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Abstract 

Notwithstanding the physiological hurdles in the gastrointestinal 

tract, enteral delivery is the most practical route of drug 

administration. Lipid-based formulations known as nanostructured 

lipid carriers (NLCs) have received much research as drug-delivery 

nanovesicles. Due to their superior physical stability, 

biocompatibility, and enhanced drug-loading capacity, NLCs are 

preferred over other conventional lipidic nano-formulations, such as 

liposomes, solid lipid nanoparticles (SLNs), and nanoemulsions. 

NLCs are considered a promising strategy for oral bioavailability 

(BAV) enhancement of drugs; this could be due to the benefits of 

nanomaterials as well as the properties of the lipidic composition of 

the vesicles, which prevent enzyme degradation, mask unpleasant 

taste, and being favorably taken up to the lymphatic system through 

chylomicrons. This review particularly emphasizes their 

applications as oral drug delivery systems; this review discusses the 

most recent developments in using NLCs as nanocarriers and their 

composition, preparation, and characterization techniques. 

Keywords: Nanostructured lipid carriers; preparation; 

characterization; oral drug delivery; applications.  

 

1. Introduction  

The oral route is the most preferred medication 

absorption choice because it is convenient for 

administration, making the patients more compliant, 

non-sophisticated to use, and the safest method of 

drug delivery. Additionally, it gives systemic effects 

via intestinal absorption, making it the preferred 

route of administration for common therapeutics, 

including antidiabetics, antihypertensives, and 

anticancer drugs (Yasir & Asif, 2010). However,  

 

 the oral route suffers from drawbacks such as slow 

onset of action and low bioavailability. Also, the 

physiochemical properties of medications with low 

solubility or low permeability in the 

gastrointestinal tract (GIT) hinder absorption, 

resulting in inappropriate therapeutic action at the 

targeted site (Stillhart et al., 2020). Therefore, it is 

essential to consider the factors above to provide 

adequate therapeutic effects and increase the 

bioavailability of orally administered drug carriers.  

Lipid-based nanoparticles, which are classified as  
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liposomes, nanoemulsions, solid lipid nanoparticles 

(SLNs), as well as nanostructured lipid carriers 

(NLCs), are thought to have more advantages over 

other nanoparticles because they can be prepared 

without organic solvents and can withstand 

preparation conditions (Doktorovova et al., 2014; 

Samimi et al., 2019). The first generation of lipid 

nanoparticles, SLNs, was introduced in the 1900s. 

They are composed of water-dispersed solid lipids 

and stabilized using surfactants or co-surfactants, 

giving nanosized vesicles incorporating the drugs 

(Pardeike et al., 2009). Being biocompatible and 

easy to scale up while preserving low production 

cost, SLNs gained more attention than other lipid-

based nanocarriers (Khosa et al., 2018; Samimi et 

al., 2019). Unfortunately, this carrier is limited by 

the crystalline nature of its solid lipids at room 

temperature. Also, the rearrangement of the 

crystalline structure upon storage leads to leakage 

of an incorporated drug and particle aggregation 

(Mehnert & Mäder, 2012; Weber et al., 2014).  

Further research to address these SLNs 

shortcomings eventually resulted in the 

development of the NLCs, the next generation of 

lipid-based nanoparticles. NLCs share a crucial 

character with SLNs, a colloidal arrangement of 

water-dispersed lipids with the assistance of 

emulsifiers. NLCs differ from SLNs in that liquid 

lipids replace a portion of the solid lipids; thus, the 

resulting mixture would be in an amorphous liquid  

 This review discusses the novel lipid-based crystal 

form in the room and at physiological temperatures 

(Li et al., 2017). Additionally, these liquid lipids 

disrupt the lattice's structure and form imperfect 

architecture. This eventually increases the 

percentage of drugs loaded in NLCs compared to 

SLNs (H. Muller et al., 2011). Also, the formed 

lipid matrix will hinder solid lipids' 

recrystallization, making the system more stable 

during storage and decreasing the amount of drug 

extruded (S. Khan et al., 2015).nanoparticles, and 

nanostructured lipid carriers, focusing on their use 

as an oral drug delivery system. The classification, 

composition, and fabrication methods of NLCs are 

highlighted and discussed. The characterization of 

NLCs with focused attention to the formulation 

parameters effects on the developed nanocarriers is 

also emphasized. 

 

Composition and Classification of NLCs 

Diverse solid lipids (SL), liquid lipids (LL), and 

surfactants are blended in particular proportions 

and dispersed in aqueous solutions to form NLCs. 

When drug molecules are incorporated into NLCs, 

the selected components must be biocompatible, 

non-toxic, and appropriate for systemic 

administration (Khosa et al., 2018). Examples of 

LL, SL, and surfactants utilized in developing 

NLCs are listed in Table 1. 

 

 

 

 

Figure 1. Different types of NLCs. (A) Imperfect; (B) amorphous; and (C) oil-in-fat-in-water (Haider et al., 

2020) 
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Table 1. Ingredients used in the development of NLCs 

 

 

According to the formulation characteristics and the 

nature of lipid composition, NLCs can be divided, 

as displayed in Figure 1, into three groups: 

imperfect, amorphous, and multiple structures. The 

imperfect NLCs are created by combining lipids 

made up of different fatty acids or carbon chains 

with different lengths and saturations, thus, 

resulting in imperfections in the crystal lattice and, 

subsequently, accommodation of lipid-soluble drugs 

(Müller et al., 2002). Regarding the amorphous 

type, mixing LL with SL, which forms amorphous 

composition, results in a non-crystalline 

structureless matrix and minimizes drug expulsion. 

Multiple NLCs are composed of multiple LL nano-

compartments enclosed in a matrix of SL in the 

form of oil in fat in water forms.  

 

 
These LL nano-compartments increase the percent 

of lipophilic drug encapsulated due to the higher 

solubility of lipid-soluble drugs in LL than SL. 

Furthermore, the solid matrix surrounding the 

nanovesicles functions as a barrier against drug 

expulsion and controls drug release (Haider et al., 

2020). 

 

Methods of Preparation of NLCs 

Techniques utilized in NLCs preparation could be 

classified into three major categories: high energy, 

low energy, and organic solvents approaches. 

Figure 2 displays the most widely used techniques 

for preparing NLCs, and critical aspects of selected 

techniques are discussed below.  
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Figure 2. Methods of preparation of NLCs. (a) Hot homogenization technique, (b) cold homogenization 

technique, (c) phase inversion temperature (PIT) technique, (d) coacervation technique, (e) supercritical fluid 

(SCF) technique, (f) high shear homogenization/ultrasonication technique, (g) double emulsion technique, (h) 

microemulsion technique, (i) membrane contactor technique, (j) emulsification–solvent evaporation 

technique, (k) emulsification solvent diffusion technique, and (l) solvent injection technique (Javed et al., 

2022). 

High-energy approaches 

High-pressure homogenization (HPH) technique 

HPH method is still one of the most popular NLCs 

preparation methods because it requires less time to 

produce than other methods, scales up more 

quickly, and does not use solvents (Cirri et al., 

2018). HPH technique is classified into both hot and 

cold protocols. In the heated HPH procedure, solid 

lipids are first melted, then combined with liquid 

 
added to the mixture to form a pre-emulsion 

homogenized at high temperatures, yielding NLCs. 

On the other hand, in cold HPH, the lipid mixture 

is mixed, after melting, to form a dispersion of 

microparticles; a cold surfactant solution is mixed 

with the formed dispersion to give pre-suspension. 

Finally, the pre-suspension is homogenized at room 

temperature to give NLCs (Carvajal-Vidal et al., 
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lipids and drugs. Hot aqueous surfactant solution is  

 

2019). 

Melt emulsification homogenization technique. 

This technique uses a probe sonication method to 

disperse SL, LL, and the drug into an aqueous 

surfactant solution. Solid NLCs are obtained when 

this mixture is cooled to a low temperature. This 

method's primary advantage is avoiding high 

temperatures (Javed et al., 2022). 

Low-energy approaches 

Microemulsion technique 
A thermodynamically stable transparent oil in water 

microemulsion is produced by melting the lipid 

carrier slightly beyond its melting point, then 

adding the drug, surfactant, and deionized water. 

The produced microemulsion is immediately 

dispersed in ice-cold water, and a gentle stirring is 

applied to yield NLCs dispersion (Mendes et al., 

2019). The main advantage of this method is the 

simplicity in production, while the drawbacks are 

the high amount of surfactants and co-surfactants 

utilized (Joshi & Patravale, 2008).   

Membrane contractor technique 
Little droplets are formed when a lipid is carried 

through a membrane's pores at a pressure stabilizing 

the system's temperature above the lipid's melting 

point. These droplets are swept along the aqueous 

phase when cycled through the membrane. NLC are 

formed when the resultant preparation cooled down 

to ambient temperature. Factors influencing the 

particle size of the produced NLCs include the 

aqueous phase's flow rate, the temperature of 

different phases, lipid phase pressure, and 

membrane pore size (Charcosset et al., 2005). 

Approaches with organic solvents 

Solvent emulsification evaporation technique 

Chloroform or cyclohexane, as water-immiscible 

organic solvents, are used to dissolve the lipid, 

emulsified in an aqueous surfactant phase using 

continuous stirring until the production of O/W 

emulsion. At decreasing pressure, lipid precipitation 

occurs as a result of solvent evaporation. The use of 

organic solvent is a significant drawback; however, 

this technique eliminates the heat stress (Vitorino et 

al., 2014). 

Supercritical fluid technique 

With this method, the medication and lipid material 

are dissolved in an organic solvent, like chloroform, 

with the help of a suitable surfactant, creating an 

organic solution. The aqueous phase is mixed with 

this organic solution, and the resultant mixture is 

homogenized under high pressure to create an O/W 

emulsion. With a constant flow rate, this emulsion 

is then introduced to the extraction column at one 

end while the supercritical fluid is injected from the  

 
other. The process is continued until the complete 

extraction of solvent occurs, and NLCs are 

produced (Li et al., 2017). 

Characterization of Drug-Loaded NLCs 

Particle Size and Morphology 

The range of size distribution and particle size 

significantly impacts NLC stability. Narrow-

distributed small particles are more stable, have 

less tendency to aggregate, and are more physically 

stable during storage. Additionally, particle 

solubility, release rate, and biocompatibility are 

affected by particle size. Generally, the particle size 

of NLCs ranges from 10 nm to 1000 nm. In order 

to enhance cellular uptake of chemotherapeutics-

loaded NLCs, a range of 50-300 nm is usually 

targeted, while sizes above 300 nm are utilized for 

intestinal drug delivery to give sustained release 

(Üner, 2015). 

Their shape affects the drug loading, entrapment 

efficiency, cellular uptake, and targeting potential 

of NLCs (Truong et al., 2014). Studies of the 

shapes of NLCs, utilizing transmission electron 

microscope (TEM) or scanning electron 

microscope (SEM), revealed that spherical NLCs 

have a lower surface area in comparison with 

anisometric particles that need higher surfactants 

concentration for stability (Tamjidi et al., 2013). 

Surface Charge 

The surface charge provides crucial information 

about the dispersion of NLCs, particle aggregation, 

and long-term stability. Zeta potential (ZP) is the 

parameter used to measure the surface charge of 

the particles. ZP depends on the ionic strength of 

ions that surround the NLCs, their type, and the 

medium's pH (Xu, 2008). Decreased particle 

aggregation and increased electrostatic repulsion 

results from greater surface charge. Generally, a ZP 

of ±20 mV or more is required to give stable NLCs 

dispersion (Gonzalez-Mira et al., 2010). 

Degree of Crystallinity 

The effectiveness of therapeutic drug encapsulation 

and the rate of release from NLCs are substantially 

impacted by the crystal lattice's structure and the 

condition of its lipid composition. Generally, the 

entrapment of drugs is enhanced by the defects in 

the NLC crystal lattice. Differential scanning 

calorimetry (DSC) can be applied to investigate the 

condition of the lipid components because different 

lipids have varying melting points and melting 

enthalpies (Sanjula et al., 2009). Storage time, 

amount of drug encapsulated, and the formulation 

viscosity significantly affect the NLCs crystallinity.  
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Due to improved drug entrapment and housing in 

the lipid matrix, employing SL with many crystal 

lattice defects can increase drug encapsulation and 

chemical stability in NLCs (Teeranachaideekul et 

al., 2007). 

Entrapment Efficiency Percentage (EE %) 

It is crucial to measure the amount of drug 

encapsulated within the NLCs. EE% can be 

measured either directly by measuring the entrapped 

drug in the NLC dispersion or indirectly by 

measuring the difference between total added and 

un-entrapped free drugs. The rate of drug release 

and concentration gradient is affected by the EE%. 

Generally, if the entrapped drug is more than 60% 

of the total added drug, a successful preparation 

technique was utilized in developing the NLCs 

(Jiang et al., 2015).  

Stability 

Encapsulating therapeutic moieties in NLCs 

enhances their physical as well as chemical 

stability. Drug-loaded NLCs' stability is affected by 

storage pH and temperature. A study of quercetin-

loaded NLCs revealed that a low temperature of 4 

°C results in a stable system for 28 days, while a 

temperature of 22 °C reduces this time to only ten 

days. This could be because increasing temperature 

resulted in hydrogen bond breakage of the 

surfactant molecules at the lipid-water interface 

(Lee & Koo, 2005). Also, the ZP of particles was 

decreased upon storage at 22 °C for a long duration; 

thus, aggregation and agglomeration of the particles 

occurred (Chen et al., 2015).  

Drug Release from NLCs 

The analysis of drug molecule release from NLCs in 

vitro can be used to forecast how well they will 

perform in vivo. The dialysis method is typically 

used to determine the total amount of therapeutic 

agent released from NLCs. Briefly, NLCs loaded 

with the drug are placed in appropriate dialysis 

bags, then immersed in a phosphate buffer while 

shaking at 37 °C. At pre-determined time intervals, 

samples from the release media are withdrawn and 

replaced by the new buffer solution. Sink conditions 

are achieved by keeping a suitable temperature and 

constant stirring rate (Y. P. Fang et al., 2011).  

Several investigations have demonstrated that a 

biphasic pattern of drug release from NLCs, which 

involves an initial burst release behavior of the 

loaded medication followed by a sustained release 

phase, is usually observed. The accumulation of the 

drug molecules in the outer layer of NLCs is 

responsible for this initial burst release. This 

accumulation is due to lipid crystallization which 

results in phase separation and subsequently causes  

 fast drug release. On the other hand, the drug 

entrapped in the NLCs' core is the reason for the 

sustained slow-release phase, either by diffusion of 

the drug molecules or erosion of the lipid matrix 

(Fang et al., 2012).  

 

Applications of NLCs through oral 

administration 

During oral delivery, NLCs must maintain stability 

while being affected by the saliva, gastric juice, 

stomach movement, bowel peristalsis, mucus layer, 

and the small intestine's villi. Numerous studies 

were carried out to explore the drug absorption 

mechanism and drug transport to reach blood 

circulation through the gastrointestinal tract (GIT). 

As displayed in Figure 3, multiple pathways are 

supposed to initiate drug absorption from NLCs, 

including paracellular, transcellular, and lymphatic 

uptake (Nguyen et al., 2022). NLCs have been used 

successfully to enhance the efficacy of drug 

molecules locally in the GIT and systemically at 

targeting sites, including the liver, brain, cancer 

cells, etc.  

Site-specific NLCs for gastrointestinal tract 

Numerous types of research were done to 

investigate and characterize NLCs, whether 

surface-modified or not, encapsulating medicines 

for GIT-related inflammation. One of the 

physiological factors that influence the 

physicochemical characteristics of the active drug 

is the pH variation along the GIT. This factor can 

be utilized in developing pH-dependent controlled 

drug delivery systems, which means a drug release 

at specific pH. Eudragit S-100 is a polymer applied 

for delayed release polymer and colon targeting 

approaches, with a pH of more than 7. A potential 

targeted system for colon cancer treatment with 5-

Fluorouracil was developed utilizing Eudragit S-

100. The in-vivo pharmacokinetic (PK), study of 

the drug, following oral administration to mice 

revealed that PK parameters such as maximum 

plasma drug concentration (Cmax) and area under 

the curve (AUC) were increased by 2.54- and 11-

folds, respectively, compared to drug solution. 

Additionally, mean residence time (MRT) and time 

to reach maximum concentration (Tmax) were 

prolonged by 4.32- and 16-fold, respectively, 

compared with the drug solution. These results led 

to the confirmation of better bioavailability as well 

as the delayed release of the drug in the colon 

(Sinhmar et al., 2018). 
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Figure 3. Absorption pathways of NLCs through the intestinal wall (Nguyen et al., 2022) 

Site-specific NLCs for gastrointestinal tract 

Numerous types of research were done to 

investigate and characterize NLCs, whether surface-

modified or not, encapsulating medicines for GIT-

related inflammation. One of the physiological 

factors that influence the physicochemical 

characteristics of the active drug is the pH variation 

along the GIT. This factor can be utilized in 

developing pH-dependent controlled drug delivery 

systems, which means a drug release at specific pH. 

Eudragit S-100 is a polymer applied for delayed 

release polymer and colon targeting approaches, 

with a pH of more than 7. A potential targeted 

system for colon cancer treatment with 5-

Fluorouracil was developed utilizing Eudragit S-

100. The in-vivo pharmacokinetic (PK), study of 

the drug, following oral administration to mice 

revealed that PK parameters such as maximum 

plasma drug concentration (Cmax) and area under 

the curve (AUC) were increased by 2.54- and 11-

folds, respectively, compared to drug solution. 

Additionally, mean residence time (MRT) and time 

to reach maximum concentration (Tmax) were 

prolonged by 4.32- and 16-fold, respectively, 

compared with the drug solution. These results led 

to the confirmation of better bioavailability as well 

as the delayed release of the drug in the colon 

(Sinhmar et al., 2018). 

NLCs for bioavailability enhancement through 

oral administration 

Oral delivery of drugs is hindered by the nature of 

various GIT barriers and the poor physicochemical 

properties of the drug. NLCs are confirmed to be  

 one of the leading drug carriers that are applied for 

enhanced oral bioavailability. Various poorly 

bioavailable drugs were successfully incorporated 

into NLC carriers, which enhanced their oral BAV. 

Accordingly, incorporating nimodipine in an NLC 

carrier enhanced oral absorption and BAV by 

160% compared to plain drugs (Q. Wang et al., 

2013). Similarly, the oral BAV of the poorly water-

soluble anticoagulant drug, apixaban, was 

enhanced utilizing NLC technology. The AUC and 

Cmax of the drug-loaded NLCs were found to be 

increased by 8- and 2.67-folds, respectively, 

relative to oral apixaban suspension (Zaky et al., 

2022). Furthermore, candesartan-loaded NLCs 

were developed by Anwar et al. and proved to be 

better absorbed from the intestine in which the 

enterocytes successfully internalized the drug-

loaded NLCs, which was evidenced by Caco-2 

cells uptake study (Arpagaus et al., 2018). Other 

researchers reported that incorporating drugs in 

NLCs enhanced their oral BAV and prolonged the 

drug release; this was apparent in a study of 

biochanin A- loaded NLCs (Anwar et al., 2020).  

Liver-targeting NLCs through oral administration 

Viruses, medications or poisons, cancer, and 

genetic factors are the leading causes of hepatic 

disorders, which are currently incurable diseases. 

Contrarily, the liver's metabolism occasionally 

interferes with drug treatment effectiveness and 

even sets off a worst-case scenario for the liver. In 

this case, therapeutic efficacy should be increased  
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through drug-loaded NLCs. For instance, adefovir 

dipivoxil NLCs, reported to have more excellent 

absorption by the liver, could prevent hepatic 

infection. It was proved that high hepatic uptake of 

the drug-loaded NLCs occurred compared to a 

control group. This indicates successful liver 

targeting through intestinal absorption of the 

nanocarrier (Hu et al., 2021). 

 

Brain-targeting NLCs through oral administration 

Drugs are typically prevented from reaching their 

targeted sites inside the brain due to the presence of 

the blood-brain barrier, which results in poor 

delivery to the brain of orally administered drugs. 

Nonetheless, proper research on NLCs suggested 

outcomes that overcame these obstacles. Several 

incorporations were developed to research brain 

disorders with positive outcomes for novel 

therapies. Examples are temazepam-loaded NLCs 

for the management of insomnia (Eleraky et al., 

2020), atazanavir NLCs for AIDS (S. A. Khan et 

al., 2020), and lopinavir-loaded NLCs for the 

treatment of HIV-related neurocognitive disease 

(Garg et al., 2019). All the studies showed enhanced 

brain uptake of the drugs by 3.4-, 10-, and 2.8-folds 

for temazepam, atazanavir, and lopinavir NLC 

nanovesicles, respectively, compared to drug 

suspensions.  

NLCs for cancer treatment through oral 

administration 

Some chemotherapeutic agents were incorporated 

into NLC carriers with proven enhanced anticancer 

activity in a study by Rahman et. Al., zerumbone, 

an antileukemic agent, was successfully 

incorporated into NLCs with enhanced efficacy in 

the murine leukemia model (Nguyen et al., 2022). 

In another study, in middle-aged men, NLC vesicles 

loaded with auraptene was effective against benign 

prostatic hyperplasia, induced by testosterone 

(Almukadi et al., 2021).  

 

Future perspectives 

NLCs have been found to increase the therapeutic 

potency of various oral bioactive substances, 

including site-specific treatment and biodistribution 

rearrangement, which results in organ targeting for 

the liver, brain, etc. The NLCs system might be 

improved to include active or passive targeting and 

imaging (Zhu et al., 2018). Functionalizing NLCs 

could be applied to suppress drug resistance by 

targeting the site of action and by engineering 

imaging markers used to diagnose critical diseases 

(Muntoni et al., 2021). Furthermore, magnetic 

NLCs can be utilized for controlled drug delivery as  

 a triggering factor. Thus, functionalizing NLC 

carriers could be a promising method for disease 

diagnosis, treatment, and in vivo drug distribution 

observation. 

Conclusion 
To sum up, NLCs are a promising alternative to 

other enteral drug delivery technologies, to sum up. 

NLCs have unique qualities that help them 

overcome the drawbacks of oral administration, 

including lipid nature, protection from pH and 

enzyme activity, enhancement of absorption from 

the GI tract through intestinal lymphatic 

transportation, and improved bioavailability and 

biocompatibility of drugs. Moreover, NLCs have 

the advantages of nanomaterials, including a 

flexible structure appropriate for encapsulating 

hydrophobic chemicals and maintaining reasonable 

hydrophilic compound retention via polymer 

blending or hydrophobic ion pairing. Various 

bioactive substances have been loaded into NLCs 

as single or multiple molecules for oral treatments. 

Additionally, site-specific NLCs for the primary 

treatment of colon and gastric diseases, and 

systematic delivery that increases drug 

bioavailability for the treatment of thrombosis, 

hypertension, etc., as well as the potential to deliver 

therapeutic agents to the targeted organs like the 

brain, liver, and cancer tumors, have been 

developed. Studies have demonstrated that, in the 

future, with more advanced technology in 

production and evaluation for industrial 

applications, oral NLCs will shine even brighter in 

various applications, notably for chronic diseases. 
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