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ABSTRACT -- Nanoparticles have shown overall beneficial effects in drug administration. Specifically, solid 

lipid nanoparticles (SLN) have emerged as an alternative to polymer-based systems. However, the oral 

administration of SLN, the first choice for conventional medications, has not been addressed due to the taboo 

surrounding the complicated transit that this delivery route entails. This review focuses on the encapsulation of 

drugs into SLN as a strategy for improving oral administration. Examples of applications of SLN to enhance the 

absorption and bioavailability of poorly-soluble drugs and protect acid-labile active molecules are discussed. This 

work also emphasizes the importance of developing SLN-based systems to treat health issues such as neurological 

diseases and cancer, and combat antibiotic resistance, three significant and increasingly common current public 

health problems. The review sections clarify how SLN can improve bioavailability, target therapeutic agents, and 

reduce side effects. 

 

  

INTRODUCTION 

 

Over the years, lipids have been used as excipients in 

numerous pharmaceutical formulations, such as 

suppositories, ointments, and emulsions, and more 

recently as raw materials for nanosized drug carriers.  

The emulsions are versatile systems that can deliver 

oil-soluble agents over various routes. They consist 

of dispersions of a liquid lipid material into an 

aqueous phase (in the case of O/W emulsions), but 

drawbacks of these systems include rapid drug 

release, instability processes, and oxidation. In the 

1990s, a novel drug carrier type was developeded to 

resolve the issues associated with conventional 

emulsions, namely, solid lipid nanoparticles (SLN). 

These are dispersions of submicron-sized particles 

composed of a solid lipid matrix that is solid at body 

and room temperature, stabilized by a surfactant 

(1,2). The nano-size range (100-1000 nm) of SLN 

facilitates their characteristic properties compared to 

larger particles. Also, tunable physiochemical 

properties are possible due to the large surface-

volume ratio resulting from the nano-size (3). 

 Since then, several studies have revealed and 

confirmed the advantages of SLN, especially low 

toxicity, efficient drug targeting, controlled drug 

release, high drug loading (especially for lipophilic 

drugs), protection from degradation, versatility –

since both lipophilic and hydrophilic drugs can be 

incorporated – and occlusive properties (2,4,5). One 

of the main applications of SLN has consisted in 

enhancing the absorption and bioavailability of 

poorly-soluble drugs (6–9). However, many 

pharmaceutical dosages today still present intra- and 

interpatient variability and low bioavailability, which 

means low efficiency. This is particularly true for 

antibiotics, brain treatments, and anticancer drugs, all 
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of which can benefit from the significant advantages 

of using SLN as  drug carriers.  

 Acid labile or poorly-soluble antibiotics make 

it necessary to introduce the active agent into the 

body through a pathway distinct from the oral route; 

intravenously, for example. However, economic 

pressures to provide optimal care at lower cost and 

other considerations for parenteral products are 

fomenting the development of novel strategies to 

increase the effectiveness of the oral route. 

Neurological diseases are a significant, growing 

public health problem, but the efficacy of treatments 

based on existing drugs is relatively low, and many 

therapies have significant side effects or require 

highly invasive procedures. According to the World 

Health Organization (WHO), cancer is a leading 

cause of morbidity and mortality worldwide. In 2012 

alone, 14 million new cases were diagnosed, and this 

number is expected to increase by about 70% over 

the next two decades (10). Cancer represents a group 

of diseases characterized by abnormal, uncontrolled 

cell growth that can affect any part of the body. 

While treatment efficiency has improved, anti-cancer 

drugs lack tumor-tissue selectivity, often producing 

severe side effects. SLN offers an alternative for 

improving the oral bioavailability of medicines for 

neurological and cancer patients. 
 This article analyzes information regarding the 

general advantages of SLN, such as increasing the 

bioavailability of poorly-soluble drugs and 

protecting it against pH degradation in the 

gastrointestinal tract. In addition, essential 

applications of SLN in high-incidence diseases are 

identified with descriptions of how these 

nanocarriers can enhance treatment efficacy. This 

exhaustive review thus responds to the pressing need 

to address such key issues in modern medicine as 

neurological diseases, cancer, and antibiotic therapy. 

 

ENHANCING THE ORAL 

BIOAVAILABILITY OF POORLY-SOLUBLE 

DRUGS USING SLN 

 

SLN have been developed in recent decades as an 

important option for the delivery of many drugs 

because of the significant advantages they offer 

compared to earlier systems: first, improving in vitro 

and in vivo stability; second, reducing harmful side 

effects; and third, enhancing delivery to specific 

tissues or cells by combining with other molecules. 

Two issues that remain to be resolved in the use of 

SLN are achieving compatibility with the 

physiological environment and preventing 

interaction with the immune system that can lead to 

unspecific uptake. The drug route to reach the action 

site is challenging because it has to cross various 

physiological barriers. Poorly-soluble drugs 

administered orally must pass through the stomach to 

reach the lumen of the intestine, where they have to 

traverse both the mucus layer that coats the 

epithelium and the epithelium itself (11). 

 Several biopharmaceutical agents, including 

peptides and proteins, have low solubility, so they 

must be administered by injection or infusion. In this 

regard, the oral route has significant limitations 

because the drugs may be digested in the stomach or 

intestines, rendering them ineffective. SLN may 

constitute an option for the oral administration of 

poorly-soluble molecules by protecting the active 

ingredient, increase its stability, and, with adequate 

surface modification, conceal it from the immune 

system or target them to the desired tissue or cell, but 

this requires a thorough understanding of crucial 

features of the gastrointestinal tract. The villi that 

cover the intestinal epithelium increase the surface 

area available for absorption, calculated as 

approximately 400 m2. These villi are covered by 

absorptive enterocyte cells and mucus-secreting 

goblet cells that form lymphoid nodules with the 

follicle-associated epithelium, the Peyer’s patches. 

These, in turn, are coated with M cells whose role is 

to sample antigens. These cells provide less 

protection to the mucus and have high transcytotic 

activity, but their population is relatively low (<1%) 

and is not considered a major route for absorption. 

Finally, but also important, the lumen of the small 

intestine contains bile salts, pancreatic enzymes, and 

a thick mucus layer, all of which have a significant 

impact on drug bioavailability because permeability 

through the mucus can be low, or degradation may 

occur before absorption (12,13). So, what 

mechanisms exist to enhance the oral bioavailability 

of drugs when administered in an SLN formulation?  

 A first mechanism is the adhesion capacity of 

these lipid nanoparticles (14,15), which allows close 

contact with the gut wall and releases the drug at the 

intended absorption site. Lipids are also recognized 

as absorption-promoting agents for various 

molecules (16–18). A third feature is that SLN 

formulations can take a distinct route since they are 

composed of lipids that are very similar to 

physiological ones and so can be metabolized by 
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pancreatic lipases that release drug and degradation 

products (diglycerides and fatty acids). Diglycerides 

can form mixed micelles with bile salts containing 

the solubilized drug such that the body absorbs the 

lipids and drugs at the same time. This means that 

SLN can act as a kind of Trojan horse (19,20). On 

this route, both the lipids and the drug are easily 

absorbed via chylomicron formation, especially into 

the lymphatic system. This is advantageous because 

it avoids the first-pass effect (21). Studies have 

further demonstrated the importance of SLN uptake 

into enterocytes by the clathrin- and caveolae-

mediated endocytosis pathway because this allows 

drugs to reach systemic circulation via portal 

circulation and the intestinal lymphatic pathway 

(14,21). Finally, the mechanism involved in the 

phagocytosis of Peyer’s patches and other mucosa-

associated with lymphoid tissues via M cells has been 

proposed to explain the enhanced oral bioavailability 

of amphotericin B polymer lipid hybrid nanoparticles 

structured with lecithin and gelatin (22).  

 Figure 1 illustrates the possible mechanisms of 

intestinal absorption of SLN,  while the following 

paragraphs discuss some exciting approaches  that 

help drugs with low solubility or, in general, poor 

biopharmaceutical properties, and orally 

administered, to overcoming the physiological 

barriers. 

 

 
 
Figure 1. Routes by which solid lipid nanoparticles can 

deliver a drug across enterocytes. 

 

 A well-known example of bioavailability 

enhancement involves the drug cyclosporine A. 

Müller et al. (23) compared the performance of 

cyclosporine A-loaded SLN vs. nanocrystals formed 

with this drug, both of which were administered 

orally to pigs in order to obtain plasma profiles. The 

SLN presented low variations similar to the 

commercial reference presentation (Sandimmun 

Neoral/Optoral®) but no maximum initial blood 

peak, while the nanocrystals had variable, low blood 

concentrations. A comparison of the area under the 

curves of the formulations proved that SLN blood 

concentrations were below 1000 ng/mL, avoiding 

possible side effects. This study demonstrated that 

SLN could improve the oral bioavailability of 

cyclosporine and avoid the plasma peak of 

cyclosporine that occurs with the commercial 

Sandimmun® formulation.  

 The cholesterol-lowering but poorly water-

soluble drug simvastatin was encapsulated in SLN to 

improve its oral bioavailability because it undergoes 

extensive metabolism in the gastrointestinal tract and 

liver by the cytochrome 3A system. The authors 

designed two types of SLN with distinct components. 

Both formulations enhanced oral bioavailability 

(approximately 3- or 2-fold) compared to the free 

drug (24). In a related research, Rizvi et al. (25) 

developed simvastatin-loaded SLN to study their 

anti-hyperlipidemic effect by measuring cholesterol 

levels in rats induced to hyperlipidemia. The SLN-

loaded formulation reduced serum lipids and total 

cholesterol by ~3.9 and ~1.5-times, in comparison 

with the control and simvastatin dispersions. 

Moreover, another anti-hyperlipidemic agent, 

rosuvastatin calcium, was encapsulated into SLN and 

the researchers confirmed that these carriers 

significantly improved such pharmacokinetic 

parameters as Cmax and AUClast compared to the pure 

drug (26). 

 A comparison of the pharmacokinetics and 

relative bioavailability of SLN containing puerarin 

vs. a suspension of this drug revealed a greater than 

3-fold improvement in oral bioavailability when 

administered into nanocarriers, with high tissue 

concentrations in the target organs (heart, brain). The 

authors concluded that the SLN enhanced the drug’s 

oral absorption and, therefore, represents a promising 

delivery system for treating cardio-cerebrovascular 

diseases (27). Furthermore, it is well known that 

nanoparticles can deliver and target active molecules 

in the intended site; for these diseases, an interesting 

approach to explore is the nano-coating of medical 

implants expecting higher bioavailability (28). 

 In other work, SLN loaded with curcumin –an 

agent used to treat neurodegenerative disorders and 
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cancer– were tested for their potential to enhance oral 

bioavailability (29). Results indicated a marked 

bioavailability increase at all four doses applied; that 

is, 39 times at 50 mg/kg; 12.5 times at 25 mg/kg; 32 

times at 12.5 mg/kg; and 155 times at 1 mg/kg, all 

administered orally and compared to the 

bioavailability achieved with curcumin in solution. 

These results evidenced the usefulness of SLN to 

promote long circulation times and to reduce 

elimination from the systemic circulation, thereby 

improving bioavailability. Abuasal et al. (30) 

proposed employing SLN as a carrier of tocotrienol,  

an anticancer agent, to enhance its intestinal 

permeability and, as a result, its oral bioavailability. 

This agent is lipophilic and previous studies had 

shown its low intestinal permeability. In situ 

permeability and in vivo relative oral bioavailability 

studies demonstrated 10-fold and 3-fold increases, 

respectively, when administered in SLN.  

 Some antihypertensive drugs have also 

enhanced their oral bioavailability after 

encapsulation in SLN. A pharmacokinetic study that 

compared the performance of nimodipine-loaded 

SLN vs. a nimodipine solution revealed that the 

nanocarriers presented a 2.08-fold increase in 

relative oral bioavailability (31). Another experiment 

improved the solubilization of candesartan cilexetil 

in the gastrointestinal environment by formulating 

SLN which were bioadhesive to the intestinal 

membrane. SLN enhanced the candesartan oral 

bioavailability compared to a free candesartan 

suspension (32). He et al. (27) recently encapsulated 

the antihypertensive agent felodipine into SLN 

because this poorly water-soluble and extensively 

metabolized molecule (by the liver) has low 

bioavailability. After oral administration of SLN and 

the free drug in beagles, the AUC(0-t) value improved 

3.17-fold with the carriers. In the case of the 

antiarrhythmic agent dronedarone hydrochloride, the 

SLN formulation showed a 2.68-fold increase of 

bioavailability over the value found for the drug in 

suspension (33). 

 In a comparative study of the pharmacokinetic 

performance of lopinavir-loaded SLN vs. a marketed 

lopinavir/ritonavir co-formulation, the authors 

observed a 5-fold increase in the oral bioavailability 

of the lopinavir incorporated into nanoparticles 

compared to the free form. In addition, the SLN 

formulation protected the drug from metabolic 

degradation, leading the authors to conclude that it 

enhanced performance and was preferable to the 

commercial lopinavir/ritonavir co-formulation (21). 

 In 2014, Dwivedi et al. (34) encapsulated 

arteether into SLN. Arteether is an artemisinin 

derivative used to treat multiple-drug-resistant 

malaria. Their pharmacokinetic study showed that 

both adsorption and relative bioavailability improved 

significantly compared to arteether in suspension or 

administered in groundnut oil. In the case of 

niclosamide, which has low water solubility but 

provides anti-helminthic, anti-proliferative, and anti-

tumor activity, SLN were prepared in a trial designed 

to improve its performance. This pharmacokinetic 

study showed promising results because the peak 

plasma concentration of the SLN was 2.15-fold 

higher than that obtained for the commercial product 

(35).  

 In another approach, the poorly water-soluble 

and water-permeable drug tripterine was 

encapsulated in lipid nanospheres to enhance oral 

bioavailability. The authors found that 

nanoencapsulation improved intestinal permeability 

and post-enterocyte lymphatic transport were the 

main enhanced factors during oral absorption. The 

drug’s relative oral bioavailability increased 

significantly compared to a suspension (36).  

 Insulin is another drug that has been 

encapsulated into SLN. In 2015, a study evaluated 

these nanocarriers in terms of production parameters, 

characterization, in vitro release, permeation, 

stability, bioavailability, and pharmacological 

performance for oral delivery of insulin. Results 

showed a 5-fold increase in relative bioavailability 

compared to an insulin solution (8.26% vs. 1.7%) 

(37). 

 Gonçalves and cols. (38) prepared 

glibenclamide-loaded SLN to determine if they 

improved this drug's oral bioavailability, which has 

low water solubility. They added lecithin to an SLN 

core and performed in vivo studies that demonstrated 

a significantly stronger hypoglycemic effect 

compared to that exerted by the drug alone. Those 

authors concluded that SLN definitively improved 

the oral bioavailability of glibenclamide.  

 An exciting system proposed by Cirri et al. (39) 

incorporated a hydrochlorothiazide-cyclodextrin 

complex into SLN. Their work revealed improved 

bioavailability and sustained release. In general, 

these SLN formulations performed better in terms of 

drug release rate than a suspension and free drug-

loaded SLN but incorporating a co-ground drug-
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cyclodextrin complex exhibited even better results 

than the physical mixtures. 

 Dudhipala and Janga (40) prepared SLN 

containing zaleplon, a low-soluble hypnotic drug 

used to treat insomnia and convulsions. They utilized 

a Box-Behnken design to optimize and evaluate the 

in vitro and in vivo performance of those SLN and 

determine the best experimental conditions for 

improving bioavailability. Their study demonstrated 

enhanced oral bioavailability of the zaleplon-loaded 

SLN compared to the control zaleplon suspension. 

 In another study, Aman et al. (41) developed 

chitosan-based apocynin-loaded SLN to counteract 

the rapid elimination and low bioavailability 

characteristic of this phytochemical. They reported 

both oral and intravenous bioavailability 

enhancement in rats with the optimized SLN formula 

compared to an apocynin solution. This represents a 

promising approach to treating neurodegenerative 

diseases. Resveratrol, a natural polyphenol with low 

and variable bioavailability but essential 

pharmacological activity, has also been formulated in 

SLN. The results of a pharmacokinetic study of this 

compound showed a significant 8-fold improvement 

in oral bioavailability compared to a suspension (42). 

Similarly, Kang et al. (43) prepared SLN with 

magnesium lithospermate B, a poorly water-soluble 

polyphenol with multiple pharmacological actions 

(anti-oxidation, anti-apoptosis, among others). The 

authors found a significant enhancement of the Cmax 

and AUC of the magnesium lithospermate in SLN 

compared to a solution.  

 

PROTECTIVE EFFECT OF SLN AGAINST 

HYDROLYSIS OF DRUGS ADMINISTERED 

ORALLY  

 

SLN constitutes an especially attractive 

pharmaceutical nanoplatforms for oral drug delivery 

because they offer several advantages when 

administered via this route, including, above all, 

better biodegradability and well-tolerated 

composition due to the incorporation of natural and 

synthetic lipids (44,45). Moreover, SLN preparations 

are virtually tasteless, can encapsulate large doses of 

drugs, and are integrated into solid or liquid dosage 

forms. They can also adhere to the gut wall to 

increase the bioavailability of drugs, increase the 

solubility of poorly-soluble drugs, and protect active 

ingredients from degradation in the stomach's acidic 

environment. Under fasting conditions, the pH in the 

stomach may range from 2-6, while after a meal, this 

level may drop below 2. Some drugs are chemically 

unstable at normal gastric acid pH; that is, conditions 

under which molecules susceptible to hydrolysis 

reactions are easily degraded into their sub-products 

or metabolites. Other drugs may require protection to 

reach a specific intestine area at sufficiently high 

concentrations, for example, in anthelmintic therapy 

or colonic delivery.  

 Encapsulating drugs have emerged as a 

practical means of protecting drugs from 

degradation. In the case of SLN, the drug is either 

incorporated into a lipid matrix where it disperses 

molecularly (solid solution model) or is formed into 

a drug-enriched nucleus covered by a lipid shell 

(core-shell model) (46). The active ingredient of a 

drug incorporated into a shell will be highly 

susceptible to degradation, but protection from 

degradation can be achieved if the molecule remains 

inside the nanoparticle’s lipid matrix. If the 

nanoparticle matrix degrades in the gastric fluids, 

thus the drug will dissolve as well. The degradation 

of drugs due mainly to hydrolysis in the 

gastrointestinal tract can be controlled by 

encapsulating them in SLN (15). 

 An example is the antibiotic rifampicin, a drug 

prescribed in cases of pulmonary tuberculosis. 

Rifampicin is known to decompose rapidly in the 

presence of isoniazid under acidic conditions, like 

those in the stomach. Singh et al. (47) demonstrated 

the protective effect of SLN in reducing the 

hydrolysis of rifampicin in acidic pH and the 

presence of isoniazid. Their solution of rifampicin 

decomposed at a rate of 26.5% with an increase to 

48.8% in the presence of free isoniazid. When the 

rifampicin was encapsulated in SLN, in contrast, 

degradation decreased to around 19.5% in the 

presence of free isoniazid and just 12% in the 

presence of isoniazid also incorporated into SLN. 

The authors concluded that the SLN with rifampicin 

impeded degradation nearly three-fold compared to 

free rifampicin. 

 Ensuring adequate protection of the drug 

depends significantly on the stability of the SLN 

matrix. This means that suitable components must be 

chosen during the formulation process to maximize 

stability. An especially important aspect is that the 

lipid must resist the acid environment and enzymatic 

digestion in the stomach, so it must be selected 

carefully. Several lipids have been employed in 

formulating SLN (48), including glycerides like 
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glycerol monostearate, glycerol trilaurate, glycerol 

behenate, glycerol tripalmitate, glycerol myristate, 

glycerol tricaprate, glycerol tristearate, and 

hydrogenated coco-glyceride; fatty acids such as 

stearic acid, behenic acid, decanoic acid, and palmitic 

acid; fatty esters like cetyl palmitate; and carnauba 

wax and beeswax. The degradation of the lipid 

matrix occurs mainly through the action of enzymes 

such as lipases and, to a lesser degree, hydrolytic 

processes (49–51). The rate of hydrolysis in SLN is 

fastest for triglycerides, followed by di- and 

monoglycerides (52). 

 To prolong stability, SLN can include cores or 

compounds that reduce enzymatic activity. Olbrich 

and cols. (50), for example, reported that a 

combination of specific long-chain triglycerides with 

a non-ionic emulsifier reduced lipase-mediated 

degradation of SLN after oral administration, while 

sterically-hindering surfactants such as poloxamer 

407 or poloxamine 908 successfully delayed the 

degradation of SLN. Luo et al. (53) evaluated the 

effect of a chitosan coating on SLN to improve 

stability, mucoadhesion, and cellular uptake. Their 

results showed that chitosan improved SLN stability 

under simulated gastric conditions by forming a thick 

layer around the lipid core. According to Hu and cols. 

(54), SLN may penetrate deeply into the gastric 

mucus and be retained there with concurrent 

transiting downstream upon periodic refreshing of 

the gastric mucus. This discovery led to the inference 

that SLN can resist degradation in the stomach for 

enough time to protect active ingredients under 

normal conditions (lipase activity) and that the 

protection time can be extended using lipase-

inhibition. However, the transit of nanoscale 

particles can be modified by the food ingested so that 

the gastric emptying rate may play a significant role 

in the overall retention of SLN and the degradation 

of actives incorporated in SLN.  

 The number of peptides and proteins used for 

therapeutic purposes has grown significantly in 

recent decades, but finding effective delivery 

systems has limited their application. Though oral 

delivery is preferred, most of these substances are 

still delivered intravenously or subcutaneously due to 

rapid degradation and limited absorption in the 

gastrointestinal tract. For this reason, SLN have been 

tested as potential carriers for the oral administration 

of peptides. The lipid core of the SLN are designed 

to protect against hydrolysis and control the release 

of the biomolecules. Insulin is one of the most 

widely-studied peptides formulated into SLN for oral 

delivery as a non-invasive therapy for diabetes 

mellitus because it is subject to rapid enzymatic 

degradation in the stomach, inactivation, and 

digestion by enzymes in the intestinal lumen, in 

addition to its low permeability across the intestinal 

epithelium. SLN formulations may be able to 

overcome these limitations. Ansari et al. (37) 

developed insulin-loaded SLN using glycerol 

trimyristate with high peptide entrapment (57%). 

Their formulation increased bioavailability. Zhang et 

al. (55) designed and characterized SLN modified 

with stearic acid-octa-arginine (SA-R8) and 

performed enzymatic stability studies with pepsin 

(under acidic conditions) and trypsin (under alkaline 

conditions) to evaluate the protective effect against 

gastrointestinal degradation of insulin-loaded SLN 

compared to a free insulin solution. They found that 

approximately 45.6 and 54.7% of the insulin 

remained after 1 h of incubation for unmodified SLN 

and SLN modified with SA-R8, respectively. Studies 

in simulated intestinal fluid with the presence of 

trypsin showed that free insulin degrades more 

slowly in trypsin than pepsin because 6.4% of the 

insulin remained after 4 h. In the same study, about 

11.6% of the insulin was recovered after 4 h of 

incubation of the unmodified SLN, and 25.7% in 

SLN modified with SA-R8 after 4 h of incubation 

with trypsin. These results suggest that the lipid 

matrix of the SLN was advantageous in protecting 

insulin from enzymatic degradation.  

  

ORALLY-ADMINISTERED SOLID LIPID 

NANOPARTICLES (SLN) FOR BRAIN DRUG 

DELIVERY 

 

The oral administration route for drug delivery is 

convenient because of its ease of application (56). 

Current research on new formulations for 

transporting drugs to the brain focuses on high-

potency drugs requiring only low doses because a 

small fraction of the carrier/drug in the brain suffices 

to produce the desired therapeutic effect. However, 

the results of studies centered on this administration 

route remain modest due to the challenge of finding 

a carrier capable of maintaining its integrity and 

direction over the long distance that the drug needs 

to travel to reach the target site in the brain (57). The 

longer the circulation path of a carrier system, the 

longer the retention time and, therefore, the greater 

the drug loss (see Figure 2). Despite this limitation, 
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some successful cases of drug transport to the brain 

using nanoparticles via oral administration have been 

reported. Using SLN for brain targeting via this route 

is vital as an alternative carrier to polymeric 

nanoparticles, as is our understanding of the 

assimilation of fatty components and digestion and 

biodegradation processes. In a notable study, Kakkar 

et al. (58) formulated SLN based on Compritol® 888 

ATO and Tween®  80 to encapsulate curcumin by a 

microemulsion method to improve the drug’s 

therapeutic effect and possible applications in 

Alzheimer’s disease, depression, and stroke, and its 

apoptotic effect on cancer cell lines, all concerning 

the brain. One-hour post oral administration of the 

curcumin-SLN in rats, the AUC value was 8.135 

times higher than that of curcumin, demonstrated by 

radiolabeling with 99mTc, complemented by the 

presence of fluorescent yellow particles in the brain 

detected by fluorescence microscopy. That study 

tested the prolonged circulation of the carrier and its 

ability to cross the gut wall and blood-brain barrier 

(BBB).  

 

 
 
Figure 2. The blood-brain barrier, one of the main 

challenges that SLN face in drug transport to the brain. 
 

 Using a similar experimental approach, 

Ramalingam and Ko (59) employed the high-shear 

homogenization with ultra-sonication technique to 

prepare N-trimethyl chitosan surface-modified SLN 

with palmitic acid carrying curcumin. Their 

formulation increased oral bioavailability by almost 

26 times for AUC0–8h, and 5 times for Cmax, with 

distribution in the brain, possibly due to the 

interaction of the nanoparticles positive charge with 

the negative charges of the cell membranes. This 

formulation improved oral absorption while 

decreasing enzymatic degradation and rapid 

elimination. Also, Zhou et al. (60) incorporated 

venlafaxine into SLN (VLX-SLN). VLX is an 

antidepressant of the norepinephrine reuptake 

inhibitor class utilized as the first choice in treating 

major depressive and general anxiety disorders. It is 

pumped out of the brain by P-glycoprotein (P-gp), so 

a VLX-SLN formulation was tested to overcome this 

effect. The VLX-SLN were attached to poloxamer 

188 as a stabilizer, using the microemulsion 

technique. The authors recorded increases of 1.5 and 

1.45 times for AUC0–10h and Cmax when VLX.-SLN 

was incorporated, corresponding to increased plasma 

parameters. In this respect, SLN formulations can be 

non-specific inhibitors of P-gp with low 

pharmacological activity and reduced side effects.  

 Moreover, Leyva-Gómez et al. (61) formulated 

clonazepam into SLN (CLZ-SLN) of Compritol® 888 

ATO by the emulsification-diffusion method. In this 

case, oral administration prevented 

pentylenetetrazole-induced seizures in mice. This 

activity was corroborated by observations of 

behavioral aspects and electroencephalogram 

recordings in rats, where the frequency, duration, and 

spread of spike-waves all decreased. While their 

study did not include a pharmacokinetic analysis, the 

hCMEC/D3 cell line was used in BBB permeability 

studies, and an increase in permeation through the 

cells was recorded when CLZ-SLN was applied. The 

practical result of the increase of the brain carrier was 

an increase in the therapeutic effect in the in vivo 

model that reflects a high concentration of the drug 

in the brain, though the nanoparticle matrix material 

may produce a therapeutic effect, as some studies 

have demonstrated (61). The latter situation may be 

exempt from a toxicity classification of NP when 

beneficial effects are recorded for the biological 

organism involved. Though still not widely studied, 

this approach could lead to new therapeutic 

applications of these materials that could increase the 

biocompatibility of nanoparticle-drug conjugates by 

decreasing the amount of drug administered. 

 Recent advances demonstrated that lipids have 

various functions in the central nervous system 

(CNS) as both ligands and substrates for proteins. 

Lipids alter the geometric properties of membranes, 
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control protein traffic, and provide messenger 

molecules that mediate communication between cells 

(62). The phospholipid bilayer and associated lipids 

provide a permeability barrier and a structured 

environment that is essential for membrane-bound 

proteins to perform their proper role (63). Lipidomic 

analyses provide a suitable tool for elucidating the 

specific roles of lipid intermediates in cell signaling, 

so more in-depth knowledge of the complexity of 

lipid signaling will increase our understanding of the 

role of lipid metabolism in various CNS disorders 

and open new opportunities for the development of 

drugs and therapies designed to treat neurological 

diseases (64). Lipid carriers such as SLN prepared 

with Compritol® 888 ATO revealed that the 

proportion of lipid content plays an essential role in 

modulating excitability in the brain. The term 

“excitability” is commonly used in the literature, 

especially in medicine and biology, to characterize 

the state or activity of such nerve centers as the brain 

and spinal cord. 

  Both standard and abnormal behavior patterns 

require a certain degree of synchronization in the 

firing of a population of neurons that are influenced 

by synaptic and non-synaptic interconnections (65). 

Studies have shown that the ketogenic diet is a 

successful therapy for controlling seizures in 

children (66) and adults (67). Though the action 

mechanisms through which this therapy induces 

anticonvulsant effects are not entirely clear, it has 

been suggested that fatty acids may be used to 

synthesize the three ketone bodies (β-

hydroxybutyrate, acetoacetate, acetone), so they can 

enter the brain and replace glucose by an alternate 

source of energy. In the developing brain, in contrast, 

these elements constitute essential building blocks 

for cell membranes and lipids (68). 

 In another aspect, chronic ketosis is thought to 

modify the tricarboxylic acid cycle, which would 

increase glutamate and, subsequently, GABA 

synthesis in the brain (69). The ketogenic diet 

generates adaptive changes in the brain’s energy 

metabolism that increase energy reserves. Ketone 

bodies are a more efficient fuel than glucose because 

they induce an increase in the number of 

mitochondria that could help neurons remain stable 

under the increased energy demands occasioned by a 

seizure, thus potentially providing neuroprotection. It 

has been hypothesized that some of these action 

mechanisms may be involved in the synergistic 

anticonvulsant response observed with CLZ-SLN, 

though further research is needed to corroborate this 

(61).  

 To date, the use of p.o. administration for 

pharmacological therapies conducted to the brain has 

represented a significant challenge, but several 

possible solutions for therapeutic alternatives are 

currently under development (Figure 3). In this 

regard, advances in various areas in medical science 

are offering new perspectives and new challenges. 

For example,  pondering the design of transporters 

for gene therapy at the cerebral level by p.o. 

administration is currently an important challenge in 

the field of pharmaceutical technology.  

 

 
 
Figure 3. Oral (A, B, C) vs. intravenous (i.v.) (D) 

administration of SLN and the fraction of the formulation 

that reaches the brain. Uncoated SLN (A); SLN coated 

with hydrophilic polymers like polyethylene glycol (PEG) 

(B); and SLN coated with both hydrophilic polymers and 

a specific ligand at the level of the BBB. As depicted in 

the different shades, the percentage of SLN varied 

according to the function of the nanoparticle surface to 

highlight the potentiality of surface phenomena. Modified 

from Kaur et al. 

 
 This may involve internalizing the transporter 

in the cytoplasm at the neural level and, in some 

cases, even at the nuclear level (59). For these 

purposes, the use of Tween 80 and poloxamer 188 

may help SLN cross the BBB (70). Molecules like 

PSC833 (71), GF120918 (72), and chlorpromazine 

(73) can be incorporated onto the surface to inhibit 

efflux pumps. For cell penetration, the use of 

transporters like penetratin, TAT and RVG 

derivatives, neurotensin, and polyarginine is 

currently extensive (74), while the classic use of 
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polyethyleneimine is highly-effective for escape 

from the endosome, (75). Regarding nuclear 

internalization, karyophilic peptides have been 

reported to function with high efficiency (76). In this 

respect, it is crucial to consider a balance between the 

degree of vectorization required at the action site and 

along the entire transport route, as demonstrated by 

the effect of corona formation on the surface of 

nanoparticles This phenomenon refers to the 

adsorption of proteins into nanoparticles from the 

biological environment, described mainly about the 

bloodstream. However, this cover has been 

controlled by pegylation techniques and similar 

modifications that increase surface hydrophilicity. 

Thus, if the anchoring of specific ligands is 

performed –for example, for gene therapy following 

p.o. administration– it could be that the corona would 

inhibit potential vectorization. To date, however, this 

prediction has only been evidenced by in vivo tests.  

 Another aspect to consider in developing novel 

SLN-based systems for drug release in the brain after 

p.o. administration is the toxicological status of the 

SLN and their degradation products. Two key 

features of using SLN that contain polymeric 

nanoparticles are biocompatibility and 

biodegradation. However, it is necessary to conduct 

broad studies on toxicity in different neural lines and 

elucidate, insofar as possible, internalization 

mechanisms at the level of the brain. Therefore, new 

pharmacokinetic and pharmacodynamic studies of 

the drug and carrier are necessary, but this will 

require novel methods for tracking nanoparticles by 

in vivo systems.  

  

IMPROVING ORAL BIOAVAILABILITY OF 

ANTICANCER DRUGS BY SLN 

 

The physicochemical properties of many anticancer 

agents and the physiological features of the 

gastrointestinal tract (pH variations, pre-systemic 

metabolism) are huge challenges for oral delivery 

since only a small fraction of the dose administered 

reaches systemic circulation to exert its therapeutic 

effect. This may be due to poor intestinal 

permeability, low water solubility, pre-systemic 

metabolism, or high P-gp efflux levels. The latter has 

a significant impact on the development of drug 

resistance in tumor cells because the amount of drug 

needed to achieve the therapeutic effect can be 

relatively high and lead to multidrug resistance. 

 Designing new formulations of existing drugs 

for administration through the parenteral route that 

have reasonable manufacturing costs and a narrow 

therapeutic window are two restrictions on oral 

administration. This shows the need for more 

effective strategies that can overcome these 

limitations. Nanotechnology represents a promising 

field of research for developing novel drug delivery 

systems with potential advantages; for example, 

polymeric nanoparticles, micelles, liposomes, self-

emulsifying drug delivery systems, nanocrystals, 

lipid-drug conjugates, and SLN, among others. 

Various systems exist, and each one offers crucial 

technological and biopharmaceutical advantages. 

Therapeutic efficacy depends on delivering the drug 

to the target site at a precise time and in sufficient 

quantity to achieve the desired therapeutic effect 

(77). Some colloidal drug carriers can improve drugs' 

therapeutic efficacy or safety profile in cancer 

therapy, and SLN, for example, is thought to fulfill 

these requirements. They have been proposed as 

carriers for numerous drugs due to certain 

advantages: low toxicity, high biocompatibility, 

increased bioavailability, and enhanced drug 

targeting (78,79). Because of these benefits, SLN 

have been widely studied as transporters of drugs for 

cancer treatment, so their current uses and prospects 

are discussed in detail in the following section. It is 

important to highlight some essential features that 

must have the carrier to be targeted in cancerous 

tissue such as its correct size (should be 1-100 nm), 

adequate stability to avoid drug loss, and enough 

safety to prevent the damage of healthy tissues (80).  

 Several classes of anticancer drugs have been 

formulated in SLN; examples include camptothecins, 

taxanes, anthracyclines, etoposide, 

fluorodeoxyuridine, retinoic acid, and such 

compounds as small interfering RNA (siRNA) and 

resveratrol (42,78,81). A disadvantage of all these 

proposed formulations is that, to the best of our 

knowledge, no clinical studies have yet been 

conducted to support their use, though in vitro and in 

vivo work with animals show promising results that 

include enhanced intracellular delivery and 

bioavailability of the encapsulated agents (29,82). In 

this regard, one characteristic to take advantage of, is 

the high permeability of blood vessels in cancer 

tissues, because the size of gaps among them is larger 

than 100 nm, therefore nanoparticles can pass the 

damaged tissue and remain there, this is the 

Enhanced Permeability and Retention effect (80). 
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The main strategies developed to overcome the 

challenges of SLN-based anticancer treatments can 

be summarized as follows: encapsulating water-

soluble anticancer compounds, controlling drug 

release rates and the extent of drug release, and 

preventing systemic clearance of the SLN by the 

reticuloendothelial system (RES). Examples of these 

and other approaches utilized to enhance oral 

bioavailability and other key aspects are presented 

below. Figure 4 shows the main SLN anticancer 

approaches developed to date. 

 

 
 

Figure 4. SLN anticancer approaches developed: a) 

surface modified SLN; b) hybrid polymer lipid 

nanoparticles; c) drug lipophilicity increment; d) co-

delivery strategy (figure created with BioRender.com). 

 

 Some frequently used anticancer drugs are salts 

solubilized in water-based vehicles (0.9% saline). 

The preparation of SLN to encapsulate these 

compounds may present some difficulties because 

they may be partitioned into the aqueous phase 

during dispersion, resulting in low drug-loading and 

encapsulation efficiency. However, the amount of 

many anticancer agents required to achieve the 

desired anticancer effect is only a few milligrams, so 

SLN could be an ideal choice for administering larger 

quantities of water-soluble compounds. To date, two 

approaches have been developed to encapsulate ionic 

salts. The first is based on ion-pair formation by 

adding an appropriate counter-ion (83,84). The 

second consists in preparing lipid drug conjugate 

(LDC) nanoparticles (85). Both approaches are 

designed to make the drug more lipophilic to enhance 

loading into the carrier; but neither one has been 

developed successfully in the laboratory (86–88). 

Later, a complexation method between ionic 

polymers and drugs was proposed to obtain hybrid 

nanoparticles of lipid plus polymer as an option for 

delivering ionic anticancer drugs and 

chemosensitizers. Complexation occurs when 

counter-ions of polymers neutralize the ionic drug 

molecules. Compounds of this kind can then be 

incorporated into lipids for nanoparticle preparation. 

Results show a marked increase in encapsulation 

efficiency; for example, doxorubicin HCl increased 

from 20 to over 80% (89). Some anticancer drugs do 

not possess a charge. In these cases, the best strategy 

could be to prepare a more lipophilic derivative. An 

example was reported by Wang et al. (90), who found 

higher encapsulation efficiency (>90%) of the 

lipophilic compound derivative than the native drug 

when incorporated into SLN. The major 

disadvantage is that the process requires tedious 

laboratory procedures to achieve chemical synthesis 

and evaluate safety, stability, and efficacy issues. 

 Recently, Kaushik et al. (91) proposed a 

system consisting of docetaxel (BCS class IV) 

conjugated with a biocompatible lipid (palmitic 

acid). They prepared conjugate-loaded SLN to 

enhance the solubility of this anticancer agent and 

improve pharmacokinetic parameters. Overall results 

indicate a decrease of IC50, an increased apoptotic 

index, lower affinity to Pgp-efflux (higher drug 

permeability), and improved pharmacokinetic and 

pharmacodynamic parameters for the conjugate-

loaded SLN than for free docetaxel (91). Another 

study demonstrated the benefits of modifying the 

superficial charge of nanoparticles. Cationic SLN 

loaded with N3-O-toluyl-fluorouracil (TFU) and 

stabilized with a positively-charged surfactant 

presented a 2-fold relative increase in bioavailability 

of TFU suspensions administered orally. Those 

researchers concluded that the enhanced 

gastrointestinal absorption was due to the cumulative 

effect of several factors: controlled drug release, 

increased dispersion in the gastrointestinal tract 

(GIT), and enhanced bioadhesion (between the 

positively-charged SLN and the negatively-charged 

mucus surface of the GIT) (92). The enhanced 

retention of positively charged nanoparticles 

observed in tumor cells is the result of its electrostatic 

attraction with the cancer cell surfaces, due to the 
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presence of higher amount of negatively charged 

molecules such as sialic acid, chorionic 

gonadotropin, and anionic residues of RNA, in 

comparison of normal cells (93). 

 Another strategy for enhancing cancer 

treatments consists in controlling the extent and rate 

of drug release. When SLN were first introduced in 

the 1990s, observations showed that drug release 

followed a biphasic, non-uniform profile; a “burst 

effect” at the beginning usually followed by a slow, 

incomplete release. The main drawback of this fast 

release is that a large dose of the anticancer drug 

released all at once into the systemic circulation or 

near the administration site can be extremely 

hazardous (94). It is well-known that the “burst 

effect” is caused by the high crystallinity of lipids 

after producing the carriers, so preparing lipid 

carriers with less crystallinity will reduce this effect. 

This can be accomplished by mixing solid lipids or 

solid lipids plus oils to provide a structure with more 

inner spaces where larger quantities of certain oil-

soluble drugs can be accommodated. One advantage 

of nanostructured lipid carriers is that they can carry 

greater payloads, but this could be an issue in cancer 

therapies. However, by the same token, if drug 

release includes an extended profile, then treatment 

at suboptimal levels could develop drug-resistant 

cells due to the expression of membrane-associated 

drug transporters (e.g. P-gp) (95,96). Then, SLN 

formulation is required for a fast drug released but 

without a marked burst effect. In this respect, Wong 

et al. found that incorporating an ionic polymer into 

hybrid polymer lipid nanoparticles can favor the 

disintegration and dissociation of the drug-polymer 

complexes, with the latter becoming more 

hydrophilic. The presence of additional channels 

would allow faster release of the anticancer drug 

from the nanoparticles. To date, hydrochloride salts 

have been tested using this approach (89,97). 

 In 2011, a study reported the preparation of 

modified chitosan SLN loaded with doxorubicin. The 

authors found a reduction from 22.30 to 6.76% of the 

burst effect and improved the drug’s in vitro cellular 

uptake. Moreover, by modifying the amount and 

molecular weight of chitosan, a 72-h prolonged drug 

release was obtained (98). The authors of another 

experiment attempted to improve the oral 

bioavailability of salmon calcitonin included in 

modified SLN with two types of peptide ligand 

(CSKSSDYQC, IRQRRRR). Results showed that 

the modified SLN increased drug protection and 

aided in internalizing the protein into co-culture cells 

(human colon adenocarcinoma and goblet-like HT-

29-MTX cells), compared to SLN without the ligand. 

Moreover, protein bioavailability increased by about 

2-fold to show the benefits of using a peptide-

modified SLN formulation (99). 

 In 2016, Soni et al. (100) formulated 

mannosylated SLN loaded with gemcitabine, a drug 

used to treat lung cancer, but has significant 

drawbacks: poor penetration into lung cancer cells 

and low blood residence time, and an inefficient 

pharmacokinetic/pharmacodynamic profile. Those 

authors reported highly satisfactory results, 

summarized as follows: in vivo targeted delivery in 

lung tumor cells, an improved targeted effect, and 

low toxicity to human erythrocytes. All these 

features made mannose-modified SLN an essential 

vehicle for delivering gemcitabine to target lung 

tumor cells with a high retention potential (100). 

 Two important reasons for modifying the 

surface of SLN with different ligands are to protect 

them from active surveillance by the immune system 

and from becoming “long-circulating” drug carriers, 

since they eventually evade the body’s clearance 

mechanisms. As described previously, SLN may 

increase treatment efficacy by presenting higher 

specificity for the action site (reaching the target 

cells) and, consequently, decreasing cytotoxicity 

compared to conventional anticancer therapies (96). 

In the early 1990s, researchers coated SLN with 

polyethylene glycol (PEG) to render them more 

hydrophilic and increase circulation time (78,101). 

Since then, this surface-modification strategy has 

been applied to prepare nanocarriers designed to 

attack cancer cells only while ignoring healthy cells 

by exploiting surface-antigen differences. This is 

feasible because the target antigen in cancer cells 

exerts a considerable impact on cellular function and 

does not mutate as the cancer cell populations spread 

(81). 

 Regarding PEG-SLN modification, Madan et 

al. (102) found higher plasma concentrations of 

noscapine after intravenous administration in mice of 

loaded SLN modified with PEG than the free drug 

and unmodified SLN. They concluded that RES 

could be avoided thanks to the presence of a “brush” 

formed by the PEG molecules on the nanoparticle 

surface. In terms of the increased specificity of 

modified SLN, Venishetty and cols (103) found a 44-

fold enhancement of the brain permeation coefficient 

of ketoconazole-loaded and folate-grafted docetaxel 
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SLN compared to commercial docetaxel (Taxotere®). 

This result was made possible by the receptor-

mediated endocytosis exerted by the folic acid 

transporter, a ligand that binds to the over-expressed 

receptor on the surface of the cancer cell to improve 

SLN uptake into the tumor site, as in solid brain 

tumors. More recently, a similar result was obtained 

by Rajpoot et al. (104), whose folic acid-grafted SLN 

loaded with oxaliplatin had higher in vitro 

cytotoxicity on the HT-29 cell lines  than on the non-

grafted SLN or the drug solution. Those authors 

concluded that this is a promising approach for 

treating colorectal cancer. Another research group 

used anti-epithelial growth factor (EGF) to modify 

the surface of carmustine-loaded SLN, resulting in 

the inhibition of human brain malignant glioblastoma 

cells (105). In 2015, the serotonergic 1B receptor 

subtype antagonist (S1BRSA) was the ligand 

incorporated into carmustine-loaded SLN to deliver 

the drug with high specificity to the brain and inhibit 

glioblastoma multiforme (106). The goal of that 

study was achieved because growth inhibition of 

glioblastoma multiforme U87 MG cells was 

observed, attributable to SLN modified with 

S1BRSA to target the serotonergic 1B receptor 

subtype (S1BRS).  

 In 2017, Baek & Cho (107) prepared N-

carboxymethyl chitosan-coated, curcumin-loaded 

SLN to delay the fast release of this anticancer agent 

in an acidic medium and so improve its stability and 

oral bioavailability. Their system proved to be 

successful because the burst release was suppressed 

in simulated gastric fluid, and sustained release was 

observed in simulated intestinal fluid. Moreover, the 

oral bioavailability of curcumin-loaded SLN was 

9.5-fold higher than that of the control solution. In 

2019, an exciting approach was developed by Xing 

et al. (108) to enhance the oral bioavailability of 2-

methoxyestradiol, an anti-tumor, anti-angiogenic, 

and anti-inflammatory estradiol metabolite 

characterized by low solubility and rapid elimination. 

The authors prepared modified SLN with PEG-PLC 

(polycarbonate) and embedded them in pH-sensitive 

microparticles to decrease the release of 

methoxyestradiol in the stomach but increase it in the 

intestinal tract and prolong the retention and 

absorption time of the carriers. The aim was achieved 

because the multifunctional carriers significantly 

increased the oral bioavailability and prolonged 

duration of an effective serum concentration of 2-

methoxyestradiol compared to the suspension after 

oral administration in rats. 

 Another technological strategy that has been 

employed recently to enhance the delivery of an 

anticancer drug is called co-delivery. This emerged 

because monotherapy treatment for some cancers 

was ineffective. In this case, SLN facilitated the 

administration of an anticancer drug co-delivered 

with therapeutic nucleic acids (109). Research has 

demonstrated enhanced anticancer efficacy using the 

co-delivery strategy compared to administering each 

drug or agent alone. Other advantages are that 

toxicity and some other side effects of treatment are 

reduced by combining agents in the same nanocarrier 

(110). A promising approach in this area includes 

RNA as a “companion” of an anticancer drug. 

Double-stranded RNA acts by inhibiting gene 

expression with complementary nucleotide 

sequences (111), while siRNA induces the silencing 

of coding genes of apoptosis, cell proliferation, and 

angiogenesis of tumor cells. In 2012, a study reported 

improved anticancer efficacy through the co-delivery 

of paclitaxel and human myeloid cell leukemia 1 

(MCL1) contained in cationic SLN and tested in vitro 

and in vivo compared to each agent alone (109).  

 Another example involves paclitaxel and an 

anti-oncogene, microRNA-34, which is cancer-

specific, encapsulated together in SLN. This 

formulation showed an important advance in 

eliminating tumor relapse in lung cancer treatment 

with better performance than that of single agent-

loaded formulations to inhibit B16F10-bearing tumor 

growth (110). An exciting modification of this 

strategy was developed by Yu et al. (112), who 

designed pH-sensitive nanocarriers (SLN) to co-

delivery of paclitaxel and DNA. The ligand was 

hyaluronic acid, an acid-sensitive linker. The authors 

attributed the high efficiency achieved to this ligand 

due to improved cellular uptake and enhanced drug 

release into tumor cells. In 2014, other researchers 

developed pH-sensitive SLN to target anticancer 

agents. In their work, doxorubicin was combined 

with docosahexaenoic acid, a long-chain 

polyunsaturated fatty acid (C22). Observations 

showed an increase in sensitivity to chemotherapy by 

tumor cells (79). Docosahexaenoic acid was also 

tested to produce doxorubicin-loaded SLN by Mussi 

and cols. (113). When the release was tested in a 

slightly acidic medium (pH 5.0) compared to 

physiological pH, drug release was higher. 

Furthermore, the cytotoxicity in this in vitro study 
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revealed a higher level in the loaded SLN in the A549 

cell line of human lung tumors; clearly, a promising 

result for cancer treatment. Research in this area 

shows that pH-sensitive SLN can be obtained to 

target anticancer agents. 

 Gidwani & Vyas (107) proposed a recent 

approach that involves preparing an inclusion 

compound of altretamine (a drug prescribed to treat 

ovarian cancer) and epichlorohydrin-β-cyclodextrin, 

and encapsulating this compound into SLN to 

enhance drug solubility and bioavailability. The 

authors elaborated a system with small particle size, 

bi-phasic drug release, a Cmax 2.47 times higher than 

the pure drug, and an AUCt 2 times higher than the 

pure suspension, indicating that the altretamine was 

absorbed better from the SLN. Improved oral 

bioavailability was achieved as a consequence of all 

these properties. Finally, resveratrol- and curcumin-

loaded SLN have been prepared due to reports that 

these two molecules have a synergistic effect on 

colorectal cancer, but there are two drawbacks: low 

water solubility and poor bioavailability (114). In 

this approach, researchers included a polymer (2-

hydroxypropyl β-cyclodextrin) to prevent the burst 

effect often observed in SLN. Results indicated that 

the in vitro release from SLN improved significantly 

compared to the pure drugs. Results for cytotoxicity 

in the in vitro assay showed anticancer activity of the 

carriers with or without the polymer. 

 

ENHANCED ANTIBIOTIC EFFECTIVENESS 

BY ORAL ADMINISTRATION OF SLN 

 

Antibiotic agents comprise some of the most widely-

used therapeutic drugs in medical practice. The terms 

antibiotic, antimicrobial, and anti-infective 

encompass various pharmaceutical agents, including 

antibacterial, antifungal, antiviral, and antiparasitic 

drugs. The importance of antibiotics and how they 

have contributed to controlling infectious diseases is 

beyond debate; indeed, without their existence, 

human morbidity and mortality levels would be 

much higher than at present. The use of antibiotics, 

however, confronts some challenges, especially 

resistance to antibiotic therapy. Nanotechnology-

based approaches have been proposed to prevent the 

development of resistance to antibiotics (115). 

According to Pelgrift and Freidman (116), 

approaches using nanoparticles to combat microbial 

resistance to antibiotics include: 

 

1) Nanoparticles with multiple antimicrobial 

mechanisms; e.g. reactive oxygen species 

(ROS)-generator nanoparticles, more 

specifically RNOS (reactive nitrogen oxide 

species). Other examples are metal-based 

nanoparticles, including formulations with 

silver (Ag), zinc (Zn), copper (Cu), titanium 

(Ti), magnesium (Mg), and gold (Au). 

2) Inclusion of multiple antimicrobial drugs in 

one nanoparticle, Simultaneous resistance to 

various agents is unlikely, possibly because it 

would require multiple simultaneous gene 

mutations in the same bacterial cell. 

3) Nanoparticles prevent the “decreased 

uptake/increased efflux of drugs” mechanism, 

reduce biofilm formation, and combat 

intracellular bacteria. 

4) Nanoparticles that encapsulate antimicrobial 

agents for targeted drug delivery to administer 

higher doses at the infected site, thereby 

overcoming resistance with fewer adverse 

effects for patients. 

  

 SLN could impact the latter three points to 

improve the efficacy of antibiotics because they can 

(i) encapsulate multiple drugs (107); (ii) increase 

intracellular uptake of drugs (117), and (iii) be 

modified for active or passive targeting upon 

reaching the affected site to deliver the drug (79). 

SLN are also useful in reducing toxicity and 

improving the oral bioavailability of antibiotics. We 

know of several cases in which SLN have been used 

for this purpose. Chaudhari et al. (2015)(118) 

produced SLN of amphotericin B, a gold-standard, 

broad-spectrum antibiotic used in fungal and 

parasitic infections (e.g. visceral leishmaniasis) that, 

unfortunately, has significant side effects, including 

nephrotoxicity. In addition, oral delivery is reported 

to afford inadequate oral bioavailability. Those 

researchers found that amphotericin B included in 

NP possesses a relative bioavailability of 1.05-fold, 

with a Cmax of 1,109.31 ± 104.79 ng/mL after 24 h 

compared to a commercial formulation 

(Fungizone®), which reached a Cmax of 1,417.49 ± 

85.52 ng/mL. In vivo biodistribution studies 

indicated deficient levels of amphotericin B in the 

kidneys when administrated in SLN, a finding 

corroborated by renal toxicity studies. Amphotericin 

B is a low water-soluble molecule that can self-

aggregate due to its amphipathic character. It also 

presents a spontaneous self-aggregation pattern that 
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results in the formation of monomers, water-soluble 

oligomers, and a water-insoluble super-aggregated 

form (119,120). The aggregation state can modify its 

toxicity and pharmacokinetic characteristics. The 

oligomeric form is considered toxic due to its higher 

affinity to cholesterol that increases toxicity in 

mammalian cells in general, and in human cells 

specifically, since its presence in the kidney can 

produce nephrotoxicity (118). Encapsulation in SLN 

is a strategy that reduces the toxicity of amphotericin 

B, so this process both enhances oral bioavailability 

and provides a greater safety profile. 

 In another example of the use of amphotericin 

B, Patel and Patravale (121) improved the pH-

stability of the antibiotic via SLN encapsulation that 

exhibited enhanced protection of the reagent at pH 

1.2, 4, and 6.8. In vivo pharmacokinetic studies 

revealed an increase in the relative bioavailability of 

the drug in the SLN formulation compared to a 

solution. The AUC0-ꝏ value for amphotericin B after 

oral administration in SLN was 2.15-fold higher than 

that of the drug in solution, while the percentage of 

relative bioavailability was 215.59, a high value. 

Another example of an antibiotic encapsulated into 

SLN to reduce resistance was developed by Kumar 

et al. in 2016 (122). There, ceftriaxone was 

encapsulated into cholesterol-based SLN. Resistance 

to ceftriaxone has grown significantly due to misuse 

and overuse. Previously, Zhou et al. (123) had 

demonstrated how SLN increased the bioavailability 

of ofloxacin by 2.27-fold and extended the mean 

residence time of the drug from 10.50 to 43.44 hours. 

Another successful case involves clarithromycin, a 

drug with low oral bioavailability and hepatotoxicity. 

However, when encapsulated in SLN, it showed 

higher Cmax (2.3-fold), tmax (2-fold), mean residence 

time (MRT) (1.4-fold), and an almost 5-fold 

improvement in relative oral bioavailability 

compared to the drug in solution (124). In a 

complementary study, Öztürk et al. (125) determined 

the effect of a lipid matrix composition on the 

antimicrobial activity of clarithromycin loaded in 

SLN. In yet another case, enrofloxacin, an antibiotic 

with variable bioavailability due to its low aqueous 

solubility, has been formulated in SLN, but an 

encapsulation of enrofloxacin-loades SLN in enteric 

granules provided a relative bioavailability of 

263.85% (126,127). 

 Tuberculosis is a major disease in which 

antimicrobial resistance has reached warning levels. 

According to the WHO, 480,000 people worldwide 

develop multi-drug resistance to tuberculosis each 

year. Tuberculosis is caused by the bacterium 

Tubercle bacilli that has the ability to remain viable 

in the air for a long time. The bacterium enters the 

human body by inhalation and begins its replication 

when alveolar macrophages capture it. Tuberculosis 

occurs mainly in the lungs but can also harbor in 

other central nervous system organs and can have a 

mortality rate of up to 50%. Faced with this problem, 

nanoparticles can cross different barriers to reach 

cellular reservoirs of Mycobacterium tuberculosis. 

Nanoparticles can be inhaled and have a high degree 

of permeation in the lungs, allowing the release of 

biotechnological strategies. The facilitated transport 

of the nanoparticles could also decrease adverse 

effects and a greater expectation in the patient’s 

quality of life (128).  

 However, the phenomenon of drug resistance 

is also beginning to complicate the fight against HIV 

and malaria (129). Because of the severity of these 

threats, several nanotechnological approaches have 

been developed. Various drug delivery systems –

microparticles, NPs, microsphere liposomes, and, of 

course, SLN– have been utilized as carriers of anti-

tuberculosis agents to target the site of infection or 

reduce dosing frequencies and improve patient 

compliance and outcomes. Table 1 presents some of 

the first- and second-line oral anti-tuberculosis drugs, 

including some types of nanoplatforms for drug 

delivery. SLN formulations provide some of the 

critical features of drug carriers that have been 

successfully employed in treating tuberculosis. Since 

2005, Pandey et al. (136) have been exploring the 

potential of SLN-loaded anti-tuberculosis drugs 

(ATD) administered orally by testing in mice. In their 

work, three front-line ATD (rifampicin, isoniazid, 

pyrazinamide) were co-incorporated in SLN, as 

suggested by Pelgrift and Freidman, to combat 

microbial resistance to antibiotics (116). Preparation 

of SLN was by emulsion-solvent diffusion. The three 

drugs were incorporated into a lipid matrix of stearic 

acid. One of the challenges that needed to be 

overcome was that the drugs required different doses, 

but they all had to be present in the sample of SLN. 

Moreover, they have different entrapment 

efficiencies, so it was challenging to include them in 

the correct proportions. The most important finding 

of their work was that after a single oral 

administration of the SLN formulation, the drugs 

were detected in the plasma from 3 h up to 192 h, 

while free drugs could not be detected in the plasma 
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beyond 12 h of oral administration. In another case 

of ATD loaded into SLN, sustained drug levels were 

maintained in the organs (lung, liver, spleen) until 

day 10, whereas free drugs were cleared from tissues 

in just 24-48 h. Because of the slow, sustained release 

of the drugs from the SLN, MRT increased several 

times compared to the free drugs. Rifampicin 

increased MRT from 6.2 to 91.3 h, isoniazid from 5.5 

to 97.6 h, and pyrazinamide from 6.6 to 100.6 h. 

Drugs incorporated into SLN appear to always 

exhibit longer MRT.  

 
Table 1. First- and second-line oral antituberculosis drugs 

formulated in nanoparticles 
Oral anti-

tuberculosis drugs 
Nanoplatform References 

Isoniazid  

Polymeric 

nanoparticles 
(130–132) 

Inorganic nanoparticles (133) 

Solid lipid 

nanoparticles 
(134) 

Pyrazinamide 
Polymeric 

nanoparticles 
(135) 

Ethambutol 
Polymeric 

nanoparticles 
(136,137) 

Rifampicin 

Polymeric 

nanoparticles 
(138–141) 

Lipid-based 

nanoparticles 
(142) 

Streptomycin 
Solid lipid 

nanoparticles 
(143) 

p-aminosalicylic acid 
Inorganic 

nanocomposite 
(144) 

Ethionamide 

Polymeric 

nanoparticles 
(145,146) 

Inorganic nanoparticles (147) 

Cycloserine 
Polymeric 

nanoparticles 
(148,149) 

 

 The findings reviewed in this chapter 

demonstrate the advantages of SLN, especially their 

long-term stability and drug incorporation efficiency, 

which are enhanced compared to polymeric or 

liposomal formulations. Despite the advantages of 

the oral administration route, however, studies of the 

efficacy of multidrug encapsulation are still scarce, 

though SLN have been explored as an inhalable ATD 

carrier (150). 

  

CONCLUSIONS AND REMARKS 

 

To date, SLN represent formulations with low 

toxicity, controlled release application, drug 

targeting ability, and the capacity to include 

lipophilic or hydrophilic drugs. SLN are, therefore, 

an option for administering poorly-soluble molecules 

via the oral route since they act as enhancers of 

intestinal absorption and provide protection for the 

encapsulated drugs. A combination of specific long-

chain triglycerides with non-ionic emulsifiers has 

been shown to reduce the lipase-mediated 

degradation of SLN after oral administration. 

According to the main applications reported in the 

literature, the use of SLN to target drug delivery to 

the brain has increased in importance as alternative 

carriers for polymeric nanoparticles. Despite these 

advances, the proportional usage of this 

administration route remains very low due, 

primarily, to the challenge of maintaining integrity 

over the long pathway to the brain. For this purpose, 

a high degree of vectorization may be required that 

involves nuclear internalization. In addition, it is 

necessary to perform broad toxicity studies in 

different neural lines and to elucidate the 

mechanisms of internalization at the level of the 

brain.  

 The principal strategies developed to overcome 

the challenges of anticancer treatments that employ 

SLN include the following: encapsulation of water-

soluble anticancer compounds; control of the drug-

release rate and degree of drug release; and 

preventing systemic clearance by the 

reticuloendothelial system. All these questions have 

been addressed with promising results. The 

challenges in using SLN with anticancer drugs 

include a limited number of clinical trials, the need 

to avoid leakage of highly water-soluble drugs during 

the encapsulation process, and special care in the 

release profile to decrease the potential development 

of drug-resistance because a slow interaction with 

malignant cells can promote and accelerate this 

process. Finally, SLN-based approaches have been 

proposed to prevent antibiotic resistance because 

these carriers can load multiple antimicrobial drugs, 

increase drug uptake, and decrease efflux from the 

bacteria, while simultaneously impeding biofilm 

formation. In addition, SLN can be targeted directly 

to the infection site, have the potential to reduce 

toxicity, and can significantly improve the oral 



J Pharm Pharm Sci (www.cspsCanada.org) 24, 509 - 532, 2021 

524 

 

bioavailability of antibiotics. For all these reasons, 

formulations based on SLN represent a viable 

alternative in terms of functionality and 

biocompatibility. Indeed, their applications will 

expand as novel therapeutic targets and drugs are 

developed. The main challenges that remain to be 

resolved include multiplying biocompatibility 

studies, further enhancing carrier performance, and 

performing subsequent clinical studies. 
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