molecules then 
separate and form micelles. During the separation and 
micelle formation process, the dissolved drug in the 
lipids is solubilized in the micelles. The formation of 
mixed micelles takes place when the previously formed 
micelles interact with surface-active bile salts like 
sodium cholate. Subsequently, along with the absorp-
tion of lipid degraded product, drug is absorbed together 
[129]. Simvastatin-loaded NLCs showed enhanced 
oral bioavailability due to the presence of solid and 
liquid lipids that are similar to fatty foods. This fatty 

Fig. 9  Mechanism of 
solubility enhancement by 
NLCs
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food induced bile secretion and the formation of mixed 
micelles by the interaction of drug-loaded NLCs with 
bile salts which facilitates entry of NLCs into lymphatic 
vessels. This further prevents the first-pass metabolism 
of drugs and promotes drug absorption [22].

Efflux transporters such as P‑glycoprotein

P-gp belongs to the ATP-binding cassette family, and its 
molecular weight is 170 kDa. It involves the transport of 
lipophilic, cationic, or neutral and high-molecular-weight 
compounds with no structural similarity [130]. P-gp is 
primarily found on the apical side of endothelial cells of 
the brain and epithelial cells of the liver, intestine, pan-
creas, and kidney [131, 132]. Lipids present in NLCs can 
modify the P-gp efflux process and thereby improve the 
pharmacokinetics of drugs to a large extent [133–136]. 
However, the mechanism involved in the inhibition of 
P-gp activity by these lipids is still unknown, but differ-
ent theories propose that these lipids inhibit P-gp activ-
ity by altering the integrity of the cell membrane; inter-
fering with the hydrolysis of ATP; blocking the binding 
sites allosterically, competitively, and non-competitively; 
and generating an ineffective cycle of ATP hydrolysis 
[137–139]. Saquinavir is a potential drug that shows P-gp 
efflux mechanism. When it is formulated as NLCs, the 
permeability of the drug is enhanced by 3.5-fold because 
of the prevention of P-gp efflux mechanism [140].

Extensive hepatic metabolism

NLCs can act as potential vehicles which are capable 
of safeguarding drugs from degradation because of 
hepatic metabolism during their transport across GIT. 
In the GIT, NLCs form mixed micelles by combining 
them with bile salts. Then they are selectively taken 
up in the lymphatic circulation, thereby bypassing the 
liver [22]. In addition, luminal solubilization of lipid-
digested products is facilitated by mixed micelles 
and is also responsible for developing the concentra-
tion gradient required for absorption. This potential 
of NLCs to prevent drugs from hepatic metabolism 
further enhances the bioavailability of drugs and 
reduces dosing frequency [23, 141]. The drug vin-
pocetine undergoes extensive first-pass metabolism 
which is the main cause of its low oral absorption. 
NLCs loaded with vinpocetine promote the lymphatic 
uptake of drugs by preventing their hepatic degrada-
tion, thereby enhancing drug absorption [23].

Absorption of drugs through NLCs

Different mechanisms have been proposed for improv-
ing the absorption of drugs. NLCs can adhere to the 
epithelium and thereby reduce fasted and fed state 
variability. Lipids enhance the absorption of drugs in 
a stepwise manner. Lipids are degraded by enzymes 
present in the gut resulting in the formation of mixed 
micelles together with bile salts. Within the micelle, 
the drug is entrapped and absorbed. The intestine 
takes up NLCs in a specific form and then transfers 
them to different organs of the lymphatic system in 
the body (Fig. 10) [23, 142]. The mechanism of this 
uptake can be uptake by M cells in the gut and inter-
cellular or paracellular uptake [143]. In addition, this 
mechanism prevents hepatic metabolism by directing 
drugs to lymphatic absorption, thereby enhancing the 
bioavailability of drugs showing extensive hepatic 
metabolism [41]. Yu et al. developed sirolimus lipid-
based nanostructured lipid carriers for improved oral 
bioavailability. It was observed that oral bioavailabil-
ity of sirolimus NLCs in beagle dogs was 1.81-folds 
that of the commercial sirolimus tablets [144].

Bioavailability enhancement

NLCs have great potential for improving the bioavail-
ability of many drugs. Different mechanisms have 
been put forward to attain increased oral bioavail-
ability of various drugs by NLCs. To a large extent, 
NLCs can modify P-gp-mediated efflux mechanism 
and thereby improve the pharmacokinetics of drugs 
[145]. After oral administration, the hydrophobic 
drugs are absorbed and diffuse across enterocytes of 
the intestine. There they combine with lipoproteins 

Fig. 10  Mechanism of absorption of drugs through NLCs
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of enterocytes, leading to the secretion of the chy-
lomicron-associated drug from the enterocyte to the 
lymphatic circulation rather than portal circulation 
which prevents first-pass metabolism by the liver 
[146]. Hence, the transport via the lymphatic route 
significantly improves oral bioavailability of drugs 
that are extensively metabolized by the liver [147, 
148]. Kaithwas et al. developed NLCs of olmesartan 
with improved oral bioavailability. Compared to free 
drug, NLCs showed enhanced in vitro cellular when 
incubated with Caco-2 cells. AUC total and  Cmax of 
OLM-NLC were observed to be significantly higher 
as compared to the free drug [149]. Nanocrystals can 
also improve solubility and bioavailability of water 
insoluble drugs by decreasing particle size of drug 
and thereby increasing the particle surface area and 
dissolution. But NLCs are more preferred over the 
nanocrystals as invisibility of nanocrystals avoid their 
identification by phagocytic system and eliminate 
them quickly [150]. Recent NLC formulation stud-
ies carried out to enhance oral bioavailability of lipo-
philic drugs have been shown in Table 4.

Toxicity aspects of NLCs

Normally, lipidic nanocarriers decrease risk of acute 
and chronic toxicity because they are well absorbed 
in the body and are composed of physiological com-
pounds that lead to metabolic pathways [155, 156] 
and lower the toxicity profile of surfactants [157]. 

NLCs formulated with lipids and surfactants did not 
show cytotoxicity up to a 2.5% concentration of lipid 
[158]. However, toxicity of NLCs has not yet been 
reported. NLCs are formulated by using biodegrad-
able and biocompatible lipids, therefore considered 
safe nanocarriers. In addition, they are well tolerated 
in in vivo and in vitro cytotoxicity studies. Compared 
to emulsions, NLCs contain low amount of sur-
factants which increases the safety profile of NLCs. 
Rahman et  al. carried out oral toxicity studies of 
Zerumbone-loaded NLCs on mice [159]. No signs of 
toxicity in the liver, kidney, and lungs were observed 
after histopathological study [160].

Clinical trial approaches

Though NLCs show good ability to deliver drugs by 
oral route, still more preclinical and clinical studies 
are required. Hence, clinical trials need to be con-
ducted with proper ethical guidelines. This might be 
because of insufficient research on the safety of NLCs 
as drug carriers. Lovastatin is used for the treatment 
of hypercholesterolemia. Lovastatin-loaded NLCs 
showed improved stability and clinical efficacy [161]. 
Therefore, NLCs should be further investigated for 
pharmacokinetic, pharmacodynamic, and toxicity 
studies. In addition, to ensure their safety, applica-
tions of NLCs should also be clinically investigated. 
Recent patents on NLCs formulations are shown in 
Table 5.

Table 4  Recent NLCs formulation studies carried out to enhance oral bioavailability of lipophilic drugs

Author Active ingredient Outcome of the study References

Jawahar et al. Olanzapine In vivo pharmacokinetic studies showed enhanced oral bioavailability (5-folds) 
compared to drug suspension

[151]

Zhang et al. Tilmicosin NLCs were transported across Caco-2 cell monolayers in the intact form to the 
basolateral side indicating that TMS-NLCs escape lysosome degradation. 
Results indicated that NLCs improved solubility, permeability, and oral bioavail-
ability of tilmicosin

[60]

Thi et al. Zaltoprofen The zaltoprofen NLCs were formulated to increase its oral bioavailability. The 
suitable optimization technique was used to formulate NLCs. In vivo phar-
macokinetic study showed improved oral bioavailability of zaltoprofen NLCs 
compared to its suspension

[152]

Cirri et al. Hydrochlorothiazide The hydrochlorothiazide NLCs were formulated to increase its oral bioavailability. 
In vivo studies showed that NLCs demonstrated better diuretic effect in rats. The 
satisfactory stability was observed in hydrochlorothiazide NLCs

[153]

Moraes et al. Doxorubicin In vitro release studies, mimicking the path in the body after oral administration, 
show that all formulations would reach the tumor microenvironment bearing 
50% of the encapsulated doxorubicin

[154]
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Conclusion

Oral drug delivery has come a long way from sim-
ple formulation to a novel nanotechnology-based 
formulation. Drug delivery by oral route offers many 
advantages like economic, self-administration, better 
patient compliance, and a painless route of admin-
istration. With a better understanding of gastroin-
testinal barriers, we can target many drugs by oral 
route in case of chronic diseases that require long 
treatment durations. Therefore, nanotechnology-
based NLCs have been evolved to achieve oral drug 
delivery and to minimize drawbacks associated with 
SLNs. The main objective behind designing NLCs 
is to develop physically and chemically stable drug 
nanocarriers that will have potential marketability. 
NLCs have proven their potential to be given by oral 
route as they improve the bioavailability of many 
drugs and bypass first-pass metabolism. Compared 
to SLNs, NLCs show high drug payload capacity, 
less drug leakage, and more stability. Lipids used in 
the formulation of NLCs are biocompatible and bio-
degradable; therefore, they show a low toxicity pro-
file. In addition, the drug efflux mechanism of NLCs 
helps in enhancing oral drug absorption by increas-
ing intestinal transit time. Thus, NLCs can offer 
a promising future for oral delivery of lipophilic, 
poorly soluble drugs.

Current and future prospects

Many studies were carried out on NLCs since past 
few years. The improved knowledge about the mecha-
nism for the transport of NLCs by oral route lead to 
increased development of the NLCs. NLCs are one of 
the better carriers for the drug delivery because of the 
presence of biocompatible and biodegradable lipids. 
In future, NLCs can be the efficient oral DDS for the 
poorly water-soluble drugs. Therefore, preclinical and 
clinical studies need to be conducted to target the oral 
drug delivery.
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