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Abstract

In recent times, the development of therapeu-
tic products by using nanoparticle technology 
has given rise to progressive increment in a 
number of investigations based on improve-
ment of solubility, penetrability, stability, etc. 
Solid lipid nanoparticles (SLN) involve 
absorption and localization through transcel-
lular and paracellular mechanism which is one 
of the advanced nanoparticle-based formula-
tions of the low solubility of drugs. This chap-
ter entails the outline of the vital features of 
solid lipid nanoparticles and describes the 
pharmacokinetic and distribution outcomes of 
the SLN formulation designed for various 
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routes. The key benefits of using such a nano-
carrier in specific therapeutic circumstances 
and to resolve production and delivery issues 
are discussed. The major portion covers the 
explanation on pharmacokinetic studies 
undertaken in some of the recent researches 
categorized for oral delivery, injectable admin-
istration, topical delivery, biologic and diag-
nostic products, and ocular delivery. The aim 
was to present a fresh perspective over the 
pharmacokinetic and tissue distribution 
characteristics by means of current state-of-
the-art of SLN research.
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1	 �Introduction

Lipid components are used from so many years 
in pharmaceutical fields for the development of 
various forms such as lotion, suppository, and 
ointments, among others. The lipid components 
receive higher approvals for parenteral and oral 
delivery formulation due to their high binding 
ability with the stratum corneum and inertness [1].

The first choice for lipid vehicles is the phos-
pholipid which have different properties such as 
multifunctionality, amphiphilic nature, and bio-
compatibility [2]. Different lipid-based delivery 
systems include microemulsion, microspheres, 
vesicle based, and SLNs.

The origination of SLN system has been 
attributed to resolve the issues associated with 
the preparation, drug entrapment, and scalability 
of delivery systems such as liposomes, nano-
emulsions, and polymeric nanoparticles. SLNs 
are expected to be more stable than vessicular 
systems, and their fabrication requires applica-
tion high-pressure homogenization. In addition 
to these, SLNs allow surface modifications to 
produce smart delivery system for targeted deliv-
ery of active molecules [2].

In the 1990s, Muller et al. (2002) [3] formu-
lated two novel carriers, i.e., solid lipid nanopar-
ticles (SLNs) and nanostructured lipid 
nanoparticles (NLC) using lipid material. The 
aim of the development of SLN and NLC is to 
utilize the advantages of nanoparticles and also 
lipid components [4]. Solid lipid nanoparticles 
(SLNs) are colloidal carriers with a size range of 
1–1000 nm where lipid cores are stability using 
emulsifiers [5]. It has emerged as a novel carrier 
for the delivery of different classes of therapeu-
tics moiety and also in other fields such as imag-
ing agent, cosmetics, agriculture, and also in 
nanoreactors. Recently, novel cationic SLNs 
have attracted attention due to their application 
for the delivery of genes and also cationic nature 
which helps bind DNA and also protects against 
enzymatic degradation [6–9]. One of the promis-
ing benefits of SLN is overcoming the reticulo-
endothelial system and prolong the duration of 
active components in the body [5, 10]. Other 
numerous benefits of SLN include the following: 
encapsulation of hydrophilic and lipophilic 
drugs, provide physical stability, low cost in 
comparison with liposomes, and easy to manu-
facture [11, 12]. In addition, SLNs are a good 
choice for brain targeting [13, 14], epidermis tar-
geting [1], and also as controlled-release vehi-
cles [15].

SLNs are a safe and flexible carrier for the 
delivery of drug, gene, and nucleic acid and safe 
for particular administration routes [16]. New 
technologies have been developed for SLN pro-
duction and are currently under investigation 
to obtain the optimum encapsulation of differ-
ent drug categories and to deliver the bioactive 
compounds at the desired site. Details of differ-
ent materials, methods, and characterizations are 
already covered by Geszke-Moritz and Moritz 
(2016) [17] and Mehnert (2001) [11]. But, SLNs 
have a strong lipophilic nature which hurdles dis-
persion in aqueous media, so a sufficient lower 
size is needed to spontaneously disperse them in 
water. For that reason, it required higher energy 
input to reduce size. One of the common steps 
in all SLN methods is applying the energy in 
different forms such as high pressure [18, 19], 
probe sonication [5], and microwaves [20]. High 
energy decreases the lipid components’ size and 
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increases surface area. These higher surface 
area-containing particles need to be dispersed 
in aqueous media and for that needs stearic or 
electrostatics stabilizers [11]. Surfactants play 
two crucial roles in the stabilization of SLNs: (a) 
dispersion of the lipid melt in aqueous phase and 
(b) providing the stability of lipid nanoparticles 
after cooling [21]. Different types of surfactants 
are used for the stability of SLN. Broadly, sur-
factants are classified into amphoteric (such as 
phosphatidylcholines families), non-ionics (such 
as polysorbate 20, polysorbate 80), and ionic 
(such as sodium oleate, sodium taurodeoxycho-
late, sodium cholate). In comparison to the ionic 
lipid, non-ionic lipids have low toxicity and also 
irritation and that is why they are the first choice 
for oral and parenteral routes [21]. Major concern 
related to clinical safety is probability of toxic-
ity due to surfactants for parenteral dosage forms 
while for oral and transdermal not problematic 
[22]. Lower size and higher surface increase the 
absorption of drugs which increase the bioavail-
ability of drugs [23].

In spite of numerous merits, SLNs also have 
demerits such as physical instability which is 
characterized by the particle growth and burst 
release of drug. Particle aggregation and growth 
are major drawbacks for the parenteral route 
which can lead to emboli formation and also 
many more complications [24].

Different types of lipids, viz., cationic lipids, 
anionic lipids, and non-ionic lipids, are used 
for the formulation of SLN. Again, these lipids 
are different based on different fatty acids with 
chain lengths of hydrocarbon (stearic acid, pal-
mitic acid, dodecanoic acid, and myristic acid), 
glycerides (tripalmitin, caprylate triglycerides, 
tribehenin), fatty ester (cetyl palmitate), fatty 
alcohols (oleyl alcohol, stearyl alcohol), and 
mixture of glyceryl esters (glyceryl behenate, 
glyceryl monostearate, glyceryl hydroxystea-
rate). Different cationic lipids such as chlo-
roquine phosphate, benzalkonium chloride, 
octadecylamine (stearylamine), dimethyldiocta-
decylammonium bromide, and cetylpyridinium 
chloride are used for the preparation of cationic 
SLN [21]. Different advantages and their chal-
lenges are shown in Fig. 13.1.

2	� Composition of SLN

SLNs are generally spherical with smooth exte-
rior which also governs in vitro and in vivo per-
formance. They are mostly comprised of solid 
lipid (at room temperature), emulsifiers, thera-
peutic moiety, and suitable solvents. Based on 
the loading of therapeutics moiety, SLNs are 
classified with different models, such as (a) 
shell-loaded therapeutics moiety, (b) core-
loaded therapeutics moiety, and (c) matrix-type 
model.

Shell-loaded therapeutics moiety is devel-
oped when the solid lipid is melted into the hot 
liquid droplets which are further subjected to 
separation during cooling phase  [26]. 
Precipitation is one of the common mechanisms 
for the formulation of nanoparticles. In the case 
of SLNs, rapid cooling leads to solidification of 
melted liquid lipid droplets and completion of 
cooling leads to the formation of SLNs. The 
lipid is solidified initially before the therapeutics 
moiety, so that therapeutics moiety gets encap-
sulated in the shell. On the other hand, the core-
loaded therapeutic moiety is based on the fact 
that therapeutic moiety is crystallized first and 
crystallized drug gets encapsulated by lipid 
undergoing crystallization. This model is the 
best for the sustained release of therapeutics 
moiety. Matrix-type models are commonly 
applied for the highly hydrophobic therapeutics 
moiety where therapeutics moieties are uni-
formly mixed inside the lipid matrix [2].

3	� Pharmacokinetics 
and Biodistribution of SLNs 
Administered via Different 
Routes

SLNs have shown their potential in enhancing 
the therapeutic activity of active ingredients 
against various diseases, primarily owing to the 
alteration of physicochemical and biopharma-
ceutical characteristics. These lipid-based 
nanoparticles may be developed for targeted dis-
tribution and enhanced pharmacokinetic profile 
[27]. The disease target of SLNs has been a num-
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Fig. 13.1  Different benefits, challenges, and limitations 
of solid lipid nanoparticles (reproduced from Scioli 
Montoto (2020) [25], an open-access article distributed 

under the Creative Commons Attribution License that per-
mits unrestricted use, distribution, and reproduction in 
any medium)

ber of fatal and epidemic diseases, wherein 
advanced therapeutic products are desired. A 
great deal of efforts have been made for cancer 
treatment to encapsulate and deliver lipophilic as 
well as hydrophilic molecules in a targeted man-
ner [28]. The following explains about the vari-
ous therapeutic strategies of SLNs employed for 
using specific route of administration to deliver 
drug and/or biologicals. The main focus is on the 
discussion about pharmacokinetics and tissue 
distribution of the nanoparticles to indicate their 
therapeutic potential.

4	� SLNs for Oral Administration

In recent times, the use of oral nanoparticles for 
improving solubility, permeability, and stability 
for various drugs has been tried out extensively. 
The absorption of SLNs via paracellular and 
transcellular routes has shown a lot of promise to 
deal with issues faced due to low water-soluble 
drugs [29]. Enteric SLNs for targeting the duode-
num were formulated incorporating tilmicosin 

with regard to specific region of absorption and 
mechanism of transport. Tilmicosin is a veteri-
nary antibiotic which faces problems of low solu-
bility, low penetrability, presystemic metabolism, 
lack of release at desired sites, etc. The outcomes 
of T1/2, mean residence time (MRT), and oral 
absorption for enteric SLNs of tilmicosin 
increased several folds as compared to the com-
mercial preparation tilmicosin. The low Cmax 
(755  ng/ml) and high AUC (11.31  μg·h·mL−1) 
values of enteric SLN formulation was due to 
rapid release in gastric region and slow release in 
intestine. These SLNs went on to achieve sus-
tained release along with better oral absorption 
owing to reduced metabolism and duodenal-
specific localization of drug [30]. The enteric 
SLNs containing enrofloxacin was prepared to 
enhance the bioavailability and reduce unwanted 
gastric mucosa response and stability issues. The 
formulation was developed by employing hot 
homogenization and ultrasonic emulsification 
method. The SLNs were injected through intra-
gastric route which initially led to rapid increase 
in plasma concentration of enrofloxacin up to 
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0.52 μg/mL upon completion of 3.33 h, followed 
by slow reduction in concentration up to 0.03 μg/
mL at 72 h. The area under curve and mean resi-
dence time was 4.26 μg h/mL and 6.80 h, respec-
tively, for powder drug which increased up to 
11.24 μg h/mL and 17.97 h for enteric SLNs of 
drug. In comparison with the powder drug, the 
bioavailability, T1/2, and MRT raised to about 
2.64-, 2.67-, and 2.64-fold, respectively, after 
being formulated as enteric SLNs. The outcomes 
have shown that the SLNs can prove to be a use-
ful technique for overcoming other similar 
formula-related issues as well [31].

Dronedarone HCl is a potent antiarrhythmic 
drug which faces bioavailability issues due to low 
water solubility. A recent literature has explained 
about the development of SLNs of dronedarone 
HCl by using glyceryl monostearate. The phar-
macokinetic studies of the prepared SLNs showed 
improvement in bioavailability by 2.68-fold as 
compared to the pure drug suspension. The out-
comes were favorable for using the oral SLNs of 
dronedarone HCl to counter problems like low 
bioavailability and first pass effect. However, the 
bioavailability of the drug reduced from SLNs 
when given along with chlorpromazine which 
showed the uptake of SLN takes place via endo-
cytosis [32]. Figure 13.2 shows the diagrammatic 
representation of different pathways of absorp-
tion of oral SLNs. To improve oral bioavailability 
of felodipine, SLNs were developed by using 
effervescent dispersion technique in order to have 
some edge over tradition preparation techniques. 
Pharmacokinetic studies performed on beagle 
dogs showed rise in area under curve up to 3.17-
fold after oral administration. Furthermore, the 
Cmax increased from 34.9 μg/L for free felodip-
ine to 329.42 μg/L for the SLN formulation. The 
observations were impressive and suggested that 
bioavailability of the drug increased considerably 
due to increase in solubility. The higher absorp-
tion could also be possibly due to absorption of 
drug lymphatic route which led to diminishing 
the presystemic metabolism [33].

The curcumin-loaded SLNs were prepared 
using surfactants such as tristearin and polyethyl-

ene glycol. These emulsified SLNs with varied 
concentration of surfactants were tested for their 
pharmacokinetic profile by using male Sprague–
Dawley rats. The high and comparable Cmax, 
AUC, Tmax, and bioavailability values were 
observed for SLNs prepared with both 17.1 mM 
and 46.9  mM PEG100SE concentration. The 
PEGylated SLNs possess no charge on the 
micelle which allowed rapid permeation of the 
SLNs through mucus layer of epithelium [34]. A 
study was published by Kumar et al. where they 
prepared SLNs by incorporating all-trans retinoic 
acid (ATRA) by employing novel microemuslifi-
cation method. However, ATRA is known for its 
effectivity against several inflammatory disor-
ders, but low solubility and instability hinder the 
therapeutic efficiency. SLNs of ATRA improved 
their solubility and stability to a great extent and 
thereby can be looked upon as potential carrier. 
Nevertheless, pharmacokinetics and biodistribu-
tion studies may be performed to further confirm 
the therapeutic potential of the product [35].

Camptothecin (CPT) is a potent anticancer 
agent whose activity is hindered due to low bio-
availability and undesirable side effects. CPT 
was linked with palmitic acid by using disulfide 
linker and loaded into SLNs to generate a redox 
sensitive formulation (CPT-SS-PA) for success-
ful oral delivery. The CPT-SS-PA SLN showed 
sustained release as compared to CPT SLN and 
plain CPT suspension with the peak concentra-
tion at 4 h of 2.31 μg/mL and area of curve of 
8.66 μg/L.h. Although the pharmacokinetic pro-
files of CPT-SS-PA SLN and CPT SLNs are com-
parable, CPT-SS-PA SLN showed significantly 
higher bioavailability. The study claimed that 
such modified strategies can be useful in improv-
ing oral bioavailability as well as decreasing 
chances of side effects [36]. The macrophage 
internalization of camptothecin-containing SLNs 
studied by using fluorescent marking is included 
from the research published by Martins et  al. 
(Fig. 13.3). A group of scientists prepared SLN 
of lurasidone hydrochloride by using high-
pressure homogenization method to improve its 
absorption and bioavailability when administered 
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through oral route. The Cmax from SLNs was 
about 578.23 ng/ml, which was 2.76-fold higher 
than the plain drug suspension. The area under 
curve and Tmax for SLN was reported to be 
5871.84 ng.h/ml and 6 h, respectively, and pro-
longed t1/2 and MRT showed slow elimination of 
drug from SLNs. The bioavailability of drug 
from SLN was 5.16-fold higher than drug sus-
pension which is probably due to smaller particle 
and large surface area of the nanoparticles. High 
bioavailability may also be resulted because of 
lymphatic uptake of SLNs, thereby bypassing the 
presystemic metabolism. Furthermore, the study 
also established that intestinal lymphatic trans-
port is an important mechanism for the absorp-
tion of the drug. The results of Cmax and AUC 
reduced in the presence of cycloheximide because 
of inhibition of generation of chylomicrons from 

the enterocytes and lymphatic transport of drug 
also decreased [37].

5	� SLNs for Injectable 
Administration

The nanoparticles administered through intrave-
nous route are swiftly taken up and cleared from 
the circulation by reticuloendothelial system 
which are primarily accumulated in the spleen 
and liver. The development of SLNs or even 
modifying them with the help of emulsifiers may 
result in prolonged retention in the circulation. 
Loureiro et  al. developed the SLNs containing 
resveratrol and grape skin and seed extracts for 
the treatment of Alzheimer’s disease. Resveratrol 
is quickly metabolized into glucuronic acid and 
sulfate conjugates in the liver and epithelial cells 

Fig. 13.2  Diagrammatic illustration of different path-
ways of SLN absorption via oral route (reproduced from 
Lin CH 2017 [38], an open-access article distributed 

under the Creative Commons Attribution License that per-
mits unrestricted use, distribution, and reproduction in 
any medium)
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Fig. 13.3  Illustration of macrophage internalization of 
SLNs containing camptothecin with the help of fluores-
cent marking. The literature indicated that different lip-
ids incorporated within the formulations were indicated 

with blue color in the images (a–c). FluoSpheres® and 
Alexa Fluor® 594 internalization was represented 
around macrophage layer by green and red color (d), 
respectively [39]

of the intestine, followed by elimination from the 
body. To deal with these issues, SLNs were asso-
ciated with anti-transferrin receptor monoclonal 
antibody (OX26) to facilitate the transportation 
of the active product to the brain. The OX26 
SLNs demonstrated considerable cellular uptake 
as compared to the normal SLNs indicating the 
better transcytosis of the functionalized SLNs 
[40]. A group of scientists developed cationic 
SLNs for the delivery poorly water-soluble drugs 
and biotechnology products. They investigated 
the toxicological profile of cationic SLNs by 
evaluating the distribution of drug in different 
organs at 24 and 72 h post intravenous injection. 
It was reported that migration of macrophages in 
the liver, lungs and spleen took place after admin-
istration of cationic SLNs. The permeability 
across blood-brain barrier was indicated as 
cationic SLNs moved to brain parenchyma with 
no damaging effects to the barrier [41].

An attempt was made to develop SLNs of 
buparvaquone by using modified nanoprecipita-
tion method to improve splenic uptake of the 
drug. SLNs were radiolabeled with 99mTc to pro-
vide adequate stability and targeting characteris-
tic. The biodistribution studies indicated 
maximum localization of SLNs in the organs of 
reticuloendothelial system, with considerably 
high accumulation in the spleen as compared to 
the liver. A remarkable high spleen to liver con-
centration ratio (11.94 at 3  h) affirmed high 
uptake by spleen which is probably due to cir-
cumventing the Kupffer cells and low molecular 
weight of the SLNs. The study was admirable in 
targeting the spleen for drug delivery, especially 
in the cases of theileriosis and other spleen-
specific infections [42]. Agomelatine, a novel 
antidepressant, undergoes substantial presys-
temic metabolism which leads to very low abso-
lute bioavailability. An attempt was made to 
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develop SLN of agomelatine for improving bio-
availability and penetration across blood-brain 
barrier, and pharmacokinetic studies were carried 
out for comparison of intravenous and intranasal 
delivery routes. The Cmax, area under curve, and 
absolute bioavailability of SLNs were 759  ng/
mL, 7805.69  ng.min/mL, and 44.44%, respec-
tively, which are significantly higher as compared 
to oral suspension of the drug. The optimized for-
mulation showed better targetability from intra-
nasal route as compared to intravenous route. The 
formulation also displayed direct transport % of 
47.37 which showed drug delivery in the brain 
predominantly takes place directly from the nose 
to brain pathway [43].

6	� SLNs for Targeted Delivery

Some of the active pharmaceutical ingredients 
and biotechnology products require targeting a 
specific organ or tissue to achieve maximum ther-
apeutic efficiency with minimum adverse effects. 
SLNs and their modified derivatives may be uti-
lized for subjugating the intracellular and extra-
cellular barriers that have significant impact over 
delivery. A number of literatures pondering over 
detailed description of the specific type of solid 
lipid nanoparticles to incite targeted delivery and 
their pharmacokinetics study are included in this 
portion of the chapter [44]. The targeting of alve-
olar macrophages was carried out by the 
researcher who prepared SLN assemblies modi-
fied on the surface with mannosylated surfactant 
(hexadecanoic acid (aminoethyl α-D-
mannopyranoside) amide) containing rifampicin 
as model drug for tuberculosis. The biodistribu-
tion studies were carried out over the SLNs func-
tionalized with mannosylated surfactant, and 
outcomes were compared with plain drug and 
non-functionalized SLNs post intratracheal 
administration in mice. The functionalized SLNs 
displayed the maximum retention in pulmonary 
region while low distribution in extra-pulmonary 
regions. This outcome could be possible because 
of significant phagocytosis by alveolar macro-
phages as compared to non-functionalized SLNs. 
Therefore, the surface modification of lipid 

nanoparticles may allow better treatment focus-
ing over the specific organ which is majorly 
affected by the disease [45].

A targeted oral SLN-based product for veteri-
nary use has already been discussed previously, 
wherein enteric granules of tilmicosin were for-
mulated SLNs. The product is designed for tar-
geted delivery to the duodenum region for 
maximizing the oral absorption [30]. The use of 
glucocorticoid therapy for prolonged duration in 
high concentration for the treatment of rheuma-
toid arthritis may give rise to unwanted adverse 
effects. Prednisolone was incorporated in to 
SLNs and encapsulated with hyaluronic acid to 
prepare a targeted formulation against rheuma-
toid arthritis. The main reason behind coating the 
SLNs with hyaluronic acid (HA) is that it leads to 
prolonged circulation and localization at the 
inflammation site for targeted delivery. The bio-
distribution study showed considerable reduction 
in plasma drug concentration in animals adminis-
tered with free drug in comparison with animals 
administered with HA-coated SLNs upon com-
pletion of 4  h after injection. The retention of 
HA-coated SLNs also translated into greater 
localization at the joints which is desirable in the 
case of rheumatoid arthritis [46].

One approach to improve bioavailability is 
to target the lymphatic route, especially for 
those drugs which are hampered by presystemic 
metabolism. Quetiapine fumarate was formu-
lated into SLNs to be administered through 
intraduodenal injection targeting lymphatic 
system. SLNs were prepared using various lip-
ids by employing microemulsion technique and 
subjected to in  vivo pharmacokinetic studies. 
The optimized SLN was compared with plain 
drug suspension to assess the pharmacokinetic 
parameters. The results suggested that area 
under curve of the optimized SLN was consid-
erably higher than the drug suspension. The 
bioavailability was also obtained similar to area 
under curve results, as SLNs showed 2.76 times 
higher bioavailability in comparison with plain 
drug suspension [47]. Pinheiro et al. developed 
quercetin lipid with surface functionalized with 
RVG29 peptide for targeting the brain better 
and improve neuronal uptake for the treatment 
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of Alzheimer’s disease. The permeability stud-
ies using in  vitro blood-brain barrier model 
showed 1.5 times improvement in penetrability 
when functionalized nanoparticles were com-
pared with non-functionalized ones. Although 
the results were impressive, pharmacokinetic 
and biodistribution studies should be performed 
to assess the in vivo behavior and targetability 
of the formulation [48].

7	� SLNs in Biologic 
and Diagnostic Products

Solid lipid nanoparticles are considered to be one 
of the promising carriers for the biological prod-
ucts, such as vaccines, serum, protein, and pep-
tide drugs, as an efficient and safe substitute for 
the treatment of various diseases. The main attri-
butes of SLNs are its ability to deal with chal-
lenges with regard to stability against degradation, 
better cell uptake, intracellular accumulation, tar-
getability potential, etc. Furthermore, they offer 
several benefits with regard to their safety as 
SLNs are fabricated with tolerated excipients and 
ease of scalability [49–51]. The oral delivery of 
insulin has been mostly challenging because of 
degradation by gastrointestinal enzymes and 
inadequate absorption through intestine. An 
attempt was made to develop insulin-loaded cetyl 
palmitate-based SLNs and characterizing their 
potential as carrier system. SLNs were fabricated 
using modified solvent emulsification and evapo-
ration method, and in vivo behavior of the prod-
uct was estimated. The study displayed that after 
administration of SLNs into the male Wistar rats, 
the minimum plasma glucose concentration 
reached to about 73.2% of the initial concentra-
tion within 14 h of period. Apart from that, rela-
tive bioavailability of insulin-loaded in SLNs 
(5%) was higher than that from the oral insulin 
solution (1.6%). The outcomes suggested that 
SLNs avoid degradation of insulin and improve 
intestinal absorption. It was also seen that plasma 
glucose levels reduced significantly after oral 
administration of SLNs as compared to the oral 
insulin solution after 24  h [52]. Muntoni et  al. 
developed the SLNs of insulin and glargine-

insulin by utilizing the fatty acid coacervation 
technique to protect the insulin from enzymatic 
degradation. The pharmacokinetic studies 
revealed that differential gastric emptying on the 
uptake of drug and absorption maxima is achieved 
upon completion of 30 min post administration. 
The bioavailability obtained after duodenal and 
gavage administrations was observed to be 6.10% 
and 4.5%, respectively. The concentration esti-
mated in the lymph was about 2.0 μg/mL mg−1 at 
1.5  h post duodenal administration, which 
showed that intestinal uptake of drug is primarily 
dependent upon lymph. The outcomes of the glu-
cose responsivity were estimated in healthy rats 
which showed considerable reduction in glucose 
at 2.5  h and even slow reduction was observed 
upon completion of 6 h [53].

The modification of SLNs with the help of 
ligand attachment may serve to achieve better 
bioavailability, in the case of protein drugs and 
peptides. Fan et  al. reported the fabrication of 
salmon calcitonin-containing SLNs which were 
attached with two different peptides to form two 
types of SLNs. One of the products was sCT 
CSK-SLNs, which was presumed to have more 
affinity for goblet cells and sCT IRQ-SLNs for 
imparting cell penetrating power. The investiga-
tion conformed about superior protection to 
active pharmaceutical ingredient and internaliza-
tion of drug through the mucosal cells of the duo-
denum. The mucus layer was a significant barrier 
to the movement of the drug across membrane, 
but modified SLNs showed enhanced drug 
absorption. The absolute bioavailability of the 
sCT CSK-SLNs and sCT IRQ-SLNs was found 
out to be 12.41% and 10.05%, respectively. There 
was close to twofold rise for the modified SLNs 
in comparison with unmodified SLNs [54]. The 
strategy of modification by using peptides was 
taken even further by Juang et al. who prepared 
pH-sensitive SLNs modified using peptides for 
effective delivery of irinotecan. Irinotecan is a 
potent anticancer agent for colorectal cancer, 
which was incorporated into a specialized carrier 
to possess targeted pH-dependent release and 
better cell internalization. The outcomes of the 
in  vivo studies showed that targeting by pH-
responsive carriers was successful as they sup-
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pressed the colorectal tumor growth and 
decreased associated toxicity [55].

The nanotechnology-based diagnostic agents 
furnish more efficient along with negligible 
issues with regards to safety. Correspondingly, 
the diagnosis through imaging techniques is con-
sidered to have potential for future prospects by 
using novel nano-based imaging contrasting 
agents. A SLN-based diagnostic product was pre-
pared to improve contrasting characteristics 
while performing magnetic resonance imaging 
for the diagnosis of colorectal cancer. The two 
types of SLNs were fabricated by incorporating 
the gadolinium diethylenetriaminepentaacetic 
acid and fluorescein isothiocyanate. The prepared 
SLNs were intravenously administered into mice, 
and magnetic resonance colonography was per-
formed for the examination of colon. The signal 
to noise ration raised from 1.54- to 1.74-fold in 
colorectal tumors after administration of gado-
linium fluorescein isothiocyanate-containing 
SLNs. In case of SLNs containing gadolinium 
diethylenetriaminepentaacetic acid, signal to 
noise ratio raised from 1.39- to 1.57-fold [56].

8	� SLNs for Topical Delivery

SLNs have also displayed promise as an advanced 
drug carrier for the topical delivery of a number 
of active pharmaceutical ingredients. The con-
ventional drug delivery systems of some topical 
agents are associated with moderate to severe 
side effects which hamper their therapeutic 
potential. Presumably, the reduction of side 
effects and enhancement of therapeutic activity 
are attainable by formulating these topical agents 
as SLN carriers. Despite showing a lot promise, 
there is still obscurity about the absorption mech-
anisms and cellular uptake of the topical lipid 
nanoparticles. This portion of the chapter entails 
the discussion about some of the important 
researches on topical SLN with their pharmaco-
kinetic considerations [57–59]. The SLNs of pen-
ciclovir, a potent and highly selective inhibitor of 
herpes viruses, was formulated and proved that 
penciclovir-loaded SLNs are a promising carrier 
for topical delivery. The in  vitro percutaneous 

permeation and skin uptake behaviors in the rat 
skin penetration indicated twofold increase com-
pared to commercial cream as a control at 12 h. 
The microscopic examination of the skin surface 
showed the apparent morphology of stratum cor-
neum and broke the close conjugation of corneo-
cyte layers. The amount of penciclovir penetrated 
into dermis from SLNs increased by 130% [60]. 
Meloxicam-loaded hydrogel of SLNs was stud-
ied by Kahlil et al. The 48 h in vitro study showed 
sustained release of drug. The formulation fur-
ther studied for suppression of UV-induced ery-
thema compare to commercial gel (0.5%) as a 
reference product in adult male Wistar rats. The 
results of the degree of erythema upon exposure 
to UVB radiation was monitored over 72 h and 
concluded that 67% of rats receiving SLN gel 
showed complete suppression of erythema evi-
denced by high mean erythemal score value. 
Similarly, histopathological analysis of excised 
skin sections also proved superiority of formula-
tion and showed normal histology with SLN-
loaded hydrogel [61].

Bhalekar et  al. studied piperine (a natural 
alkaloid) SLN dispersion for the treatment of 
rheumatoid arthritis. CFA-induced arthritis 
model was used for in vivo pharmacodynamic 
study in rat. Photomicrographs of joint section 
obtained during histopathology study indicated 
that piperine SLN gel showed minimal infiltra-
tion of inflammatory cells and connective tissue 
proliferation as compared to test group. TNFα 
assay by ELISA study showed that activated 
macrophages was seen to have considerably 
decreased as related to arthritic control group it 
may be attributed to the selective accumulation 
of piperine SLNs in inflamed site, thus reducing 
the secretion to TNF α from the activated mac-
rophages [62]. SLNs were used as a carrier for 
topical ocular delivery of tobramycin by a 
group of scientists and compared with marketed 
formulation Tobral®. Dispersion of SLNs con-
taining 0.3% w/v was administered to eye of 
rabbits to evaluate the ocular tolerance and 
potential irritation. The pre-ocular retention 
study by fluorescence in conjunctival sac and 
on corneal surface suggested four times longer 
retention in eye. The aqueous humor concentra-
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tion of the drug was measured for 6 h indicating 
that the Cmax (36.30 μg/mL−1), Tmax (4.0 h), 
and high AUC (155.08 μg·h·mL−1) of SLNs dis-
persion were significantly higher compared to 
solution [63].

Nair et  al. investigated clarithromycin-
loaded SLNs to increase the ocular permeation 
and improve the therapeutic potential of the 
drug in topical ocular drug delivery. The perme-
ation study of SLNs showed significantly higher 
permeation (30.45 g/cm2/h; p < 0.0001) as com-
pared to control (solution). Pharmacokinetics 
data demonstrated significant improvement of 
clarithromycin bioavailability (p  <  0.0001) 
from SLN formulation, as evidenced by a 150% 
increase in Cmax (~1066 ng/mL) and a 2.8-fold 
improvement in AUC (5736  ng  h/mL) 
(p < 0.0001) as compared to control drug solu-
tion (Cmax; 655 ng/mL and AUC; 2067 ng h/
mL) [62]. Minoxidil is currently known for the 
treatment of androgenic alopecia, but it needs 
to be formulated into carrier with good penetra-
tion and non-corrosive characteristics. A 5% 
minoxidil was incorporated with the help of 
combination of polysorbates and sorbitan ole-
ate. The skin penetration studies revealed that 
minoxidil is primarily distributed within the 
outermost layer of the skin, and only little 
amount was able to get to the dermis. However, 
the distribution of minoxidil was similar in the 
epidermis and dermis layer upon completion of 
24 h after administration [65]. The SLNs for the 
topical delivery of tretinoin have also been 
reported as this potent anti-psoriatic agent 
unleashes irritating side effects, such as ery-
thema and peeling. A biocompatible SLN of 
tretinoin was prepared to enhance its cutaneous 
delivery, stability, and pharmacodynamic fea-
tures. The confocal laser screening microscopy 
showed that after topical application of the 
SLN formulation, it has penetrated into the dif-
ferent layers of the skin. The investigation 
involved preparation and examination of sev-
eral nano-carriers for the delivery of tretinoin, 
and SLNs came out to be one of the promising 
systems from the study [66].

9	� SLNs for Ocular Delivery

The conventional oral products face bioavailabil-
ity issues because of brief contact time with ocu-
lar structures and quick washout due to tear 
production. Furthermore, the efficient delivery to 
the posterior region of the eye is difficult, and 
opting for alternate route may be required [67]. 
To resolve these issues, SLNs emerged as suit-
able carriers for delivery of drug as well as bio-
technological agents. Lipid nanoparticles 
integrate the benefits of other systems like poly-
meric nanoparticles, nanoemulsions, and lipo-
somes, while evading their shortcomings [68]. 
The ocular SLN carrier was prepared for topical 
administration of tobramycin. The formulation 
composed of ion-pair complex of tobramycin and 
hexadecyl phosphate was fabricated by employ-
ing warm microemulsion method. The pharma-
cokinetic study of SLN was performed in aqueous 
humor for estimating the AUC, Cmax, Tmax, and 
bioavailability. The outcomes suggested that bio-
availability of tobramycin produced by SLN was 
much higher as compared to the reference eye-
drops. The SLN produced increment in Cmax, 
Tmax, and AUC up to 1.5-, 8-, and 4-fold as com-
pared to the reference solution. The greater bio-
availability resulted from the SLN was probably 
due to prolonged retention which was estimated 
from the retention study. It was also suggested in 
the literature that the use of permeation enhancer 
like Epikuron 200 may have boosted up the cor-
neal passage of the drug [69].

The tetrandrine-containing SLNs were devel-
oped by melt emulsification and ultra-sonication 
method. The observations of AUC 
(6581.50 μgh/L) amd Cmax (1103.43 μg/L) were 
all determined to be considerably higher in com-
parison with tetrandrine solution. In addition to 
these, the prolonged t1/2 (13.86  h) and MRT 
(19.37 h) were estimated for SLNs. The biodistri-
bution study showed that the highest concentra-
tion showed up in lungs post intravenous 
administration. The SLN uptake was also signifi-
cantly higher in reticuloendothelial system 
organs than normal drug solution. It was also 
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Table 13.1  Summary table of outcomes of pharmacokinetic studies performed on solid lipid nanoparticles adminis-
tered through various routes

Sr. 
No. API/Drug

Route of 
administration Pharmacokinetic parameters References

01 Tilmicosin Oral Sevenfold increase in MRT and t1/2 [30]
02 Enrofloxacin Oral The oral bioavailability, T1/2, and MRT raised 

to about 2.64-, 2.67-, and 2.64 fold
[31]

03 Dronedarone HCl Oral Bioavailability increased 2.68-fold [32]
04 Felodipine Oral AUC rise to 3.17-fold [33]
05 Camptothecin (SLN of drug 

linked with palmitic acid)
Oral Significantly higher bioavailability [36]

06 Lurasidone Oral Bioavailability is 5.16-fold higher [37]
07 Cannabinoid Oral Twofold to eightfold higher bioavailability [72]
08 Nitrendipine Oral Three- to fourfold increase in bioavailability [73]
09 Ganciclovir 

(borneol-modified)
Injectable Enhances the transport of to the brain [74]

10 Resveratrol (SLNs associated 
with anti-transferrin receptor 
monoclonal antibody)

Injectable Considerable cellular uptake in brain [40]

11 Buparvaquone Injectable Improve splenic uptake [42]
12 Agomelatine Intranasal Effective delivery via nose to brain route [45]
13 Tenofovir Vaginal Enhance cellular uptake of hydrophobic 

microbicides and outdistance the virus during 
the HIV/AIDS infection process

[75]

14 Quetiapine fumarate Injectable 
(intraduodenal)

2.76 times higher bioavailability [47]

15 Enrofloxacin Injectable (IM) Increased the bioavailability by 6.79-fold and 
extended the mean residence time (MRT) of 
the drug 10.60 h to 180.36

[76]

16 Isoniazid Oral Improvement in relative bioavailability in 
plasma (6 times) and brain (4 times)

[77]

17 Doxorubicin Injectable (IV) Prolonged circulation time [78]
18 Idarubicin Injectable (IV) AUC and elimination half-life were 21 times 

and 30 times higher, respectively
[79]

(continued)

ascertained that SLNs were taken to the liver and 
spleen through the phagocytosis or endocytosis 
mechanism. The localization of drug from SLN 
was lower than drug solution in the heart and kid-
ney [70].

Ahmad et  al. developed the SLN containing 
etoposide for the effective ocular delivery, spe-
cifically to the posterior region. The preparation 
of SLN was carried out by using melt emulsifica-
tion and ultra-sonication method. The etoposide-
containing SLNs displayed prolonged release of 
etoposide for 1  week in vitreous humor with 
Cmax of 46.75 μg/mL, and concentration of eto-
poside was maintained constant throughout the 
week. Contrarily, the animals administered with 
etoposide solution showed Cmax of 73.18  μg/

mL, but very little amount of observed at day 2 
after administration. AUC (657.9 μg.h/mL) and 
t1/2 (7.75 h) were also significantly higher in case 
of SLN as compared to etoposide solution. The 
scintigraphic study was performed by labelling 
the SLNs with Tc-99m to understand their distri-
bution. It was observed that radiolabelled 
nanoparticle showed relatively homogeneous 
distribution throughout the vitreous. The 
nanoparticle formulation was retained at the reti-
nal region for long period with no or little con-
centration observed in systemic circulation until 
24-h post administration [71]. Table  13.1 sum-
marises outcomes of pharmacokinetic studies 
performed on solid lipid nanoparticles adminis-
tered through various routes.
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Table 13.1  (continued)

Sr. 
No. API/Drug

Route of 
administration Pharmacokinetic parameters References

19 Clozapine Injectable (IV) AUC increased up to 2.91-fold and clearance 
was decreased up to 2.93-fold

[80]

20 Resveratrol Injectable (IV) Increase the brain intake to five-fold [81]
21 Arteether Oral Relative bioavailability increased to 169.99% [82]
22 Haloperidol Intranasal Cmax in brain achieved 329.17 ± 20.89 ng/

mL, Tmax 2 h was significantly higher than 
intravenous and intranasal solution

[83]

23 Berberine Oral Enhanced absorption and anti-diabetic action [84]
24 Puerarin Oral Tmax shorter to 40 min vs. 110 min, AUC 

increased to 2.48 vs. 0.80 mg h/L, g h/L
[85]

25 Tetrandrine Injectable (IV) Higher plasma concentration and lower 
clearance, high uptake in reticuloendothelial 
system organs

[70]

26 Penciclovir Topical Twofold increase in rat skin penetration, 
dermis penetration increased by 130%

[60]

27 Meloxicam Topical Erythema visual scoring: 67% of rats receiving 
SLN gel showed complete suppression of 
erythema evidenced by high mean erythema 
score value

[61]

28 Piperine Topical Significantly decreased the secretion to TNF α 
from the activated macrophages compared to 
arthritic control group

[62]

29 Tobramycin Ocular Significantly higher bioavailability in the 
aqueous humor, Cmax: 36.30 μg ml−1 and 
Tmax 4.0 h compared to marketed formulation

[63]

30 Clarithromycin Ocular Significantly higher permeation (30.45 g/
cm2/h), bioavailability increased to 150% and 
2.8-fold improvement in AUC

[64]

31 Minoxidil Topical Non corrosive, non-irritative [65]
32 Tretinoin Topical Enhanced photostability, skin transport and 

anti-psoriatic activity vis-à-vis the vesicular 
carriers (liposomes, ethosomes) and the 
marketed product

[66]
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