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In the golden age of pharmaceutical nanocarriers, we are witnessing a maturation

stage of the original concepts and ideas. There is no doubt that nanoformulations are

extremely valuable tools for drug delivery applications; the current challenge is how to

optimize them to ensure that they are safe, effective and scalable, so that they can

be manufactured at an industrial level and advance to clinical use. In this context,

lipid nanoparticles have gained ground, since they are generally regarded as non-

toxic, biocompatible and easy-to-produce formulations. Pharmaceutical applications of

lipid nanocarriers are a burgeoning field for the transport and delivery of a diversity

of therapeutic agents, from biotechnological products to small drug molecules. This

review starts with a brief overview of the characteristics of solid lipid nanoparticles

and discusses the relevancy of performing systematic preformulation studies. The main

applications, as well as the advantages that this type of nanovehicles offers in certain

therapeutic scenarios are discussed. Next, pharmacokinetic aspects are described,

such as routes of administration, absorption after oral administration, distribution in the

organism (including brain penetration) and elimination processes. Safety and toxicity

issues are also addressed. Our work presents an original point of view, addressing the

biopharmaceutical aspects of these nanovehicles by means of descriptive statistics of

the state-of-the-art of solid lipid nanoparticles research. All the presented results, trends,

graphs and discussions are based in a systematic (and reproducible) bibliographic

search that considered only original papers in the subject, covering a 7 years range

(2013-today), a period that accounts for more than 60% of the total number of

publications in the topic in the main bibliographic databases and search engines.

Focus was placed on the therapeutic fields of application, absorption and distribution

processes and current efforts for the translation into the clinical practice of lipid-based

nanoparticles. For this, the currently active clinical trials on lipid nanoparticles were

reviewed, with a brief discussion on what achievements or milestones are still to be

reached, as a way of understanding the reasons for the scarce number of solid lipid

nanoparticles undergoing clinical trials.

Keywords: clinical trials, drug delivery, nanostructured lipid carriers, nanotoxicity, pharmacokinetics,

pharmacodynamics, routes of administration, solid lipid nanoparticles
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INTRODUCTION

Formany years, lipidmaterials that are solid at room temperature
have been used in the pharmaceutical industry for the preparation
of different types of formulations such as emulsions, lotions,
ointments and suppositories, among others (de Blaey and
Polderman, 1980). Due to the high affinity of the lipid-
rich intercellular space of the stratum corneum for this kind
of materials, they have been most commonly used as inert
ingredients in topical medications, but lipids (both solid or liquid
at room temperature) are also regular constituents of other
enteral and parenteral formulations, like soft/hard capsules or
parenteral emulsions (Feeney et al., 2016).

Nanoscience, on the other hand, arose initially from the field
of physics and electronic engineering, to rapidly impact other
scientific areas, such as biology, biochemistry, and medicine,
where the size range of nanoparticles (NPs) has historically been
associated with the so-called colloids (Hauser, 1955). Colloidal
systems are dispersion of particles (very large molecules or
molecule aggregates) of intermediate size between molecules in
solution and particles in coarse suspension, and it has been
almost 100 years since a colloidal size range of 1–1000 nm
was proposed (le Chatelier, 1919), which is still accepted today
(McNaught and Wilkinson, 1997).

Hence, the novelty that NPs brought to the biomedical
and therapeutic fields was not their size, but a radical change
in the prevailing therapeutic paradigm: a designed, tailored,
functional or at least protective system, usually carrying a
drug, that could reach the systemic circulation of the patient
along with the drug. In other words, due to their size,
nanovehicles brought down the classical concept that only drugs
dissolved in biological fluids can be absorbed and/or distributed
through the body.

When back in the 90s Müller et al. (2002) proposed the
term solid lipid nanoparticles (SLN R©), as well as nanostructured
lipid carriers (NLC R©), it seemed like a natural idea: to
combine the advantageous characteristics of NPs (mostly
metallic and polymeric at that time) with those of lipid-based
parenteral emulsions, based on non-toxic and biodegradable
lipid components (Schwarz et al., 1994). These lipid NPs were
promoted as a safer option compared to other nanosystems;
they are constituted of a solid matrix that would allow the
controlled release of the drug, but being more stable (and
certainly cheaper) than phospholipid-based liposomes developed
so far (Martins et al., 2007).

If lipid NPs were up to the expectations, is what remains
to be determined. With that in mind, this review presents
an overview of the investigations regarding SLN and NLC
for drug delivery applications, and a descriptive statistical
analysis of the field from 2013 until today. No size restrictions
have been imposed on the systems considered, and the
nano-classification proposed by the authors is maintained.
Consequently, despite that all the reviewed nanovehicles belong
to the colloidal size range mentioned before, those closer to the
upper limit could be better addressed as microparticles, which
have been in the pharmaceutical market for several years now
(Siepmann and Siepmann, 2006).

Our work presents an original point of view, by addressing
the biopharmaceutical aspects of these nanovehicles by means
of trends and descriptive statistics covering the last 7 years of
research in the field. In gathering and presenting the information,
focus was placed on the therapeutic fields of application,
pharmacokinetic aspects, safety issues, toxicological concerns
and current efforts for the translation into the clinical practice
of lipid-based NPs. We believe it will be a valuable read for
all those researchers interested in knowing what therapeutic
challenges are being addressed through the use of SLN, and what
remains to be done.

Our Bibliographic Search
At present, we are witnessing a huge expansion of scientific
knowledge, with countless work groups researching common
themes, collaboratively or individually, throughout all countries
all over the world. This makes it virtually impossible to
review topics in a comprehensive manner, that is, covering
everything published to date with respect to a given topic.
Limiting the information reviewed is thus imperative, with the
inevitable risk of falling into involuntary biases regarding the
information sampling.

Therefore, in order to perform a search as objective as possible,
the following criteria were set:

• Original publications in English dating from the last 7 years:
this meant excluding from the systematic search the review
articles and limiting the search to original works published
since 2013, inclusive. Although it is true that there is a lot of
information prior to that date, the analysis of year-by-year
statistics of academic databases and search engines reveals
that, of the total number of publications retrieved when
searching for the phrase “solid lipid nanoparticles” in the
title, more than 60% correspond to the period 2013-2020. In
particular, publications from 2013 to date were 1600 out of
2630 in Google Scholar (60.8%), 944 out of 1264 in PubMed
(74.7%), and 1300 out of 2111 in Scopus (61.6%), which is
remarkable considering that the total SLN/NLC publication
period is 25 years [the first references date from Maaßen
et al. (1993); Muller et al. (1993)].

• R&D publications focused on the application of lipid
nanosystems for the delivery of drugs, excluding merely
technological developments without any biological or
biorelevant assay. For this, the following keywords
were included in the search (with the “OR” connector):
drug delivery, in vivo, cell, cells, pharmacokinetic,
pharmacokinetics.

Despite Google Scholar retrieved the largest number of
publications, Scopus was selected to perform the final search
due to its more versatile advanced search interface, and the
possibility to download the search results. At the time of
the writing of this work, this search yielded 371 scientific
articles, which constitute the database on which the descriptive
statistics and trends presented in the following sections
are based.
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The Tiny Big Universe of Lipid
Nanoparticles
When firstly developed, SLN were presented as tiny and spherical

particles, made of solid lipids at room temperature, that may be

thought as perfect crystal lipid matrices, able to accommodate

a drug or other molecules between fatty acid chains (Puri et al.,

2009). Nowadays, however, it is known that this is not necessarily

true in all cases, since disc-like shape or flat ellipsoidal geometry

have also been described (Mazuryk et al., 2016; Shah et al., 2019).

Moreover, the loaded drug may be attached mostly to the carrier

matrix surface instead of being embedded into the solid core
(Pink et al., 2019; Shah et al., 2019).

Almost 10 years after SLN introduction, a second generation
of lipid NPs, the nanostructured lipid carriers (NLC) appeared
(Muller et al., 2002). Considered as an advanced version of
SLN, NLC incorporate into their structure small amounts of
liquid lipids at room temperature (oils), to produce structural
rearrangements of the matrix. By that time, it was observed that
the maturation of the crystalline structure that SLN exhibit along
the time often results in the expulsion of the incorporated drug
to the surrounding medium (Mehnert and Mäder, 2001). The
oils in NLC act by reducing the crystalline degree of the lipid
core of SLN, thus avoiding the expulsion of the drug from the
matrix and increasing the drug loading capacity and physical and
chemical long-term stability (Müller et al., 2002). The highly-
ordered crystalline structure of the lipids in a SLN has been
recently studied by Pink et al. (2019) whose work provides a
detailed description of the internal and external structure of SLN.

A detailed description of the materials and methods used for
the synthesis of SLN / NLC is beyond the scope of this review,
and can be found elsewhere (see, for example, Geszke-Moritz and
Moritz, 2016; Gordillo-Galeano and Mora-Huertas, 2018; Jain
and Thareja, 2020). However, it is worth highlighting that, being
strongly hydrophobic, lipidic NPs in aqueous environments
are very low hydrated or no hydrated at all, and thus they
are not able to be spontaneously dissolved or dispersed in
water. Therefore, the preparation of these dispersions necessarily
implies transferring energy to the system, in order to generate
very small particles, with very high specific surface area (Troy,
2000). Regardless the details of each synthesis method, they all
share the common feature of an energy-providing step, under the
form of ultrasonic waves [probe-type sonication (Haque et al.,
2018; Pandya et al., 2018; Scioli Montoto et al., 2018) or ultrasonic
bath (Rajpoot and Jain, 2018; Rosière et al., 2018; Chirio et al.,
2019), high pressures (de Jesus et al., 2013; Küçüktürkmen and
Bozkır, 2018; Wang et al., 2018), high speed homogenization
(Nakhlband et al., 2018; Sathya et al., 2018; Youssef et al.,
2018), or even microwaves (Shah et al., 2016a)]. The comparative
performance of the two most commonly applied methods for
lipid NPs preparation, hot homogenization and high pressure
homogenization, was evaluated in the first studies within the field
(Schwarz et al., 1994).

On the other hand, besides the energy that must be transferred
to the system to create the particles, it is also necessary to
implement other technological strategies in order to maintain
the large surface area exposed by the dispersed NPs. Suspended

in aqueous media, lipid NPs constitute a lyophobic dispersion
(i.e., NPs have no affinity for the dispersing medium), and thus
intrinsically unstable. The most stable state of the lyophobic
colloids contains the dispersed phase aggregated in large
crystals or droplets, to minimize the specific surface area and,
hence, the interfacial free energy (Leite and Ribeiro, 2012).
To prevent this aggregation process (coalescence), the particles
must be electrostatically and/or sterically stabilized (Keck et al.,
2014; Kovačević et al., 2014). Figure 1 shows a schematic
representation of a SLN and a NLC sterically stabilized with a
neutral surfactant.

The superficial charge of lipid NPs is mostly determined by the
materials used for their synthesis, and the pH of the surrounding
medium. The Z potential (ζ) is the electric potential at the
slipping (or shear) plane, i.e., the potential difference between
the stationary double layer of fluid that surrounds a colloidal
particle in suspension and any point in the surrounding liquid
medium. It is a measure of the surface charge of the particle, and
thus it is directly related to the charge exhibited by the lipid or
surfactant of the nanosystem, at the pH value of the formulation
(Cheng and Lee, 2016).

The ζ required to stabilize the lipid NPs dispersion only
by electrostatic repulsion is usually accepted to be ±30 mV
or higher, to assure enough repulsion of nearby NPs in the
suspension (Kovačević et al., 2014). Negative values of ζ are
achieved when particles are formulated with negatively charged
components at the pH of the formulation, like stearic acid
(Liu et al., 2017), sodium taurocholate (Rosière et al., 2018)
or 1-Oleoyl-glycero-3-phosphate sodium salt (Abd-Rabou et al.,
2018), among others. On the contrary, positively charged
starting materials are needed to produce lipid NPs with ζ

values greater than zero, such as stearylamine (Costa et al.,
2018), quaternary ammonium lipids (Doktorovova et al., 2018;
Küçüktürkmen and Bozkır, 2018; Wu et al., 2018) or chitosan
coatings (Liu et al., 2017; Vijayakumar et al., 2017). Nevertheless,
the majority of lipid components (as well as surfactants)
currently used to formulate SLN/NLC are neutral, with the
two most common being ester (e.g., glycerides) and ether (e.g.,
Tween, Poloxamer, Brij) functions. Lipid NPs based on these
materials tend to present ζ values slightly or moderately negative
(between -30 and -3 mV).

The small absolute values of ζ are not enough to prevent
the coalescence of the NPs, which need to be further stabilized
by steric repulsion. To do so, hydrophilic polymers and/or
surfactants are included in the formulation. These compounds
tend to adsorb onto the particles surface and project their polar
residues to the surrounding aqueous medium, thus preventing
the NPs to get too close so that the attractive forces predominate
(Luo et al., 2015).

It is not easy, however, predicting the effect that the NPs
composition and preparation method will have on the ζ,
particle size (PS) and entrapment efficiency (%EE). Systematic
approaches like the quality by design (QbD) concepts, strongly
related to the pharmaceutical industry, are very useful to
comprehensively study and characterize the design space of the
formulation. From the 371 articles reviewed, only 48 (nearly 13%)
applied this type of analysis.
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FIGURE 1 | Schematic representation of a SLN and a NLC sterically stabilized with a neutral surfactant (gray). The oxygen atoms in the liquid and solid lipids are

shown in orange. Drug molecules are not depicted since they may be located inside the lipid core and/or attached to the outer shell.

In terms of the product, QbD tools arise from the recognition
that in order to guarantee the quality, it is not enough (nor
economically efficient) to verify it in the finished product but
has to be incorporated from its design. In the nanotechnology
area, and more precisely, the development and preparation
of SLN/NLC, this idea means to replace the old development
empirical approach (i.e., in an artisanal way) by amore systematic
one, based on the experimental design and the statistical analysis
of the results (ICH, 2009).

To do so, it is usually convenient to start with fractional
factorial designs, which allow to study multiple variables at the
same time with the smallest number of runs: while a full factorial
design requires 2k experiments or runs to study the effect of k
factor at 2 levels (without replicates), the 1

4 fraction of this design

allows estimatingmain effects with 2k−2 runs. The decrease in the
number of runs (i.e., in degrees of freedom), inevitably implies a
loss of information, but fractional designs are ideal preliminary
designs, to study several factors at a time with focus on their main
effects, as generally happens during the design of products and
processes (Montgomery, 2017).

Once the more relevant factors are identified, a minor
number of them are studied with more details [i.e., more
levels, so that the “curvature” in the response function can
be addressed) in the optimization stage. For this, response
surface methodologies (RSM) are usually employed (although
other statistical techniques may apply, see for example (Amasya
et al., 2019)]. RSM are generated from designs where factors
are studied in more than two level (n levels), such as full

factorial (nk) designs or more efficient ones like the central
composite or Box-Behnken designs. This type of designs allows
to find functional relationships among studied responses (quality
attributes, such as particle size or ζ) and factors, like the amount
of lipid, the synthesis time or temperature, among others.

The above mentioned is particularly relevant in SLN/NLC
area, since even with the experience accumulated in these years,
very few trends are predictable. Perhaps the only example
is the positive relationship between the amount of lipid and
the particle size, which is verified in almost all the cases
and independently of the drug and preparation method: all
the review articles that include the study of particle size as
a function of the lipid amount found a direct relationship
between them, at least in part of the studied range, if not
in all. However, these results must be interpreted carefully
since the existence of interactions among factors can cause
this relationship to be modified according to the levels of
the other factors. It is not unusual that at higher surfactant
concentrations, the effect of the amount of lipid over the
particle size is minor or null (Cacicedo et al., 2019; Rajpoot
and Jain, 2019). The presence of interactions among factors and
their magnitude can only be studied by means of designs of
several crossed factors, such as those mentioned before, being
insufficient the individual or univariate optimization of the
responses in function of each process attribute or parameter
(Montgomery, 2017).

Systematization of the preformulation stage through the
aforementioned statistical tools allow not only to gain insights
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in a more efficient manner but also to study several response
variables at once. As said before, decreasing the amount of lipid
incorporated into the formulation frequently helps to reduce
particle size, but has a negative effect on the entrapment efficiency
(Kurakula et al., 2016; Talluri et al., 2017; Ahmad et al., 2019).
Simultaneous optimization of both responses as a function of
the formulation components and/or process operational variables
allows to find the optimum compromise solution as well as other
possible approaches, such as increasing the energy (frequency,
speed) during the synthesis to decrease the particle size without
sacrificing entrapment efficiency (Nooli et al., 2017; Dara et al.,
2019; Khatri et al., 2019; Patel et al., 2019a), or decreasing the
surfactant/lipid ratio (Bhalekar et al., 2017; Pandya et al., 2018;
Ahmad et al., 2019).

A DESCRIPTIVE ANALYSIS OF
THERAPEUTIC APPLICATION FIELDS OF
SLN

Figure 2 shows the distribution of publications on SLN/NLC
of the last 7 years, grouped by therapeutic fields. It can be

seen that, as for other nanosystems, cancer treatment represents
the most relevant field of application (Hare et al., 2017). Of
the 371 publications surveyed, 41.8% (155) corresponded to
anticancer therapies, 14.3% (53) to antimicrobials, 12.4% (46) to
the treatment of central nervous system (CNS) diseases and/or
disorders (excluding cancer and infection), 7.3% (27) to site-
specific treatments, 7.5% (28) to nanovehicles not intended for
any specific therapeutic area (i.e., with no indication, including
SLN for diagnostic purposes) and the remaining 16.7% (62)
comprises drugs for various conditions or diseases (in gray
in Figure 2).

In general, the treatment of any disease can be enhanced by
the formulation of drugs loaded into lipid-based NPs, mainly
due to physicochemical and/or biopharmaceutical aspects, like an
improved pharmacokinetic profile, as we will discuss in the next
section. However, the distribution displayed in Figure 2 suggests
that lipid-based NPsmay possess additional advantages in certain
specific therapeutic fields.

The large efforts in nanotechnologies focusing on cancer

treatment is not surprising. Cancer is one of the major
public health concerns and is among the leading causes of
death worldwide. According to the National Cancer Institute

FIGURE 2 | Distribution of the 2013–2020 reviewed publications on SLN/NLC, by therapeutic field: anticancer therapies (41.8%, light blue); antimicrobials (14.3%,

pink); CNS diseases, excluding cancer and infection (12.4%, green); site-specific treatments (7.3%, dark blue); various indications (16.7%, gray) and; nanovehicles

not intended for any specific therapeutic area (7.5%, yellow).
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(NCI, NIH), while in 2012 there were 14.1 million new cases
(and 8.2 million cancer-related deaths worldwide), it is expected
that the number of new cancer cases per year will reach
23.6 million by 20301.

The analysis of the database entries corresponding to
SLN/NLC for cancer treatment reveals a great variety of
encapsulated drugs, from large lipophilic molecules such
as taxanes, to small molecules of higher polarity such as
5-fluorouracil. Even Pt-based chemotherapeutic agents (like
the water-soluble drugs cisplatin and oxaliplatin) have been
efficiently loaded into SLN, highlighting the versatility of
these nanocarriers to encapsulate almost the whole range of
chemotherapeutic agents available today.

In addition to the strong reasons for seeking new strategies for
cancer therapies, cancerous tissues possess unique characteristics
that make the choice of nano-based drug delivery especially
interesting. The high rate of tumor growth leads to abnormal
angiogenesis, with abundant fenestrations and large gaps between
endothelial cells, as well as deficient lymphatic drainage in the
area (von Roemeling et al., 2017). Combined, these characteristics
lead to the accumulation, only based on the size (i.e., passive
targeting), of NPs in the tumor vicinity, a phenomenon known as
the Enhanced Permeability and Retention (EPR) effect. Although
there is still controversy regarding the lack of uniformity in the
observed EPR effect between species, at least in some human
tumors the passive targeting ofmacromolecules andNPs has been
demonstrated (Bjö et al., 2017).

On the other hand, a large number of genes (including
many cell surface and nuclear receptors genes) are amplified
or overexpressed in cancer cells. With the right surface ligands,
NPs may be directed (i.e., actively targeted) to specifically bound
those receptors (Shi et al., 2017). Among the 155 articles of SLN
applicable to cancer, 23 of them involved some active targeting
strategy. In contrast to the wide variety of payloads mentioned
above, the targeting moieties belong, in the majority of cases,
to one of two main classes: peptides and proteins (including
antibodies, 70%) or folate residues (26%).

The α-isoform of the folate receptor, which is normally
expressed at the apical surface of epithelial tissues and
overexpressed in tumor cells of epithelial origin. Hence,
it could be used to promote drug uptake by cancer cells
via receptor-mediated endocytosis, by attaching folate
residues to a nanoparticle surface (Holm and Hansen,
2020). Indeed, this strategy was successfully applied to the
design and preparation of folate-grafted SLN loaded with
irinotecan (Rajpoot and Jain, 2020) and a combination of
resveratrol and ferulic acid (Senthil Kumar et al., 2020)
for the treatment of colorectal cancer. Another example is
found in integrin αvβ3, an adhesion molecule presented
in all cells but overexpressed in several types of tumors. It
has been demonstrated that its interaction with the RGD
tripeptide (arginine-glycine-aspartic) leads to a number of
cell functions that ultimately contributes to angiogenesis
and metastasis (Martínez-Jothar et al., 2020). Conjugation
of SLN with RGD increased in vitro antitumor efficacy and

1www.cancer.gov

in vivo cytotoxicity in comparison with non-targeted SLN
(Zheng et al., 2019).

On the other hand, targeting ligands may be intended to
promote the passage through physiological barriers like the blood
brain barrier (BBB), to reach a site of action at CNS. This
approach was applied in the formulation of docetaxel-loaded SLN
functionalized with angiopep-2 (A-SLN), that specially binds to
the low-density lipoprotein receptor related protein 1 (LRP1)
overexpressed at the BBB. Higher in vitro cytotoxicity and BBB
permeability were found for A-SLN, attributable to receptor-
mediated endocytic processes (Kadari et al., 2018). Moreover,
dual-approaches or combinations are also possible: Kuo and
Lee (2016) achieved an increased toxicity on tumor cells by
incorporating two antibodies for a two-stage targeting: first to
BBB cells (83-14 MAb), and then to glioblastoma cells (AEGFR).

It is worth highlighting that, in order to efficiently conjugate
the targeting moiety to the SLN, much more complicated
synthesis methods are required. The systems are no longer made
of the simple mix lipid/s - surfactant/s - drug/s. Instead, other
reagents, solvents and reaction steps must be incorporated to the
preparation protocol.

There are several options for attaching a targeting ligand to
an SLN, such as linking a fatty acid of the NP with an amino
group of the ligand (Siddhartha et al., 2018), an amino group
of a phospholipid to an acid group of the ligand (Rajpoot and
Jain, 2020), or an amino group of the chitosan coating with an
acid group of the ligand (Senthil Kumar et al., 2020), among
others. Regardless of the particulars, these examples end in the
formation of an amide, which is by far the most widely used bond
to attach ligands to the surface of lipid nanoparticles. In order to
efficiently form an amide bond, activating reagents are required
(carbodiimide, H-hydroxysuccinimide, etc.), and several steps
must be performed in potentially toxic organic solvents.
Therefore, the improvement in efficacy and/or biodistribution
aimed by means of active targeting strategies is achieved by
sacrificing what is (possibly) the main advantage of SLN/NLC:
their green synthesis and safety profile.

Perhaps a better option is to use other types of chemical
bonds instead of covalent bonds. Souto et al. (2019)
synthesized extremely positive SLNs (ca. +70 mV, by choosing
cetyltrimethylammonium bromide as surfactant) able to
electrostatically interact with negatively charged streptavidin
(pI = 5). The objective was to bind a biotinylated antibody
(CAB51, against human epithelial growth receptor 2, HER2),
taking advantage of the strong interaction between streptavidin
and biotin. The goal was somehow accomplished, since in vitro
assays revealed an improved internalization of the targeted
NPs on a HER2 positive cell line (BT-474) compared to a
HER2 negative cell line (MCF-7). But further optimization
will be necessary to reduce the cytotoxicity exhibited by the
nanoparticles themselves, which according to the authors was
probably due to the cationic surfactant and/or their positive
charge (Souto et al., 2019).

Last, but not least, the economic aspect must be mentioned.
The costs of taking a novel nanomedicine into the clinic can be a
significant obstacle for the introduction of new nanomedicines in
the pharmaceutical market (Hare et al., 2017). Histories of success
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like Abraxane, with sales of nearly $1 billion by 2015 (van der
Meel et al., 2017), and efforts like the Cancer Moonshot Task
Force recommendation to enhance public–private partnerships
(Jaffee et al., 2017) are expected to encourage drug developers to
invest time and resources for cancer R&D.

Another area that could take much advantage from
pharmaceutical nanovehicles is the one related to antibacterials,
antivirals, antiparasitic and antifungals, grouped as
antimicrobials in Figure 2.

All the reviewed articles corresponding to SLN/NLC
applications to antiviral therapies present as main advantage the
optimization of the distribution / accumulation of the drug in
the site of action, as well as an improved biodistribution and
diminished cytotoxicity.

As we will discuss later, drugs whose site of action is at the
CNS level always represent a challenge in terms of biodistribution
in order to achieve effective concentrations in the brain. Lipid
NPs of zidovudine and saquinavir intended for the CNS showed
promising results in cell cultures in vitro (Kuo and Wang,
2014; Joshy et al., 2016), and SLN-based formulations of efavirez
(Gupta et al., 2017) and nevirapine (Lahkar and Kumar Das,
2018) exhibited an improved central in vivo bioavailability (BA).
In the case of efavirenz, the strategy was to circumvent the BBB
by means of the nasal administration of the nanoparticles, while
in the nevirapine case the administration was by intravenous
(IV) route and the improved biodistribution was attributed to
the coating (polysorbate 80), able to enrich the protein crown
in ApoE, resulting in a higher passage through the BBB due to
the contribution of receptor-mediated transcytosis (Li et al., 2018;
Krishna et al., 2019).

Regarding antiviral formulations intended for systemic effect
after oral administration (Gaur et al., 2014; Shi et al., 2015;
Ravindra Babu et al., 2019), an interesting work by Ravi et al.
(2014) evaluated the comparative performance of the protease
inhibitor lopinavir (LPV)-SLN with respect to LPV alone and
the combination of LPV-Ritonavir (RTV). LPV is co-formulated
with subtherapeutic doses of Ritonavir to overcome its poor
oral BA due to CYP3A4 metabolism and P-glycoprotein (P-gp)
efflux, both inhibited by RTV. The LPV-SLN presented greater
oral BA than the LPV-RTV combination, and in vitro metabolic
stability and rat everted gut sac studies allowed the authors to
conclude that the observed results were due to a combination of a
metabolic protection and increased intestinal permeability of the
drug encapsulated into the SLN (Ravi et al., 2014).

A very promising aspect, although not still fully addressed,
of the use of lipid-based NP to the delivery of antibiotics is the
possibility to overcome some of the drug resistance mechanisms
acquired by bacteria. Multiple-drug resistance (MDR) may
be acquired by either a mutation or the acquisition of new
genetic material from an exogenous source, that results in a
mutated version of a drug target, membrane protein, transporters
or enzymes, as beta-lactamases. In the same manner as NPs
may help to optimize the pharmacokinetic (PK) profile of
a drug by reducing its metabolism and/or efflux by ABC
transporters in humans, it is feasible to apply the same concept
to overcome the resistance produced by similar mechanisms
in bacteria (Christaki et al., 2020). The possibility to deliver

biotechnological drugs encapsulated into SLN/NLC may also
help to overcome MDR by exploring new therapeutic strategies,
like interfering with the bacterial transcription process through
the delivery of DNA molecules complexed with lipid NP
(González-Paredes et al., 2019).

Moreover, lipid-based nanosystems offer several indirect-
ways to address drug-resistance issues, by one or more of the
following strategies:

• Achieving a sustained release profile of the drug, to
maintain steady concentrations within its therapeutic
concentration, and thus avoiding suboptimal levels which
can promote resistant microbes selection (Nafee et al., 2014;
Chetoni et al., 2016).

• Lowering the drug toxicity by encapsulation, allowing
higher doses and/or treatment periods (Severino et al.,
2015; Chaves et al., 2018).

• Increasing systemic BA (Chetoni et al., 2016; Banerjee et al.,
2020) and CNS levels (Abdel Hady et al., 2020).

• Allowing pulmonary administration, with less unspecific
distribution (Nafee et al., 2014; Gaspar et al., 2016, 2017;
Maretti et al., 2017; Vieira et al., 2018).

• Promoting accumulation in target cells by means of active
targeting (Maretti et al., 2017; Costa et al., 2018; Vieira et al.,
2018; Hosseini et al., 2019; Banerjee et al., 2020).

• Increasing inhibitory effect (i.e., decreasing MIC) over
bacterial strains (Severino et al., 2015; Pignatello et al., 2017;
Ghaderkhani et al., 2019; Rodenak-Kladniew et al., 2019).

On the other hand, the very lipophilic groups of antiparasitic
and azole antifungal agents highlight another advantageous
aspect of lipid-based NPs. Due to its lipid components, SLN/NLC
are able to solubilize highly lipophilic (i.e., aqueous insoluble)
drugs, and keep them in a stable suspension, avoiding the use
of large amounts of surface-active compounds and improving
the biopharmaceutical performance after oral (Souza et al.,
2014; Aljaeid and Hosny, 2016; Omwoyo et al., 2016; Rehman
et al., 2018), ocular (Mohanty et al., 2015; Kumar and Sinha,
2016), and/or parenteral administration (Ahmadnia et al., 2013;
Permana et al., 2019).

The hydrophobic constituents of lipid-based nanosystems
provide a suitable environment for the entrapment of
hydrophobic drugs, positioning SLN/NLC as a promising
tool, particularly relevant in the current context where there
is a growing trend toward more lipophilic drug candidates.
In silico drug discovery strategies, high throughput screening
methodologies and the more classical lead-optimization
programs tend to favor compounds with higher pharmacological
potency, in detriment of other properties that may be desirable
from a physicochemical or pharmacokinetic point of view. On
the contrary, it is a known fact that when the biopharmaceutical
characteristics of drug candidates are addressed in early stages
of discovery programs the consequence is an increase in failures
due to lack of efficacy and, to a lesser extent, for toxicity
concerns (Kola and Landis, 2004). Therefore, pharmaceutical
chemists will always have to deal with the PK/PD & toxicity
balance, and the aqueous solubility will remain to be a
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critical factor in drug discovery. Proof of this is that, to date,
approximately 39% of the marketed drugs (Benet, 2013) and
60% of the new chemical entities (Kovačević, 2020) belong to
the biopharmaceutical categories that group low solubility drugs
(i.e., BCS classes 2 and 4).

ROUTES OF ADMINISTRATION
PROPOSED FOR SLN /NLC

As can be seen in Figure 3, the most commonly proposed
administration route for lipid-based nanosystems is the
parenteral route, closely followed by the oral route. Both
administration routes seek to achieve systemic effects of the
encapsulated drugs, but the trend described is opposite to the
current distribution of pharmaceutical products in the market,
where the oral route of administration is the preferred and most
widely used route for drug administration.

Parenteral routes, on the other hand, allow the delivery of
drugs directly to the systemic circulation with no absorptive
barriers to overcome or with minimal restrictions, as in the
case of the intramuscular and/or subcutaneous route. More
than 50% of the lipid nanosystems assayed by parenteral
routes (46 out of 81) corresponds to anticancer drugs, a
therapeutic field where IV route remains predominant, in spite
of its non-negligible negative aspects, such as invasiveness,
associated risks, inability to self-manage and higher technological

requirements to be manufactured with suitable microbiological
quality (Ruiz and Scioli Montoto, 2018).

Oral Route
The oral route, being a natural route of entry of substances to
the organism, enjoys the greatest acceptability, as well as some
technological advantages, since oral pharmaceuticals mostly
comprise non-sterile solids dosage forms. For a successful therapy
by the oral route, though, a drugmust generally fall within certain
ranges of lipophilicity, molecular weight, and hydrogen bonding
ability, as well as aqueous solubility and permeability, which
altogether contribute to its druglikeness (Di and Kerns, 2016).

Curcumin, for example, represents a real challenge for its
formulation as oral product, due to its very low aqueous
solubility, poor absorption, rapid metabolism and pH-dependent
degradation rate (Sanidad et al., 2019). Oral BA of curcumin has
been reported to be as low as 1% (Ma et al., 2019). On the other
hand, successful outcomes of curcumin in both preclinical and
clinical trial of different diseases make it a very promising drug,
that seems to be able to modulate several cell signaling pathways
and, thus, holds a great therapeutic potential against a wide
range of human diseases (e.g., cancer, infections, inflammatory,
metabolic and neurodegenerative diseases, among others) (Gupta
et al., 2013). Furthermore, there is enough evidence to support
the hypothesis of dose-dependent pharmacological activity of
curcumin, with the anticancer properties corresponding to the
highest doses (Doktorovova et al., 2018).

FIGURE 3 | Distribution of the 2013–2020 reviewed publications on SLN/NLC, by the proposed route of administration. Only publications with a PD and/or PK

studies were considered (211 of 371).
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Regardless the somehow inconsistent reports on curcumin
oral BA (possible due to variations in experimental conditions),
there is agreement on the positive increment in the oral BA
of curcumin formulated within nanosystems, with respect to
the free drug in solution (Anand et al., 2007). Predictably, the
publications reviewed here confirmed that trend, since curcumin
oral BA achieved with SLN/NLC was from 2 to more than 10-
fold higher than that of the free drug solution (Kakkar et al.,
2013; Ramalingam and Ko, 2015; Baek and Cho, 2017). The
examination of the PK profiles seems to indicate that the BA
improvement of curcumin is related to the combined effect of a
higher absorption and a minor elimination of the encapsulated
drug, similarly to what was described for LPV-SLN.

Among the reviewed articles, the aforementioned trend is
confirmed by many other examples. Administration as SLN/NLC
greatly increases the oral BA of drugs with very low aqueous
solubility such as aripiprazole (Silki and Sinha, 2018), rhein (Feng
et al., 2017), zaleplon (Dudhipala and Janga, 2017), miconazole
(Aljaeid and Hosny, 2016), raloxifene (Singh et al., 2013; Tran
et al., 2014), efavirenz (Gaur et al., 2014), doxorubicin (Yuan
et al., 2013), asenapine (Patel et al., 2019b), linagliptin (Veni
and Gupta, 2020), and niclosamide (Rehman et al., 2018),
among several others.

The group of calcium channel blockers derived from
dihydropyridine, for example, is characterized by its low oral
BA due to its low water solubility and high rate of first-
pass metabolism. Administered as lipid-based nanosystems,
significant increases in the oral relative BA was observed for
isradipine [4.5-fold, (Kumar et al., 2018)], nisolpine [2.5-fold,
(Dudhipala et al., 2018)], felodipine [3.2-fold, (He et al., 2020)],
and cilnidipine [2.4-folds, (Diwan et al., 2020)]. These are
very promising results taking into consideration that, when
administered as conventional formulations, the oral BA of these
four drugs is in the range of 5-20% (Wishart et al., 2018).

These previous examples illustrate the possibilities and
advantages offered by lipid NPs for oral pharmacological therapy.
Nonetheless, despite the abundance of PK and pharmacological
“advantages,” the underlying mechanisms are not yet fully
understood. Regarding the higher oral BA, evidences suggest a
combination of four possible effects:

(1) Drug protection against both chemical and enzymatic
degradation. Encapsulation in a nano-sized lipid matrix
may reduce or retard a drug pH-dependent hydrolytic
degradation (Baek and Cho, 2017), as well as the drug
inactivation by the gastrointestinal (GI) tract digestive
enzymes, which may be crucial for the oral administration
of biological drugs. It has been demonstrated, for
example, that whereas free salmon calcitonin was almost
completely degraded in vitro by pancreatin in 15 min,
the drug encapsulated into SLN exhibited a much slower
degradation kinetics, and was still detectable in the reaction
media up to 12 h (Fan et al., 2014).

(2) Lipid effect on solubility improvement that allows higher
effective doses. Shangguan et al. (2015) evaluated the BA of
silymarin in Beagle dogs, comparing the administration as
intact drug-loaded SLN/NLC and as a lipolysate produced

by the enzymatic action of pancreatic lipase over the lipid
NP. The lower BA obtained with the lipolysate was in
agreement with the loss of drug in the formulation, since
the micelles formed in the GI to facilitate the uptake
of lipophilic compounds (known as “mixed micelles,”
and mainly composed by phospholipids, bile salts, and
cholesterol, Yao et al., 2017) cannot keep all silymarin
in suspension, and drug precipitation occurs. In other
words, when the BA values are corrected by a factor
that accounts for the true dose administered (i.e., amount
of drug remaining in suspension), it may be concluded
that the lipolysis pathway is the predominant mechanism
underlying the enhanced oral BA of a drug formulated
as lipid NPs, whereas the absorption of intact NPs only
plays a minor role.

(3) Major retention in the GI tract. When a lipid-based NP
reaches the GI tract, its hydrophobic surface tends to
adhere to the mucus layer, whose superficial layers are
quickly and continuously cleared as protection against
particles and pathogens (Maisel et al., 2015). To minimize
such effect, “mucus penetrating particles” (MPP) can be
formulated. MPP have a smaller size than the mucus layer,
and a hydrophilic, non-muco-adhesive surface (generally
obtained with PEG cover) (Schneider et al., 2017). In spite
of their lipid nature, these particles are capable of getting in
contact with the GI epithelium, thus achieving prolonged
absorption of the encapsulated drug (Yuan et al., 2013).

(4) Finally, in the same way that NPs protect the drug from
degradation by enzymes present in GI lumen, they can
also prevent/reduce the degradation bymetabolic enzymes,
as in the lopinavir example mentioned in the previous
section (Ravi et al., 2014). Reduction in pre-systemic in vivo
metabolism may occur due to less hepatic metabolism
(e.g., NP accessing portal circulation as such, see the
next section) and/or increased lymphatic uptake of the
NPs by the lymphatic vessels in the gut (Baek and Cho,
2017; Bernier-Latmani and Petrova, 2017). Working with a
chylomicron production blocking agent, Patel et al. found
that the lymphatic uptake represented nearly 30% of the
drug oral BA (asenapine maleate, administered as a SLN
suspension) (Patel et al., 2019b).

Additionally, we can mention one more effect, common
to all orally administrable pharmaceutical forms: the
presence of excipients that may affect the rate and extent
of drug absorption (FDA/CDER, 2015). Tensioactives and
surfactants belong to this group and are usually present at high
concentrations in SLN/NLC.

It is likely that the combination or synergistic action of all
these effects is the cause of the large increase in oral BA associated
with lipid nanovehicles and, in turn, of the increasing trend
in the selection of this route of administration for SLN/NLC
(see Figure 4). Furthermore, due to all the previously described
effects, lipid-basedNP have been examined for the oral delivery of
peptide therapeutics, such as salmon calcitonin (Chen et al., 2013;
Fan et al., 2014) and insulin (Hecq et al., 2016; Xu et al., 2018;
Alsulays et al., 2019).
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FIGURE 4 | Time-trend of the SLN/NLC intended for oral administration. Only publications with in vivo (PD and/or PK) studies are considered (211 of 371).

Percutaneous Route
According to the FDA classification, the percutaneous route
of administration consists in the administration of drugs
through the skin (FDA, 2017), and it comprises two groups of
pharmaceutical products: those intended to exert a local action,
at some level of the skin, and those that seek a systemic action
of the drug, also known as transdermal formulations. Of the
30 reviewed publications corresponding to preparations to be
administered onto the skin, only 3 of them (10%) seek systemic
action of the drug: metformin for diabetes (Sharma et al., 2013),
avanafil for erectile dysfunction (Kurakula et al., 2016) and
piperine for rheumatic arthritis (Bhalekar et al., 2017), while the
remaining 90% consists of formulations for local action.

The skin is composed of two main histological layers, the
epidermis at the surface, and the dermis below. In turn, the
outermost layer of the epidermis is the stratum corneum or the
horny layer, which is the real barrier that prevents the entry
of foreign (and potentially harmful) substances into the body.
The stratum corneum is formed by cells named corneocytes or
keratinized cells, surrounded by shallow valleys that comprise
the intercellular regions filled with lipid multilamellae, rich in
ceramides, fatty acids and cholesterol.

The ability of a drug to penetrate the skin depends on its
physicochemical properties (mainly its size, molecular weight,
pKa and partition coefficient) as well as the vehicle in which
it is formulated. There are substances known as “permeation
enhancers” which are capable of reversibly disorganizing the
stratum corneum, facilitating the drug entry (e.g., fatty acids
and alcohols with long carbon chains, surfactants, terpenes and
fatty esters, Gupta et al., 2019). These excipients are commonly
used in classic semi-solids preparations like emulsions, lotions
and ointments, as well as of their more recent relatives’
lipid-based nanoformulations. Hence, it is logical that these

formulations are, among other nanosystems, the first choice for
percutaneous/transdermal applications.

The most studied nanoparticulate systems for percutaneous
application are, by far, liposomes. And although it has been
shown that the constituent lipids of liposomes are capable of
reaching the deeper layers of the skin (i.e., the dermis), it still
remains unclear if they can act as carriers, penetrating through
the skin, or if they only act as penetration enhancers, changing
the skin physical properties in a way that facilitates the (free) drug
penetration through it (Peralta et al., 2018).

Nevertheless, pharmaceutical formulations of SLN/NLC have
proven to be useful for percutaneous administration of drugs,
to treat diseases or alterations at every level of the skin:
the epidermis, like fungal infections (Vaghasiya et al., 2013),
hyperpigmentation (Ghanbarzadeh et al., 2015), skin cancer
(Taveira et al., 2014; Geetha et al., 2015; Khallaf et al., 2016;
Tupal et al., 2016) and atopic dermatitis (Kang et al., 2019); the
dermis, as in the case of anti-inflammatory drugs (Dasgupta et al.,
2013; Gaur et al., 2013; Raj et al., 2016; Daneshmand et al., 2018;
Shinde et al., 2019) and local anesthetics (You et al., 2017); both
dermis and epidermis, like psoriasis (Sonawane et al., 2014) and
infections by herpes virus (Gide et al., 2013; El-Assal, 2017) and;
the appendices, like hair follicles (Hamishehkar et al., 2016).

DISPOSITION IN THE BODY AND
PENETRATION TO THE CNS

Studying the distribution of these drug delivery nanosystems
within the body is one of the main research challenges in the
field. Although the advances that so far have been achieved in
terms of the development of SLN/NLC are relevant, only a few
works are dedicated to a detailed study of the fate of this type
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of NPs once they enter the organism. This section is intended to
describe the main mechanisms involved in the uptake, transport
and distribution of NPs into the body, as well as how these
structures face the natural barrier that protects the CNS.

Gastrointestinal Absorption of Lipid
Nanoparticles
As mentioned in previous sections, SLN and NLC proved to be
particularly promising for the enhancement of drugs oral BA,
by avoiding their degradation in the GI tract, improving their
solubility and dissolution rate, increasing their contact with the
epithelium and/or minimizing their efflux by P-gp and other drug
transporters. Either by one or by several of these mechanisms,
orally administered lipid NPs can effectively increase the area
under the plasmatic concentration curve of the encapsulated
drug, as described by the curcumin examples. In the same
manner, Wang and co-workers managed to improve the oral BA
of [6]-shogaol, an alkylphenol extracted from ginger roots, of
great interest for its antitumor, antioxidative and antirheumatic
properties, as demonstrated by the greater AUC exhibited by the
drug incorporated into SLN, but also by a significant decrease
of serum uric acid, IL-1β and TNF-α levels with respect to free
[6]-shogaol tests (Wang et al., 2018).

NPs constituents could have an effect on the intestinal
absorption enhancement: lipids are able to increase the intestinal
mucosa permeability (Talegaonkar and Bhattacharyya, 2019) and,
although some controversy exists (Ball et al., 2018), modulation
of the tight junctions (Beguin et al., 2013). On the other hand,
tensioactives, surfactants and hydrophilic coatings like chitosan
have also been proposed to enhance BA by the opening of tight
junctions (Han et al., 2019; McCartney et al., 2019).

Overall, when it comes to the demonstration of the GI
absorption of intact NPs, evidence is much scarcer. Regarding
cellular uptake of the NPs, endocytosis is considered the
predominant pathway (Wang et al., 2011; Patel et al., 2019b).
There are two principal endocytosis mechanisms: pinocytosis
and phagocytosis. Cellular uptake by macrophages (phagocytic
cells) is reserved for those particles larger than 0.5-10 µm
(Zhao et al., 2011). Pinocytosis, on the other hand, occurs in
all types of cells and is responsible of the uptake of smaller
particles (50 nm–5 µm). It may be further classified into
clathrin-dependent (or clathrin-mediated endocytosis, CME)
and clathrin-independent, the latter comprising caveolae-
mediated and clathrin/caveolae-independent endocytosis, and
macropinocytosis (also clathrin/caveolae independent, but for
the internalization of larger particles, similar to phagocytosis)
(Sahay et al., 2010).

This classification is based on the proteins (clathrin and
caveolin) involved in the endocytic process, and thus it may
overlap with other classifications based on different criteria,
like receptor mediated or adsorptive endocytosis. For example,
it was proposed that folate grafted NPs may be internalized by
clathrin-mediated, clathrin/caveolae-independent (Sahay et al.,
2010) and/or caveolae−mediated endocytosis (Wang et al., 2011).
Rajpoot and Jain (2018, 2019) employed folic acid (FA) as
targeting ligand of SLN containing oxaliplatin and irinotecan

for the treatment of colorectal cancer, finding a slightly higher
uptake (and higher toxicity) of the FA-SLN compared with the
non-targeted SLN in HT 29 cells.

Cellular uptake via the LDL receptor, on the other hand,
occurs by CME (Sahay et al., 2010; Wang et al., 2011).
This pathway has been explored for the active targeting of
rosuvastatin loaded SLN (Beg et al., 2017). To mimic the
outer layer of LDL particles, rosuvastatin-SLN were coated with
phospholipids (phospholipon 90G and/or PEGylated DSPE), and
the endocytosis process was studied in Caco-2 cells by using
filipin and sucrose as specific blockers of caveolae and clathrin-
mediated endocytosis, respectively. A significant reduction in the
cellular uptake of the drug in the presence of sucrose was found,
providing indirect evidence of the lipid NPs internalization via
the LDL receptor by CME (Beg et al., 2017). CME was also
the predominant pathway responsible for the internalization of
stearic acid based-SLN in human epithelial cells (lung A549 and
cervical HeLa cells) (Shah et al., 2016b).

It is worth mentioning, however, that the successful
endocytosis of a NP does not guarantee its absorption: once in
the intracellular space of an epithelial cell, the NP should be
further exocytosed on the basolateral side to reach the capillary
vessels, in a process known as transcytosis. A comprehensive
work by Chai et al. (2014) showed that SLN (60-100 nm) with
no targeting ligand were internalized mostly by caveolae and
clathrin-mediated endocytosis in MDCK cells. Once inside the
cells, lysosomes were the main destination of the endocytic
vesicles, whereas the transcytosis to the basolateral side account
for only about 2.5% of the total NPs (Chai et al., 2014). This
result is in line with those of Hu et al. (2016), who concluded that
orally administered SLN exhibit significant cellular uptake but
fail to penetrate cell monolayers. The authors studied the in vivo
distribution of SLN and their interaction with biomembranes by
water-quenching fluorescence, and could not find evidence of
penetration of integral nanocarriers (Hu et al., 2016).

In a follow-up article, however, the same authors found some
evidence of intact uptake of the SLN from the GI lumen to
the circulation, apparently through the lymphatic route, but
representing only a minor contribution to the oral BA of a drug
(Ma et al., 2017). Regarding the lymphatic uptake, lipid NPs may
access the lymphatic system through the intestinal lipid transport
system (O’Driscoll, 2002) as well as by transcellular passage, by
the association with chylomicrons after the digestion of the lipid
nanosystems, and by specific passage through the M-cells in the
Peyer’s patches (Salah et al., 2020). In the last case, NPs size is
a relevant variable, since particles larger than 100 nm will be
retained longer in the Peyer’s patches, while smaller ones will
be transported to the thoracic duct (Bummer, 2004). Surface
charge is also a key feature that affects this process, with anionic
particles being more rapidly absorbed by the lymphatic route
(Yu et al., 2019).

Systemic Circulation and Protein Corona
Formation
Due to their small size and, thus, their large surface area, NPs are
characterized by a high free energy. Accordingly, the interaction
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with different macromolecules, when they are in contact with
biological fluids, will be favored. Once NPs have reached systemic
circulation, another inconvenience is presented: a biological
macromolecules-cover known as protein corona (PC) begins to
form upon their surface.

This corona is composed of two layers formed in a time
dependent manner. During a first stage, a loose layer named
soft corona starts to settle. This corona is composed by low-
affinity proteins with a high relative abundancy, which are in
constant exchange with the biological medium and NPs surface,
in a process known as “Vroman effect” (Vroman, 1962). Then, in
a second stage, low-affinity proteins begin to be replaced by those
with lower relative abundance, but with a higher surface affinity,
staying close to it for a longer period. Is in this stage where the
formation of the hard corona is evidenced (Baimanov et al., 2019).
It follows that the “chemical identity” of the NP is not equal to its
“biological identity:” the formation of the PC (both soft and hard)
substantially changes the nanosystems properties, being able to
impact in their size, shape, and final surface composition (Lima
et al., 2020), turning them into a new biological identity.

Gessner et al. (2002) studied the influence of surface charge
density on protein adsorption on polymeric NPs, concluding that
the higher the surface charge density, the higher the amount of
proteins adsorbed. The authors observed no qualitative change
in the pattern of adsorbed proteins.

As expected in a complex biological process, the pattern of
protein adsorption does not only depend on the protein capacity
to access the particles surface, but also on the characteristics
of the surface itself (Göppert and Müller, 2003). As it was
previously described for polysorbate 80 coatings, the use of
different Poloxamer in the formulation of SLN facilitates the
adsorption of different proteins in vitro: the MW Poloxamer
184 and Poloxamer 235 showed a high ApoE absorption, which
mediates the uptake through the BBB. Even more interesting,
these lipid NPs showed a high adsorption of ApoA-IV (involved
in the promotion of brain uptake) and a low adsorption of ApoC-
II (responsible for the inhibition of receptor mediated binding
and uptake of lipoproteins) (Goppert and Muller, 2005).

During the formation of the PC, the incorporation of proteins
of the complement system also known as opsonins occur. The
complement system is part of the innate immune system and
facilitates the recognition of NPs by the mononuclear phagocytic
system (MPS), which in turn leads to an increase of NPs clearance
and a reduction of their systemic residence time.

A study by Fang et al. (2006) confirmed the dependency
of phagocytosis by murine macrophages with the particle size
of the NPs, as well as with the molecular weight of methoxy
polyethylene glycol (MePEG) used for coating. The authors
observed that those NPs coated with MePEG of the same
molecular weight, showed a higher distribution half- life as the
size decreased. On the other hand, the uptake by macrophages
was decreased by increasing the coating molecular weight
(Fang et al., 2006).

Previously, Müller et al. (1996a) had studied the dependence
of the uptake by macrophages with hydrophilicity and steric
hindrance given by different types of emulsifiers (e.g., poloxamine
908 and poloxamer 407), demonstrating that an increase in

hydrophilicity and steric hindrance diminished the uptake by
macrophages. Xiao et al. (2011) worked with different types of
D-aspartic acids and D-lysines-derivatized telodendrimers which
possessed different surface charges. Those dendrimers composed
by D-aspartic acids (negatively charged) and the acetylated
derivatized NPs (neutral charge) showed a lower macrophage
uptake in comparison with the cationic D-lysines (positively
charged) (Xiao et al., 2011).

To achieve distribution beyond the liver, NPs need to avoid
rapid opsonization and clearance by the MPS (Müller et al.,
1996a). A great deal of work has been devoted to developing
the so-called stealth NPs, which are “invisible” to macrophages
(Brigger et al., 2012; Rudhrabatla et al., 2019, 2020), due to the
PEG chains on their surface (PEGylated NPs) (Hadjesfandiari,
2018). This coating prevents or delays the formation of the
PC and, thus, NPs exhibit a prolonged half-life in the blood
compartment (Pelaz et al., 2015). However, a number of
limitations to the use of PEG have also been described, such as the
production of anti-PEG antibodies or the impairment of cellular
internalization by the stealth coating (Baimanov et al., 2019).
Depending on the nature of the nanovehicle, different approaches
have been explored to circumvent these limitations, e.g., stimuli-
responsive PEG-derivatized nanocarriers (Fang et al., 2017).

Passage Through the Blood Brain Barrier
(BBB)
The BBB is a semipermeable structure composed mainly of
the microvasculature of the CNS. This barrier is formed by a
continuous layer of endothelial cells integrated to a complex
systems that regulates the bloodstream-to-CNS movement of
molecules, ions and cells, also responsible for the homeostasis
regulation (Ayloo and Gu, 2019). Unlike the peripheral
endothelium, BBB endothelial cells present a high content
of mitochondria, lack of fenestrations and pinocytic activity
and, as a salient characteristic, particularly occlusive tight
junctions formed by several transmembrane proteins (such as
claudins, occludins, and junctional adhesion molecules or JAM,
among others Stamatovic et al., 2008), that efficiently limit the
paracellular diffusion pathway. Another characteristic of the BBB
is the expression of efflux transporters of the ABC (ATP-binding
cassette) superfamily, transmembrane proteins responsible for
pumping xenobiotics or toxic substrates out of the intracellular
space, avoiding their access to the CNS since they are localized
almost exclusively at the luminal membrane of the endothelial
cells (Pardridge, 2020). These transporters are one of the main
causes of multi-drug resistance phenomena, which is why they
are also known as multidrug resistance (MDR) proteins (the
most representative one being P-gp). It has been proposed
that encapsulating a drug into a NP may help to bypass these
transporters (Cavaco et al., 2017; Sadegh Malvajerd et al., 2019).

The transport of substances through the BBB may occur by
four main mechanisms (Xie et al., 2019): paracellular diffusion,
reserved for small water soluble substances; transcellular
diffusion, which is more relevant for molecules with an
appreciable lipophilicity and a molecular weight smaller than
450 kDa; carrier-facilitated diffusion and active transport,
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responsible for the passage of specific molecules like small
peptides, sugars, monocarboxylic acids, amino acids, organic
anions and cations, neurotransmitters and nucleosides; and
endocytosis, this pathway has been reported for the passage of
peptides and proteins through the BBB, such as insulin and the
insulin-like growing factor (IGF-I and IGF-II) (Patel et al., 2013).

Although it has been suggested that NPs can enter the CNS
by the paracellular pathway (through the transient opening of
the tight junctions, as in the case of chitosan-coated NPs, Yu
et al., 2013; Zhang et al., 2014), there is now evidence suggesting
that the predominant mechanism is the NPs endocytosis. Once
inside the endothelial cell, NPs can be exocytosed to the other
side (transcytocis of the NP) or released in the intracellular space,
promoting their access to the CNS (Saraiva et al., 2016).

Since endocytosis of NPs by the BBB endothelial cells seems to
be predominantly mediated by receptors, many efforts have been
made with SLN surface functionalization to enhance their CNS
availability (Ceña and Játiva, 2018; Kuo et al., 2019; Wang et al.,
2019), as discussed in Section 2 for the functionalized angiopep-2
NPs to treat glioblastoma multiforme (Kadari et al., 2018).

As another example, functionalized ApoE NPs appear to
be particularly promising in such way. ApoE possess high
affinity receptors along the BBB, a characteristic that has been
exploited for the delivery of drugs in functionalized nanosystems
with this protein (Zensi et al., 2009). In a series of studies,
Neves et al. investigated the cellular uptake of ApoE-grafted
SLN by hCMEC/D3 cells, as a model of human BBB, and
found that functionalized NPs were better internalized than
non-functionalized ones, due to the specific recognition of the
targeting ligand by the highly expressed LDL receptors (Neves
et al., 2015, 2016, 2017). Moreover, by the use of specific
inhibitors, CME was identified as the preferential endocytic
pathway for ApoE-SLN (Neves et al., 2017).

CLEARANCE MECHANISMS AND
TOXICOLOGICAL ASPECTS

Achieving nanocarriers with low or no toxicity for the organism
and the environment is one of the biggest challenges in designing
drug delivery nanosystems. Ideally, the drug carrier should be
rapidly removed from the body after the drug has been released.
Lipid-based NPs sizes are far over the renal filtration threshold
(Yang et al., 2019), for what, once in the bloodstream, they have to
be opsonized by serum proteins and subsequently uptaken by the
MPS in specialized organs (i.e., liver, kidney, spleen, lungs, and
lymph nodes) for their efficient elimination from the body (Di
Ianni et al., 2017). Despite the fact that fenestrations in the spleen
may filter out particles larger than 200 nm, particle deformability
can allow large particles to squeeze through them and remain in
the bloodstream (Park et al., 2017).

Considering the clearance mechanism described above, Keck
and Müller (2013), a “nanotoxicological classification system”
(NCS), as a rational approach to assess the potential risks of
toxicity of a given nanocarrier. According to that system, a
nanocarrier is placed in one of four categories according to their
size and biodegradability (Figure 5):

FIGURE 5 | Nanotoxicological classification system (NCS) suggested by Keck

and Müller (2013). NPs are placed in one of four categories according to their

size and biodegradability: class I (no or low risk), classes II and III (medium

risk), and class IV (high risk).

• Class I (no or low risk), for nanosystems of size above of
100 nm and made of biodegradable materials.

• Class II (medium risk), for nanosystems of size above
100 nm but made of non-biodegradable materials.

• Class III (medium risk), for nanosystems of size below
100 nm, made of biodegradable materials.

• Class IV (high risk), for nanosystems of size below 100 nm
and made of non-biodegradable materials.

The size limit between classes of 100 nm was adopted
considering the greater distribution in the organism of smaller
particles (e.g., ease of access to the CNS), as well as the
greater probability of non-specific endocytosis in off-target cells.
However, when applying the NCS, it should be taken into
consideration that larger particles can also be internalized by the
cells through other mechanisms (Zhao et al., 2011; Danaei et al.,
2018).

With regard to the biodegradability of the nanocarrier
materials, SLN and NLC are generally considered as members
of the NCS classes I or III, since they are composed of
physiologically compatible lipids (fatty acids, glycerides or other
fatty acid esters, sterols, sterol esters, waxes, etc.).

As stated before, a NP in the bloodstream will be taken
up by the MPS. After the opsonization and phagocytosis has
occurred, the resulting phagosome needs to “mature” to a
phagolysosome [by a series of fusion and fission interactions
with endosomes and lysosomes (Rosales and Uribe-Querol,
2017)]. The phagolysosome possesses a unique membrane
composition to resist a very acidic and degradative environment,
necessary to the final digestion of its content. Internalized non-
biodegradable materials may however exert several cytotoxic
effects, contributing to chronic inflammation and progressive
tissue injury (Gordon, 2016; Azarnezhad et al., 2020).
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It must be noted that toxicological outcomes are strongly
dependent on the administration route: for instance, orally
administered SLN/NLC can be eroded and degraded by bile salts
and pancreatic lipase in the body (Müller et al., 1996b; Agrawal
et al., 2014).

Although the previously described classification system may
seem an excessively reductionist approach to the matter of
nanotoxicology, it is a valuable tool in the current state of research
of pharmaceutical nanovehicles. A huge number of different
nanosystems are being proposed for drug delivery applications
based on promising results in terms of their PK and/or PD
performance, but for which the multiple aspects that could
generate adverse events or toxicity in patients are still to be
studied in detail.

One of the aspects not directly addressed by the NCS is
the effect that the surface charge of the particles may exhibit
on the toxicity or clearance mechanisms. In order to enhance
cellular uptake, NPs are sometimes formulated with a positively
charged surface, to facilitate electrostatic interaction with the
negatively charged plasma membranes of cells, hence promoting
internalization by non-selective, adsorptivemediated endocytosis
(Ayloo and Gu, 2019). An example of this strategy is found
in lipoplexes (a combination of negatively charged nucleic
acids and positively charged lipids), which have demonstrated
their ability to effectively deliver their load to target cells
(Kowalski et al., 2019; Pardridge, 2020). Positively charged
lipid NPs were also proposed for carrying nucleic acids (Kong
et al., 2013; Fàbregas et al., 2014; Shi et al., 2014; Kotmakçı
et al., 2017; Küçüktürkmen and Bozkır, 2018; González-Paredes
et al., 2019). Despite these advantages, positively charged NPs
have been associated with several toxic effects (Azarnezhad

et al., 2020). Based on cell cultures experiments, some authors
reported higher cytotoxicity values for cationic (vs. neutral and
anionic) SLN (Karn-orachai et al., 2016), while others postulate
that cell cultures are able to tolerate high concentrations of
cationic SLN/NLC without appreciable toxicity (Doktorovová
et al., 2016). These apparently inconsistent results may be
explained by the fact that surface charge is not the only
toxicity determinant of a NPs, and that other covariables
(such as the chemical composition of the NP) may also
be considered.

Nevertheless, caution should be taken when working with
cationic SLN/NLC, as also some in vivo toxicity reports may
be found. For example, Wu et al. (2018) demonstrated that
SLN with different surface charges and PEG densities resulted
toxic to platelets (and, to a lesser extent, to red blood cells),
and that the toxic effects were dependent of the surface charge
(the higher positive charge, the worst) and PEG densities (the
lower, the worst).

TRANSLATION INTO THE CLINIC OF
LIPID (BUT NOT SOLID)
NANOPARTICLES

At the time of writing this review, a search was made on
the website www.clinicaltrials.gov, finding 13 relevant results
corresponding to the keywords “lipid” and “nanoparticles” (see
Table 1). However, of those studies, only one comprise what can
be regarded as classical SLN: oxiconazole-loaded stearic acid NPs,
further included in a carbopol gel formulation for the topical
treatment of topical tinea infections (Mahmoud et al., 2020).

TABLE 1 | Lipid Nanoparticle Drug Delivery Systems (LNDDS) on currently active clinical trials (terminated or withdrawn studies were excluded).

Track number Status Drug Disease Route of administration

siRNA therapy

NCT01960348 Phase III Patisiran (ALN-TTR02) hTTR - mediated amyloidosis IV infusion

NCT01858935 Phase I ND-L02-s0201 Hepatic fibrosis IV infusion

NCT02227459 Phase I ND-L02-s0201 Hepatic fibrosis IV infusion

NCT01437007 Phase I TKM-080301 Primary liver carcinoma or metastatic

liver cancer

Hepatic arterial infusion

mRNA therapy

NCT04416126 Phase I ARCT-810 OTC deficiency IV infusion

NCT04442347 Phase I ARCT-810 OTC deficiency IV infusion

NCT03323398 Phase I Phase II mRNA-2416 Solid tumors / Lymphoma / Ovarian

Cancer

Intratumoural

NCT03739931 Phase I mRNA-2752 Solid tumor malignancies / Lymphoma Intratumoural

NCT04283461 Phase I mRNA-1273 COVID-19 IM injection

Others

NCT02971007 Phase II CAMB Vulvovaginal candidiasis Oral

NCT02629419 Phase II CAMB Mucocutaneous candidiasis Oral

NCT04148833 Phase II Phase III Paclitaxel Aortic and coronary atherosclerotic

disease

IV injection

NCT03823040 Phase I Oxiconazole Tinea pedis / Tinea versicolor/Tinea

circinate

SLNs loaded gel for topical

application

CAMB, encochleated amphotericin B; HSP47, Heat Shock Protein; IM, intramuscular; IV, intravenous; OTC, ornithine transcarbamylase; PLK1, polo-like kinase-1;

TTR, Transthyretin.
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Two studies correspond to phase II trials of oral encochleated
amphotericin B (CAMB). Cochleates are constituted by several
layers of continuous lipid bilayers that self-assemble by spiral
wrapping, resulting in relatively rigid cylindrical structures with
the drug.

Among the remaining clinical trials retrieved, two are
undergoing phase III: a cholesterol-rich, protein-free
nanoemulsion of paclitaxel, that resemble low-density
lipoproteins and can be IV administered for the treatment
of atherosclerosis, and lipid NP with patisiran (ALN-TTR02),
a siRNA to treat hereditary transthyretin (TTR) induced
amyloidosis, made with an optimized ionizable cationic lipid,
DLin-MC3-DMA (Kulkarni et al., 2018).

Short interfering RNAs (siRNAs) are 19-23 base pairs double
stranded RNAs that are part of the family of small non-coding
regulatory RNAs (sncRNA). In Fire et al. (1998) described the
gene silencing regulation mechanism of siRNA in Caenorhabditis
elegans, unveiling what later would become a major change
in human therapy approaches. This suppression mechanism,
named RNA interference (RNAi), is a normal mechanism of gene
expression control involving regulation of mRNA translation and
degradation via the binding of short strands of homologous RNA
generated by the Dicer enzyme (Reynolds et al., 2004).

Therefore, siRNA presents as an appealing therapeutic tool to
suppress gene expression, that can be used to silence aberrant
endogenous genes (as in cancer diseases) or to knockdown genes
that are essential to the proliferation of infectious organisms
(Whitehead et al., 2009). However, in order to become a
successful tool for human therapy, siRNA might be administered
as an exogenous RNA product, thus representing a drug delivery
challenge (McManus and Sharp, 2002). Despite the use of cationic
lipids is the natural approach to encapsulate negatively charged
biomolecules like nucleic acids, lipids with a permanent positive
charge tend to form complexes with nucleic acid polymers with
limited or no in vivo utility due to their size (ca. 1 µm of
diameter), instability, positive surface charge, and toxic side
effects (Cullis and Hope, 2017). Ionizable cationic lipids, on
the other hand, allow achieving high loading efficiencies for
RNA/DNA molecules in small (<100 nm) vesicular systems,
with low surface charge (almost neutral) and less toxicity issues
compared with cationic NPs, as discussed in the previous section.

In general, these lipids present an amine group with a
pKa value less than 7, a characteristic that allows them to be
positively charged at low pH values, thus achieving efficient
encapsulation of negatively charged polymers at acidic pH, but
also to exhibit a relatively neutral surface at physiological pH
values (Kulkarni et al., 2018). As mentioned earlier, a recent
research breakthrough on lipid NPs encapsulating siRNA was the
21 base pairs siRNA drug patisiran to treat TTR amyloidosis,
a multisystemic disease causes by misfolded TTR, that affects
nerves, heart, and the gastrointestinal tract (Adams et al., 2017).
Patisiran lipid NPs reduced amyloidogenic protein expression
of the mutated TTR: previous phase II results (NCT01617967)
showed an 80% decrease on TTR levels in serum. The efficacy
results of patisiran constitute a milestone in the field and led to
the approval of the first targeted RNA-lipid NP- based therapy in
August Pastor et al. (2018).

Another kind of RNA therapy is not directed to silence
a given gene but rather to express its product, a therapeutic
protein. Dimitriadis was the first to achieve expression of rabbit
globin on mouse spleen lymphocytes through the delivery of
rabbit reticulocyte 9S mRNA through liposomes (Dimitriadis,
1978). This RNA therapy involves much larger mRNA molecules
than siRNA (1–15 kb, 300-5000 kDA vs. 14 kDa). Therapeutic
approaches may include immunotherapy through mRNA of
antibodies, protein expression to supply the product of a defective
or missing gene, and cellular reprogramming through growth or
transcription factors that modulate cellular metabolism. These
kinds of treatment can be considered improvements over direct
protein administration which face numerous problems like
enzyme degradation or misfolding (Kowalski et al., 2019).

The phase I clinical trial of the biological product named
mRNA-2416, which encodes for OX40L, the ligand of the T
cells co-stimulator tumor necrosis factor receptor superfamily
member 4 (TNFRSF4; OX40). According to the NCI drug
dictionary, expressed on the cancer cells membrane, OX40L
binds to its receptor on T cells to activate a signaling
pathway that leads to an increased cytokine production, thus
inducing proliferation of lymphocytes and subsequent death
of surrounding cancer cells. As in the siRNA systems, this
mRNA is formulated in an ionizable lipid-based NP for
intratumoural injection to patients with relapsed/refractory solid
tumor malignancies or lymphoma.

Another clinical trial (NCT03739931) on lipid nanoparticles
for mRNA delivery to solid tumor malignancies or lymphoma
is currently recruiting patients. In this case, NPs are used for
the intratumoral administration of mRNA-2752, that encodes
OX40L, IL-23 and IL-36G. The co-administration of interleukins
is thought to potentiate the anticancer effect by activating an
inflammatory response at the tumor site (Bauer et al., 2019).

In June 2020, started two phase I clinical trials of ARCT-
810, a mRNA therapy for Ornithine Transcarbamylase (OTC)
deficiency, a genetic disorder produced by a mutation on
the X chromosome. OTC enzyme is involved in the nitrogen
metabolism, and the lack of this protein results in high blood
ammonia levels that might lead to seizure and coma state in
untreated patients. The current treatment is a low protein diet
and ammonia scavenging medication, with future insights on
liver transplantation (Peng et al., 2020). ARCT-810 is formulated
in a novel pH-responsive lipid delivery system named LUNAR R©,
that aims at superseding the lack of native OTC providing a
complete copy of its mRNA, thus restoring enzyme levels to
establish a regular urea cycle. Preclinical data on a murine model
showed full expression of the protein (Perez-Garcia et al., 2019).

In view of the current situation regarding the SARS-CoV-2
pandemic scenario, a recent clinical study respecting a mRNA-
based vaccine has been initiated. The vaccine consists of a lipid
nanoparticle encapsulating mRNA-1273 which encodes for the
full length prefusion stabilized spike protein of the virus (SARS-
CoV-2 spike glycoprotein). After intramuscular administration,
mRNA-1273 translates in the myocytes’ cytoplasm. Spike protein
is released from the cell and captured by macrophages, dendritic
cells, and other immune cells initiating the immune response
(Wang et al., 2020).
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FIGURE 6 | Advantages, current challenges and limitations of working with solid lipid nanoparticles for drug delivery applications.

Leaving aside the CAMB and Oxiconazole formulations, the
described nanovehicles share several common characteristics.
They are non-viral delivery systems derived from classic
liposomes, where the introduction of (permanent or transient)
positively charged lipids that have strong electrostatic
associations with RNA polymers provides larger payloads
of this biomolecules (Cullis and Hope, 2017). Furthermore, most
of them are intended for parenteral administration, with the liver
as target organ. The fact that siRNA therapy is confined to the
liver is a consequence of the tendency of these smaller and more
homogeneous analogs of lipoplexes to accumulate in the liver
(Wittrup and Lieberman, 2015; Kulkarni et al., 2018).

CURRENT CHALLENGES AND
LIMITATIONS OF SOLID LIPID
NANOPARTICLES

The information presented in the previous section reveals that,
aside from cosmetic/dermatological applications (Müller et al.,
2014), there are currently no classical SLN/NLCs in clinical
evaluation stages, so their early entry into the market would not
be expected. Liposomes that have entered the market in recent
years are the result of more than 50 years of research. Similarly,
we could think that there are still years to come before SLN/NLC
enter the pharmaceutical market. A proof that they are still in
their initial stages of research can be seen in the publications
reviewed here, a large percentage of which are technological
(and not disease) focused research, and usually lacking of a
rationale cost/benefit analysis, a characteristic of the initial stages
of any research.

A great number of SLN/NLC reports are based on
experimental drugs with no approved therapeutic indications,

like curcumin, rhein or quercetin, while many others encapsulate
pharmaceutical ingredients for which formulations with good
therapeutic performance are currently available with low
associated costs, such as famotidine, carvedilol, metformin,
ibuprofen, dexamethasone, aliconazole, and many others. But it
is not all bad news. In the case of RNA or DNA therapies, the use
of nanovehicles results essential, since parenterally administered
“naked” nucleic acids fail to reach therapeutic levels in target
cells. They are rapidly degraded in biological fluids (and excreted
by the kidneys) and, if they get to the target tissue, cannot
penetrate into the cells (Cullis and Hope, 2017). Therefore,
whatever the associated cost, it is compensated by the possibility
of having this type of therapies in the market.

Taken altogether, current results on pharmacological
application of SLN/NLC show good perspectives. They have
proven to be safe and versatile drug delivery systems capable
of improving the efficacy and pharmacokinetic profile of the
encapsulated drugs and, as discussed in the previous sections,
many are the therapeutic fields that can be benefited from
the use of these nanocarriers. Large-scale manufacturing
processes, sterilization, tailoring strategies and stability issues
are some of the challenges that need to be overcome before lipid
nanoparticles may become commercially available products, with
approved therapeutic indications (Figure 6).

CONCLUSION AND FINAL REMARKS

In the last decade, SLNs and nanostructured lipid carriers
have attracted much attention as potential drug delivery
(nano)systems. Their major advantage is possibly the use
of biocompatible, environmental-friendly constituents and
preparation methods. Based on their size and biodegradable
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nature, most of the nanocarriers in this category fall within the
low risk class (class I) from the nanotoxicological classification
system suggested by Keck and Müller. It should be noted,
though, that careful clinical and environmental safety assessment
should be performed before advancing these systems to
massive production and commercialization. Development of
standardized procedures to assess potential risks of exposure to
nanomaterials are urgently needed, as well as the correspondent
regulatory framework.

As for other nanosized drug delivery systems, cancer therapy is
the most frequent area of research where SLNs are applied, which
may reflect both the vast levels of funding in the area but also
the suitability of nanocarriers for the delivery of antineoplastic
agents, mainly due to the passive and active targeting posed
by cancerous cells and tissues. Nevertheless, there are many
therapeutic fields that can benefit from the application of lipid
NPs, as discussed for the case of antibiotics and CNS drugs.

Given that the oral administration route is the most
convenient and accepted one for conventional medications, the
fact that nanocarriers (including SLNs) administered through
the oral route are not absorbed extensively, it may seem a
daunting scenario for the advancement of this technology.
However, this may not be true for the particular case of lipid
NPs, since they have demonstrated their ability to increase
the BA of drugs administered orally, a critical point when

it comes to (the increasingly numerous) drugs with very low
solubility in water.

Unfortunately, more time and financial resources are needed
for SLN/NLC to prove its therapeutic value in real scenarios. For
now, the scarcity of SLNs that have reached clinical trials indicates
that at least some years will go by before these technologies land
to the pharmaceutical market.
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Mazuryk, J., Deptuła, T., Polchi, A., Gapiński, J., Giovagnoli, S., Magini, A., et al.

(2016). Rapamycin-loaded solid lipid nanoparticles: morphology and impact of

the drug loading on the phase transition between lipid polymorphs. Colloids

Surf. A Physicochem. Eng. Asp. 502, 54–65. doi: 10.1016/j.colsurfa.2016.05.017

McCartney, F., Rosa, M., and Brayden, D. J. (2019). Evaluation of sucrose laurate

as an intestinal permeation enhancer for macromolecules: ex vivo and in vivo

studies. Pharmaceutics 11:565. doi: 10.3390/pharmaceutics11110565

McManus, M. T., and Sharp, P. A. (2002). Gene silencing in mammals by small

interfering RNAs. Nat. Rev. Genet. 3, 737–747. doi: 10.1038/nrg908

McNaught, A. D., and Wilkinson, A. (eds) (1997). Colloidal. Oxford: Blackwell

Scientific Publications. doi: 10.1351/goldbook.C01172

Mehnert, W., and Mäder, K. (2001). Solid lipid nanoparticles: production,

characterization and applications. Adv. Drug Deliv. Rev. 47, 165–196. doi:

10.1016/s0169-409x(01)00105-3

Mohanty, B., Majumdar, D. K., Mishra, S. K., Panda, A. K., and Patnaik, S.

(2015). Development and characterization of itraconazole-loaded solid lipid

nanoparticles for ocular delivery. Pharm. Dev. Technol. 20, 458–464. doi: 10.

3109/10837450.2014.882935

Montgomery, D. C. (2017).Design and Analysis of Experiments. Hoboken, NJ: John

Wiley & Sons, Inc.

Müller, R. H., Maaben, S., Weyhers, H., and Mehnert, W. (1996a). Phagocytic

uptake and cytotoxicity of solid lipid nanoparticles (SLN) sterically stabilized

with poloxamine 908 and poloxamer 407. J. Drug Target. 4, 161–170. doi:

10.3109/10611869609015973

Müller, R. H., Radtke, M., and Wissing, S. A. (2002). Solid lipid nanoparticles

(SLN) and nanostructured lipid carriers (NLC) in cosmetic and dermatological

preparations. Adv. Drug Deliv. Rev. 54, S131–S155. doi: 10.1016/S0169-

409X(02)00118-7

Muller, R. H., Radtke, M., andWissing, S. A. (2002). Nanostructured lipid matrices

for improved microencapsulation of drugs. Int. J. Pharm. 242, 121–128. doi:

10.1016/s0378-5173(02)00180-1

Müller, R. H., Rühl, D., and Runge, S. A. (1996b). Biodegradation of solid lipid

nanoparticles as a function of lipase incubation time. Int. J. Pharm. 144,

115–121. doi: 10.1016/S0378-5173(96)04731-X

Muller, R. H., Schwarz, C., Mehnert,W., and Lucks, J. S. (1993). Production of solid

lipid nanoparticles (SLN) for controlled drug delivery. Proc. Control. Release

Soc. 20, 480–481.

Müller, R. H., Staufenbiel, S., and Keck, C. M. (2014). Lipid Nanoparticles (SLN,

NLC) for innovative consumer care & household products. Househ. Pers. Care

Today 9, 18–25.

Nafee, N., Husari, A., Maurer, C. K., Lu, C., De Rossi, C., Steinbach, A., et al.

(2014). Antibiotic-free nanotherapeutics: ultra-small, mucus-penetrating solid

lipid nanoparticles enhance the pulmonary delivery and anti-virulence efficacy

of novel quorum sensing inhibitors. J. Control. Release 192, 131–140. doi: 10.

1016/j.jconrel.2014.06.055

Nakhlband, A., Eskandani, M., Saeedi, N., Ghafari, S., Omidi, Y., Barar, J., et al.

(2018). Marrubiin-loaded solid lipid nanoparticles’ impact on TNF-α treated

umbilical vein endothelial cells: a study for cardioprotective effect.Colloids Surf.

B Biointerfaces 164, 299–307. doi: 10.1016/j.colsurfb.2018.01.046

Neves, A. R., Queiroz, J. F., Lima, S. A. C., and Reis, S. (2017). Apo

E-functionalization of Solid Lipid Nanoparticles enhances brain drug delivery:

uptake mechanism and transport pathways. Bioconjug. Chem. 28, 995–1004.

doi: 10.1021/acs.bioconjchem.6b00705

Neves, A. R., Queiroz, J. F., and Reis, S. (2016). Brain-targeted delivery of

resveratrol using solid lipid nanoparticles functionalized with apolipoprotein

E. J. Nanobiotechnology 14:27. doi: 10.1186/s12951-016-0177-x

Neves, A. R., Queiroz, J. F., Weksler, B., Romero, I. A., Couraud, P.-O., and

Reis, S. (2015). Solid lipid nanoparticles as a vehicle for brain-targeted

drug delivery: two new strategies of functionalization with apolipoprotein E.

Nanotechnology 26:495103. doi: 10.1088/0957-4484/26/49/495103

Nooli, M., Chella, N., Kulhari, H., Shastri, N. R., and Sistla, R. (2017). Solid

lipid nanoparticles as vesicles for oral delivery of olmesartan medoxomil:

formulation, optimization and in vivo evaluation. Drug Dev. Ind. Pharm. 43,

611–617. doi: 10.1080/03639045.2016.1275666

O’Driscoll, C. M. (2002). Lipid-based formulations for intestinal lymphatic

delivery. Eur. J. Pharm. Sci. 15, 405–415. doi: 10.1016/S0928-0987(02)00051-9

Omwoyo, W. N., Melariri, P., Gathirwa, J. W., Oloo, F., Mahanga, G. M., Kalombo,

L., et al. (2016). Development, characterization and antimalarial efficacy of

dihydroartemisinin loaded solid lipid nanoparticles. Nanomedicine 12, 801–

809. doi: 10.1016/j.nano.2015.11.017

Pandya, N. T., Jani, P., Vanza, J., and Tandel, H. (2018). Solid lipid nanoparticles as

an efficient drug delivery system of olmesartan medoxomil for the treatment of

hypertension. Colloids Surf. B Biointerfaces 165, 37–44. doi: 10.1016/j.colsurfb.

2018.02.011

Pardridge, W. M. (2020). Blood-brain barrier and delivery of protein and gene

therapeutics to brain. Front. Aging Neurosci. 11:373. doi: 10.3389/fnagi.2019.

00373

Park, S., Aalipour, A., Vermesh, O., Yu, J. H., and Gambhir, S. S. (2017). Towards

clinically translatable in vivo nanodiagnostics. Nat. Rev. Mater. 2:17014. doi:

10.1038/natrevmats.2017.14

Pastor, F., Berraondo, P., Etxeberria, I., Frederick, J., Sahin, U., Gilboa, E., et al.

(2018). An RNA toolbox for cancer immunotherapy. Nat. Rev. Drug Discov. 17,

751–767. doi: 10.1038/nrd.2018.132

Patel, M. H., Mundada, V. P., and Sawant, K. K. (2019a). Fabrication of solid

lipid nanoparticles of lurasidone HCl for oral delivery: optimization, in vitro

characterization, cell line studies and in vivo efficacy in schizophrenia. Drug

Dev. Ind. Pharm. 45, 1242–1257. doi: 10.1080/03639045.2019.1593434

Patel, M. H., Mundada, V. P., and Sawant, K. K. (2019b). Enhanced intestinal

absorption of asenapine maleate by fabricating solid lipid nanoparticles using

TPGS: elucidation of transport mechanism, permeability across Caco-2 cell

line and in vivo pharmacokinetic studies. Artif. Cells Nanomed. Biotechnol. 47,

144–153. doi: 10.1080/21691401.2018.1546186

Patel, M., Souto, E. B., and Singh, K. K. (2013). Advances in brain drug targeting

and delivery: limitations and challenges of solid lipid nanoparticles. Expert

Opin. Drug Deliv. 10, 889–905. doi: 10.1517/17425247.2013.784742

Pelaz, B., del Pino, P., Maffre, P., Hartmann, R., Gallego, M., Rivera-Fernández,

S., et al. (2015). Surface functionalization of nanoparticles with polyethylene

glycol: effects on protein adsorption and cellular uptake. ACS Nano 9, 6996–

7008. doi: 10.1021/acsnano.5b01326

Peng, M.-Z., Li, X.-Z., Mei, H.-F., Sheng, H.-Y., Yin, X., Jiang, M.-Y.,

et al. (2020). Clinical and biochemical characteristics of patients with

ornithine transcarbamylase deficiency. Clin. Biochem. 84, 63–72. doi: 10.1016/j.

clinbiochem.2020.06.011

Peralta, M. F., Guzmán, M. L., Pérez, A. P., Apezteguia, G. A., Fórmica, M. L.,

Romero, E. L., et al. (2018). Liposomes can both enhance or reduce drugs

penetration through the skin. Sci. Rep. 8, 13253. doi: 10.1038/s41598-018-

31693-y

Perez-Garcia, C. G., Tachikawa, K., Matsuda, D., and Chivukula, P. (2019).

Compositions and methods for treating ornithine transcarbamylase deficiency.

U.S. Patent No. US20200181584A1. Washington, DC: U.S. Patent and

Trademark Office.

Permana, A. D., Tekko, I. A., McCrudden, M. T. C., Anjani, Q. K., Ramadon,

D., McCarthy, H. O., et al. (2019). Solid lipid nanoparticle-based dissolving

microneedles: a promising intradermal lymph targeting drug delivery system

with potential for enhanced treatment of lymphatic filariasis. J. Control. Release

316, 34–52. doi: 10.1016/j.jconrel.2019.10.004

Pignatello, R., Fuochi, V., Petronio, G. P., Greco, A. S., and Furneri, P. M.

(2017). Formulation and characterization of erythromycin–loaded solid lipid

nanoparticles. Biointerface Res. Appl. Chem. 7, 2145–2150.

Pink, D. L., Loruthai, O., Ziolek, R. M., Wasutrasawat, P., Terry, A. E., Lawrence,

M. J., et al. (2019). On the structure of solid lipid nanoparticles. Small

15:e1903156. doi: 10.1002/smll.201903156

Puri, A., Loomis, K., Smith, B., Lee, J.-H. H., Yavlovich, A., Heldman, E.,

et al. (2009). Lipid-based nanoparticles as pharmaceutical drug carriers: from

concepts to clinic. Crit. Rev. Ther. Drug Carrier Syst. 26, 523–580. doi: 10.1615/

CritRevTherDrugCarrierSyst.v26.i6.10

Frontiers in Molecular Biosciences | www.frontiersin.org 21 October 2020 | Volume 7 | Article 587997

https://doi.org/10.1016/j.ijpharm.2017.06.045
https://doi.org/10.1016/j.ijpharm.2017.06.045
https://doi.org/10.3390/nano10071353
https://doi.org/10.1016/j.colsurfa.2016.05.017
https://doi.org/10.3390/pharmaceutics11110565
https://doi.org/10.1038/nrg908
https://doi.org/10.1351/goldbook.C01172
https://doi.org/10.1016/s0169-409x(01)00105-3
https://doi.org/10.1016/s0169-409x(01)00105-3
https://doi.org/10.3109/10837450.2014.882935
https://doi.org/10.3109/10837450.2014.882935
https://doi.org/10.3109/10611869609015973
https://doi.org/10.3109/10611869609015973
https://doi.org/10.1016/S0169-409X(02)00118-7
https://doi.org/10.1016/S0169-409X(02)00118-7
https://doi.org/10.1016/s0378-5173(02)00180-1
https://doi.org/10.1016/s0378-5173(02)00180-1
https://doi.org/10.1016/S0378-5173(96)04731-X
https://doi.org/10.1016/j.jconrel.2014.06.055
https://doi.org/10.1016/j.jconrel.2014.06.055
https://doi.org/10.1016/j.colsurfb.2018.01.046
https://doi.org/10.1021/acs.bioconjchem.6b00705
https://doi.org/10.1186/s12951-016-0177-x
https://doi.org/10.1088/0957-4484/26/49/495103
https://doi.org/10.1080/03639045.2016.1275666
https://doi.org/10.1016/S0928-0987(02)00051-9
https://doi.org/10.1016/j.nano.2015.11.017
https://doi.org/10.1016/j.colsurfb.2018.02.011
https://doi.org/10.1016/j.colsurfb.2018.02.011
https://doi.org/10.3389/fnagi.2019.00373
https://doi.org/10.3389/fnagi.2019.00373
https://doi.org/10.1038/natrevmats.2017.14
https://doi.org/10.1038/natrevmats.2017.14
https://doi.org/10.1038/nrd.2018.132
https://doi.org/10.1080/03639045.2019.1593434
https://doi.org/10.1080/21691401.2018.1546186
https://doi.org/10.1517/17425247.2013.784742
https://doi.org/10.1021/acsnano.5b01326
https://doi.org/10.1016/j.clinbiochem.2020.06.011
https://doi.org/10.1016/j.clinbiochem.2020.06.011
https://doi.org/10.1038/s41598-018-31693-y
https://doi.org/10.1038/s41598-018-31693-y
https://doi.org/10.1016/j.jconrel.2019.10.004
https://doi.org/10.1002/smll.201903156
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v26.i6.10
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v26.i6.10
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


Scioli Montoto et al. SLN for Drug Delivery

Raj, R., Mongia, P., Ram, A., and Jain, N. K. (2016). Enhanced skin delivery of

aceclofenac via hydrogel-based solid lipid nanoparticles. Artif. Cells Nanomed.

Biotechnol. 44, 1434–1439. doi: 10.3109/21691401.2015.1036997

Rajpoot, K., and Jain, S. K. (2018). Colorectal cancer-targeted delivery of oxaliplatin

via folic acid-grafted solid lipid nanoparticles: preparation, optimization, and

in vitro evaluation. Artif. Cells Nanomed. Biotechnol. 46, 1236–1247. doi: 10.

1080/21691401.2017.1366338

Rajpoot, K., and Jain, S. K. (2019a). Irinotecan hydrochloride trihydrate loaded

folic acid-tailored solid lipid nanoparticles for targeting colorectal cancer:

development, characterization, and in vitro cytotoxicity study usingHT-29 cells.

J. Microencapsul. 36, 659–676. doi: 10.1080/02652048.2019.1665723

Rajpoot, K., and Jain, S. K. (2020). Oral delivery of pH-responsive alginate

microbeads incorporating folic acid-grafted solid lipid nanoparticles exhibits

enhanced targeting effect against colorectal cancer: a dual-targeted approach.

Int. J. Biol. Macromol. 151, 830–844. doi: 10.1016/j.ijbiomac.2020.02.132

Ramalingam, P., and Ko, Y. T. (2015). Enhanced oral delivery of curcumin

from N-trimethyl chitosan surface-modified solid lipid nanoparticles:

pharmacokinetic and brain distribution evaluations. Pharm. Res. 32, 389–402.

doi: 10.1007/s11095-014-1469-1

Ravi, P. R., Vats, R., Dalal, V., and Murthy, A. N. (2014). A hybrid design

to optimize preparation of lopinavir loaded solid lipid nanoparticles and

comparative pharmacokinetic evaluation with marketed lopinavir/ritonavir

coformulation. J. Pharm. Pharmacol. 66, 912–926. doi: 10.1111/jphp.12217

Ravindra Babu, M., Ravi Prakash, P., and Devanna, N. (2019). Absorption

enhancement effect of piperine and chitosan on ganciclovir sol-id lipid

nanoparticles: formulation, optimization and invivo pharmacoki-netics. Int. J.

Res. Pharm. Sci. 10, 1143–1151. doi: 10.26452/ijrps.v10i2.395

Rehman, M. U., Khan, M. A., Khan, W. S., Shafique, M., and Khan, M.

(2018). Fabrication of Niclosamide loaded solid lipid nanoparticles: in vitro

characterization and comparative in vivo evaluation. Artif. Cells Nanomed.

Biotechnol. 46, 1926–1934. doi: 10.1080/21691401.2017.1396996

Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W. S., and Khvorova,

A. (2004). Rational siRNA design for RNA interference. Nat. Biotechnol. 22,

326–330. doi: 10.1038/nbt936

Rodenak-Kladniew, B., Scioli Montoto, S., Sbaraglini, M. L., Di Ianni, M., Ruiz,

M. E., Talevi, A., et al. (2019). Hybrid Ofloxacin/eugenol co-loaded solid lipid

nanoparticles with enhanced and targetable antimicrobial properties. Int. J.

Pharm. 569:118575. doi: 10.1016/j.ijpharm.2019.118575

Rosales, C., and Uribe-Querol, E. (2017). Phagocytosis: a fundamental process in

immunity. Biomed Res. Int. 2017:9042851. doi: 10.1155/2017/9042851

Rosière, R., VanWoensel, M., Gelbcke, M., Mathieu, V., Hecq, J., Mathivet, T., et al.

(2018). New folate-grafted chitosan derivative to improve delivery of paclitaxel-

loaded solid lipid nanoparticles for lung tumor therapy by inhalation. Mol.

Pharm. 15, 899–910. doi: 10.1021/acs.molpharmaceut.7b00846

Rudhrabatla, V. S. A., Sudhakar, B., and Reddy, K. V. N. (2019). Ritonavir loaded

surface modified stealth solid lipid nanoparticles: full factorial design and

pharmacokinetic studies. Int. J. Res. Pharm. Sci. 10, 77–89. doi: 10.26452/ijrps.

v10i1.1783

Rudhrabatla, V. S. A. P., Sudhakar, B., and Reddy, K. V. N. S. (2020). In vitro

and in vivo assessment of designed melphalan loaded stealth solid lipid

nanoparticles for parenteral delivery. Bionanoscience 10, 168–190. doi: 10.1007/

s12668-019-00680-6

Ruiz, M. E., and Scioli Montoto, S. (2018). “Routes of drug administration,” in

ADME Processes in Pharmaceutical Sciences, eds A. Talevi and P. A. Quiroga

(Cham: Springer), 97–133. doi: 10.1007/978-3-319-99593-9_6

Sadegh Malvajerd, S., Azadi, A., Izadi, Z., Kurd, M., Dara, T., Dibaei, M.,

et al. (2019). Brain delivery of curcumin using solid lipid nanoparticles and

nanostructured lipid carriers: preparation, optimization, and pharmacokinetic

evaluation. ACS Chem. Neurosci. 10, 728–739. doi: 10.1021/acschemneuro.

8b00510

Sahay, G., Alakhova, D. Y., and Kabanov, A. V. (2010). Endocytosis of

nanomedicines. J. Control. Release 145, 182–195. doi: 10.1016/J.JCONREL.

2010.01.036

Salah, E., Abouelfetouh, M. M., Pan, Y., Chen, D., and Xie, S. (2020). Solid

lipid nanoparticles for enhanced oral absorption: a review. Colloids Surf. B

Biointerfaces 196:111305. doi: 10.1016/j.colsurfb.2020.111305

Sanidad, K. Z., Sukamtoh, E., Xiao, H., McClements, D. J., and Zhang, G.

(2019). Curcumin: recent advances in the development of strategies to improve

oral bioavailability. Annu. Rev. Food Sci. Technol. 10, 597–617. doi: 10.1146/

annurev-food-032818-121738

Saraiva, C., Praça, C., Ferreira, R., Santos, T., Ferreira, L., and Bernardino, L.

(2016). Nanoparticle-mediated brain drug delivery: overcoming blood–brain

barrier to treat neurodegenerative diseases. J. Control. Release 235, 34–47. doi:

10.1016/J.JCONREL.2016.05.044

Sathya, S., Shanmuganathan, B., Manirathinam, G., Ruckmani, K., and Devi, K. P.

(2018). α-Bisabolol loaded solid lipid nanoparticles attenuates Aβ aggregation

and protects Neuro-2a cells from Aβ induced neurotoxicity. J. Mol. Liq. 264,

431–441. doi: 10.1016/j.molliq.2018.05.075

Schneider, C. S., Xu, Q., Boylan, N. J., Chisholm, J., Tang, B. C., Schuster, B. S.,

et al. (2017). Nanoparticles that do not adhere to mucus provide uniform and

long-lasting drug delivery to airways following inhalation. Sci. Adv. 3, e1601556.

doi: 10.1126/sciadv.1601556

Schwarz, C., Mehnert, W., Lucks, J. S., and Müller, R. H. (1994). Solid lipid

nanoparticles (SLN) for controlled drug delivery I. Production, characterization

and sterilization. J. Control. Release 30, 83–96. doi: 10.1016/0168-3659(94)

90047-7

Scioli Montoto, S., Sbaraglini, M. L. L., Talevi, A., Couyoupetrou, M., Di Ianni, M.,

Pesce, G. O. O., et al. (2018). Carbamazepine-loaded solid lipid nanoparticles

and nanostructured lipid carriers: physicochemical characterization and

in vitro/in vivo evaluation. Colloids Surf. B Biointerfaces 167, 73–81. doi: 10.

1016/j.colsurfb.2018.03.052

Senthil Kumar, C., Thangam, R., Mary, S. A., Kannan, P. R., Arun, G., andMadhan,

B. (2020). Targeted delivery and apoptosis induction of trans-resveratrol-ferulic

acid loaded chitosan coated folic acid conjugate solid lipid nanoparticles in

colon cancer cells. Carbohydr. Polym. 231:115682. doi: 10.1016/j.carbpol.2019.

115682

Severino, P., Chaud, M. V., Shimojo, A., Antonini, D., Lancelloti, M., Santana,

M. H. A., et al. (2015). Sodium alginate-cross-linked polymyxin B sulphate-

loaded solid lipid nanoparticles: antibiotic resistance tests and HaCat and

NIH/3T3 cell viability studies. Colloids Surf. B Biointerfaces 129, 191–197. doi:

10.1016/j.colsurfb.2015.03.049

Shah, R.M., Eldridge, D. S., Palombo, E. A., andHarding, I. H. (2016a).Microwave-

assisted formulation of solid lipid nanoparticles loaded with non-steroidal

anti-inflammatory drugs. Int. J. Pharm. 515, 543–554. doi: 10.1016/j.ijpharm.

2016.10.054

Shah, R. M., Mata, J. P., Bryant, G., de Campo, L., Ife, A., Karpe, A. V., et al. (2019).

Structure analysis of solid lipid nanoparticles for drug delivery: a combined

USANS/SANS study. Part. Part. Syst. Charact. 36:1800359. doi: 10.1002/ppsc.

201800359

Shah, R. M., Rajasekaran, D., Ludford-Menting, M., Eldridge, D. S., Palombo,

E. A., and Harding, I. H. (2016b). Transport of stearic acid-based solid lipid

nanoparticles (SLNs) into human epithelial cells. Colloids Surf. B Biointerfaces

140, 204–212. doi: 10.1016/j.colsurfb.2015.12.029

Shangguan, M., Qi, J., Lu, Y., and Wu, W. (2015). Comparison of the oral

bioavailability of silymarin-loaded lipid nanoparticles with their artificial

lipolysate counterparts: implications on the contribution of integral structure.

Int. J. Pharm. 489, 195–202. doi: 10.1016/j.ijpharm.2015.05.005

Sharma, R. K., Sharma, N., Rana, S., and Shivkumar, H. G. (2013). Solid lipid

nanoparticles as a carrier of metformin for transdermal delivery. Int. J. Drug

Deliv. 5, 137–145.

Shi, J., Kantoff, P. W., Wooster, R., and Farokhzad, O. C. (2017). Cancer

nanomedicine: progress, challenges and opportunities. Nat. Rev. Cancer 17,

20–37. doi: 10.1038/nrc.2016.108

Shi, L.-L., Cao, Y., Zhu, X.-Y., Cui, J.-H., and Cao, Q.-R. (2015). Optimization

of process variables of zanamivir-loaded solid lipid nanoparticles and the

prediction of their cellular transport in Caco-2 cell model. Int. J. Pharm. 478,

60–69. doi: 10.1016/j.ijpharm.2014.11.017

Shi, S., Han, L., Deng, L., Zhang, Y., Shen, H., Gong, T., et al. (2014). Dual drugs

(microRNA-34a and paclitaxel)-loaded functional solid lipid nanoparticles for

synergistic cancer cell suppression. J. Control. Release 194, 228–237. doi: 10.

1016/j.jconrel.2014.09.005

Shinde, S. V., Nikam, S., Raut, P., and Ghag, M. K. (2019). Lipid nanoparticles for

transdermal delivery of celecoxib: an in vitro and in vivo investigation. Indian

Drugs 56, 38–48.

Siddhartha, V. T., Pindiprolu, S. K. S. S., Chintamaneni, P. K., Tummala, S.,

and Nandha Kumar, S. (2018). RAGE receptor targeted bioconjuguate lipid

Frontiers in Molecular Biosciences | www.frontiersin.org 22 October 2020 | Volume 7 | Article 587997

https://doi.org/10.3109/21691401.2015.1036997
https://doi.org/10.1080/21691401.2017.1366338
https://doi.org/10.1080/21691401.2017.1366338
https://doi.org/10.1080/02652048.2019.1665723
https://doi.org/10.1016/j.ijbiomac.2020.02.132
https://doi.org/10.1007/s11095-014-1469-1
https://doi.org/10.1111/jphp.12217
https://doi.org/10.26452/ijrps.v10i2.395
https://doi.org/10.1080/21691401.2017.1396996
https://doi.org/10.1038/nbt936
https://doi.org/10.1016/j.ijpharm.2019.118575
https://doi.org/10.1155/2017/9042851
https://doi.org/10.1021/acs.molpharmaceut.7b00846
https://doi.org/10.26452/ijrps.v10i1.1783
https://doi.org/10.26452/ijrps.v10i1.1783
https://doi.org/10.1007/s12668-019-00680-6
https://doi.org/10.1007/s12668-019-00680-6
https://doi.org/10.1007/978-3-319-99593-9_6
https://doi.org/10.1021/acschemneuro.8b00510
https://doi.org/10.1021/acschemneuro.8b00510
https://doi.org/10.1016/J.JCONREL.2010.01.036
https://doi.org/10.1016/J.JCONREL.2010.01.036
https://doi.org/10.1016/j.colsurfb.2020.111305
https://doi.org/10.1146/annurev-food-032818-121738
https://doi.org/10.1146/annurev-food-032818-121738
https://doi.org/10.1016/J.JCONREL.2016.05.044
https://doi.org/10.1016/J.JCONREL.2016.05.044
https://doi.org/10.1016/j.molliq.2018.05.075
https://doi.org/10.1126/sciadv.1601556
https://doi.org/10.1016/0168-3659(94)90047-7
https://doi.org/10.1016/0168-3659(94)90047-7
https://doi.org/10.1016/j.colsurfb.2018.03.052
https://doi.org/10.1016/j.colsurfb.2018.03.052
https://doi.org/10.1016/j.carbpol.2019.115682
https://doi.org/10.1016/j.carbpol.2019.115682
https://doi.org/10.1016/j.colsurfb.2015.03.049
https://doi.org/10.1016/j.colsurfb.2015.03.049
https://doi.org/10.1016/j.ijpharm.2016.10.054
https://doi.org/10.1016/j.ijpharm.2016.10.054
https://doi.org/10.1002/ppsc.201800359
https://doi.org/10.1002/ppsc.201800359
https://doi.org/10.1016/j.colsurfb.2015.12.029
https://doi.org/10.1016/j.ijpharm.2015.05.005
https://doi.org/10.1038/nrc.2016.108
https://doi.org/10.1016/j.ijpharm.2014.11.017
https://doi.org/10.1016/j.jconrel.2014.09.005
https://doi.org/10.1016/j.jconrel.2014.09.005
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


Scioli Montoto et al. SLN for Drug Delivery

nanoparticles of diallyl disulfide for improved apoptotic activity in triple

negative breast cancer: in vitro studies. Artif. Cells Nanomed. Biotechnol. 46,

387–397. doi: 10.1080/21691401.2017.1313267

Siepmann, J., and Siepmann, F. (2006). “Microparticles used as drug delivery

systems,” in Smart Colloidal Materials, ed. W. Richtering (Berlin: Springer),

15–21. doi: 10.1007/3-540-32702-9_3

Silki, and Sinha, V. R. (2018). Enhancement of in vivo efficacy and oral

bioavailability of aripiprazole with solid lipid nanoparticles. AAPS

PharmSciTech 19, 1264–1273. doi: 10.1208/s12249-017-0944-5

Singh, S. K., Kushwaha, A. K., Vuddanda, P. R., Karunanidhi, P., and Singh, S. K.

(2013). Development and evaluation of solid lipid nanoparticles of raloxifene

hydrochloride for enhanced bioavailability. Biomed Res. Int. 2013:584549. doi:

10.1155/2013/584549

Sonawane, R., Harde, H., Katariya, M., Agrawal, S., and Jain, S. (2014). Solid lipid

nanoparticles-loaded topical gel containing combination drugs: an approach to

offset psoriasis. Expert Opin. Drug Deliv. 11, 1833–1847. doi: 10.1517/17425247.

2014.938634

Souto, E. B., Doktorovova, S., Campos, J. R., Martins-Lopes, P., and Silva,

A. M. (2019). Surface-tailored anti-HER2/neu-solid lipid nanoparticles for site-

specific targeting MCF-7 and BT-474 breast cancer cells. Eur. J. Pharm. Sci. 128,

27–35. doi: 10.1016/j.ejps.2018.11.022

Souza, A. L. R. D., Andreani, T., De Oliveira, R. N., Kiill, C. P., Santos, F. K. D.,

Allegretti, S. M., et al. (2014). In vitro evaluation of permeation, toxicity

and effect of praziquantel-loaded solid lipid nanoparticles against Schistosoma

mansoni as a strategy to improve efficacy of the schistosomiasis treatment. Int.

J. Pharm. 463, 31–37. doi: 10.1016/j.ijpharm.2013.12.022

Stamatovic, S. M., Keep, R. F., and Andjelkovic, A. V. (2008). Brain endothelial cell-

cell junctions: how to “open” the blood brain barrier. Curr. Neuropharmacol. 6,

179–192. doi: 10.2174/157015908785777210

Talegaonkar, S., and Bhattacharyya, A. (2019). Potential of lipid nanoparticles

(SLNs and NLCs) in enhancing oral bioavailability of drugs with poor

intestinal permeability. AAPS PharmSciTech 20:121. doi: 10.1208/s12249-019-

1337-8

Talluri, S. V., Kuppusamy, G., Karri, V. V. S. R., Yamjala, K., Wadhwani,

A., Madhunapantula, S. V., et al. (2017). Application of quality-by-design

approach to optimize diallyl disulfide-loaded solid lipid nanoparticles. Artif.

Cells Nanomed. Biotechnol. 45, 474–488. doi: 10.3109/21691401.2016.11

73046

Taveira, S. F., De Santana, D. C. A. S., Araújo, L. M. P. C., Marquele-Oliveira,

F., Nomizo, A., and Lopez, R. F. V. (2014). Effect of iontophoresis on

topical delivery of doxorubicin-loaded solid lipid nanoparticles. J. Biomed.

Nanotechnol. 10, 1382–1390. doi: 10.1166/jbn.2014.1834

Tran, T. H., Ramasamy, T., Cho, H. J., Kim, Y. I., Poudel, B. K., Choi, H.-

G., et al. (2014). Formulation and optimization of raloxifene-loaded solid

lipid nanoparticles to enhance oral bioavailability. J. Nanosci. Nanotechnol. 14,

4820–4831. doi: 10.1166/jnn.2014.8722

Troy, D. B. (ed.) (2000). Remington: The Science and Practice of Pharmacy.

Philadelphia, PA: Lippincott Williams & Wilkins. doi: 10.1016/S0165-6147(96)

90065-6

Tupal, A., Sabzichi, M., Ramezani, F., Kouhsoltani, M., and Hamishehkar, H.

(2016). Dermal delivery of doxorubicin-loaded solid lipid nanoparticles for the

treatment of skin cancer. J. Microencapsul. 33, 372–380. doi: 10.1080/02652048.

2016.1200150

Vaghasiya, H., Kumar, A., and Sawant, K. (2013). Development of solid lipid

nanoparticles based controlled release system for topical delivery of terbinafine

hydrochloride. Eur. J. Pharm. Sci. 49, 311–322. doi: 10.1016/j.ejps.2013.03.013

van der Meel, R., Lammers, T., and Hennink,W. E. (2017). Cancer nanomedicines:

oversold or underappreciated? Expert Opin. Drug Deliv. 14, 1–5. doi: 10.1080/

17425247.2017.1262346

Veni, D. K., and Gupta, N. V. (2020). Development and evaluation of

Eudragit coated environmental sensitive solid lipid nanoparticles using central

composite design module for enhancement of oral bioavailability of linagliptin.

Int. J. Polym.Mater. Polym. Biomater. 69, 407–418. doi: 10.1080/00914037.2019.

1570513

Vieira, A. C. C., Chaves, L. L., Pinheiro, M., Lima, S. A. C., Ferreira, D., Sarmento,

B., et al. (2018). Mannosylated solid lipid nanoparticles for the selective delivery

of rifampicin to macrophages. Artif. Cells Nanomed. Biotechnol. 46, 653–663.

doi: 10.1080/21691401.2018.1434186

Vijayakumar, A., Baskaran, R., Jang, Y. S., Oh, S. H., and Yoo, B. K.

(2017). Quercetin-loaded solid lipid nanoparticle dispersion with improved

physicochemical properties and cellular uptake. AAPS PharmSciTech 18, 875–

883. doi: 10.1208/s12249-016-0573-4

von Roemeling, C., Jiang, W., Chan, C. K., Weissman, I. L., and Kim, B. Y. S.

(2017). Breaking down the barriers to precision cancer nanomedicine. Trends

Biotechnol. 35, 159–171. doi: 10.1016/J.TIBTECH.2016.07.006

Vroman, L. (1962). Effect of absorbed proteins on the wettability of hydrophilic

and hydrophobic solids. Nature 196, 476–477. doi: 10.1038/196476a0

Wang, F., Kream, R. M., and Stefano, G. B. (2020). An evidence based perspective

on mRNA-SARS-CoV-2 vaccine development. Med. Sci. Monit. 26:e924700.

doi: 10.12659/MSM.924700

Wang, J., Byrne, J. D., Napier, M. E., and DeSimone, J. M. (2011). More effective

nanomedicines through particle design. Small 7, 1919–1931. doi: 10.1002/smll.

201100442

Wang, L., Zhao, X., Du, J., Liu, M., Feng, J., and Hu, K. (2019). Improved brain

delivery of pueraria flavones via intranasal administration of borneol-modified

solid lipid nanoparticles. Nanomedicine 14, 2105–2119. doi: 10.2217/nnm-

2018-0417

Wang, Q., Yang, Q., Cao, X., Wei, Q., Firempong, C. K., Guo, M., et al. (2018).

Enhanced oral bioavailability and anti-gout activity of [6]-shogaol-loaded solid

lipid nanoparticles. Int. J. Pharm. 550, 24–34. doi: 10.1016/j.ijpharm.2018.

08.028

Whitehead, K. A., Langer, R., and Anderson, D. G. (2009). Knocking down barriers:

advances in siRNA delivery. Nat. Rev. Drug Discov. 8, 129–138. doi: 10.1038/

nrd2742

Wishart, D. S., Feunang, Y. D., Guo, A. C., Lo, E. J., Marcu, A., Grant, J. R., et al.

(2018). DrugBank 5.0: a major update to the DrugBank database for 2018.

Nucleic Acids Res. 46, D1074–D1082. doi: 10.1093/nar/gkx1037

Wittrup, A., and Lieberman, J. (2015). Knocking down disease: a progress

report on siRNA therapeutics. Nat. Rev. Genet. 16, 543–552. doi: 10.1038/nrg

3978

Wu, X., Chen, H., Wu, C., Wang, J., Zhang, S., Gao, J., et al. (2018). Inhibition

of intrinsic coagulation improves safety and tumor-targeted drug delivery

of cationic solid lipid nanoparticles. Biomaterials 156, 77–87. doi: 10.1016/j.

biomaterials.2017.11.040

Xiao, K., Li, Y., Luo, J., Lee, J. S., Xiao, W., Gonik, A. M., et al. (2011). The effect of

surface charge on in vivo biodistribution of PEG-oligocholic acid basedmicellar

nanoparticles. Biomaterials 32, 3435–3446. doi: 10.1016/j.biomaterials.2011.

01.021

Xie, J., Shen, Z., Anraku, Y., Kataoka, K., and Chen, X. (2019). Nanomaterial-

based blood-brain-barrier (BBB) crossing strategies. Biomaterials 224:119491.

doi: 10.1016/j.biomaterials.2019.119491

Xu, Y., Zheng, Y., Wu, L., Zhu, X., Zhang, Z., and Huang, Y. (2018). Novel

solid lipid nanoparticle with endosomal escape function for oral delivery of

insulin. ACS Appl. Mater. Interfaces 10, 9315–9324. doi: 10.1021/acsami.8b0

0507

Yang, G., Phua, S. Z. F., Bindra, A. K., and Zhao, Y. (2019). Degradability and

clearance of inorganic nanoparticles for biomedical applications. Adv. Mater.

31:e1805730. doi: 10.1002/adma.201805730

Yao, M., McClements, D. J., Zhao, F., Craig, R.W., and Xiao, H. (2017). Controlling

the gastrointestinal fate of nutraceutical and pharmaceutical-enriched lipid

nanoparticles: from mixed micelles to chylomicrons. Nanoimpact 5, 13–21.

doi: 10.1016/J.IMPACT.2016.12.001

You, P., Yuan, R., and Chen, C. (2017). Design and evaluation of lidocaine-

and prilocaine-coloaded nanoparticulate drug delivery systems for topical

anesthetic analgesic therapy: a comparison between solid lipid nanoparticles

and nanostructured lipid carriers. Drug Des. Devel. Ther. 11, 2743–2752. doi:

10.2147/DDDT.S141031

Youssef, N. A. H. A., Kassem, A. A., Farid, R. M., Ismail, F. A., El-Massik,

M. A. E., and Boraie, N. A. (2018). A novel nasal almotriptan loaded solid

lipid nanoparticles in mucoadhesive in situ gel formulation for brain targeting:

preparation, characterization and in vivo evaluation. Int. J. Pharm. 548, 609–

624. doi: 10.1016/j.ijpharm.2018.07.014

Yu, S.-H., Tang, D.-W., Hsieh, H.-Y., Wu, W.-S., Lin, B.-X., Chuang, E.-Y., et al.

(2013). Nanoparticle-induced tight-junction opening for the transport of an

anti-angiogenic sulfated polysaccharide across Caco-2 cell monolayers. Acta

Biomater. 9, 7449–7459. doi: 10.1016/J.ACTBIO.2013.04.009

Frontiers in Molecular Biosciences | www.frontiersin.org 23 October 2020 | Volume 7 | Article 587997

https://doi.org/10.1080/21691401.2017.1313267
https://doi.org/10.1007/3-540-32702-9_3
https://doi.org/10.1208/s12249-017-0944-5
https://doi.org/10.1155/2013/584549
https://doi.org/10.1155/2013/584549
https://doi.org/10.1517/17425247.2014.938634
https://doi.org/10.1517/17425247.2014.938634
https://doi.org/10.1016/j.ejps.2018.11.022
https://doi.org/10.1016/j.ijpharm.2013.12.022
https://doi.org/10.2174/157015908785777210
https://doi.org/10.1208/s12249-019-1337-8
https://doi.org/10.1208/s12249-019-1337-8
https://doi.org/10.3109/21691401.2016.1173046
https://doi.org/10.3109/21691401.2016.1173046
https://doi.org/10.1166/jbn.2014.1834
https://doi.org/10.1166/jnn.2014.8722
https://doi.org/10.1016/S0165-6147(96)90065-6
https://doi.org/10.1016/S0165-6147(96)90065-6
https://doi.org/10.1080/02652048.2016.1200150
https://doi.org/10.1080/02652048.2016.1200150
https://doi.org/10.1016/j.ejps.2013.03.013
https://doi.org/10.1080/17425247.2017.1262346
https://doi.org/10.1080/17425247.2017.1262346
https://doi.org/10.1080/00914037.2019.1570513
https://doi.org/10.1080/00914037.2019.1570513
https://doi.org/10.1080/21691401.2018.1434186
https://doi.org/10.1208/s12249-016-0573-4
https://doi.org/10.1016/J.TIBTECH.2016.07.006
https://doi.org/10.1038/196476a0
https://doi.org/10.12659/MSM.924700
https://doi.org/10.1002/smll.201100442
https://doi.org/10.1002/smll.201100442
https://doi.org/10.2217/nnm-2018-0417
https://doi.org/10.2217/nnm-2018-0417
https://doi.org/10.1016/j.ijpharm.2018.08.028
https://doi.org/10.1016/j.ijpharm.2018.08.028
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/nrd2742
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1038/nrg3978
https://doi.org/10.1038/nrg3978
https://doi.org/10.1016/j.biomaterials.2017.11.040
https://doi.org/10.1016/j.biomaterials.2017.11.040
https://doi.org/10.1016/j.biomaterials.2011.01.021
https://doi.org/10.1016/j.biomaterials.2011.01.021
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1021/acsami.8b00507
https://doi.org/10.1021/acsami.8b00507
https://doi.org/10.1002/adma.201805730
https://doi.org/10.1016/J.IMPACT.2016.12.001
https://doi.org/10.2147/DDDT.S141031
https://doi.org/10.2147/DDDT.S141031
https://doi.org/10.1016/j.ijpharm.2018.07.014
https://doi.org/10.1016/J.ACTBIO.2013.04.009
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


Scioli Montoto et al. SLN for Drug Delivery

Yu, Z., Fan, W., Wang, L., Qi, J., Lu, Y., and Wu, W. (2019). Effect of surface

charges on oral absorption of intact solid lipid nanoparticles. Mol. Pharm. 16,

5013–5024. doi: 10.1021/acs.molpharmaceut.9b00861

Yuan, H., Chen, C.-Y., Chai, G.-H., Du, Y.-Z., and Hu, F.-Q. (2013). Improved

transport and absorption through gastrointestinal tract by pegylated solid lipid

nanoparticles.Mol. Pharm. 10, 1865–1873. doi: 10.1021/mp300649z

Zensi, A., Begley, D., Pontikis, C., Legros, C., Mihoreanu, L., Wagner, S.,

et al. (2009). Albumin nanoparticles targeted with Apo E enter the CNS by

transcytosis and are delivered to neurones. J. Control. Release 137, 78–86. doi:

10.1016/j.jconrel.2009.03.002

Zhang, J., Zhu, X., Jin, Y., Shan, W., and Huang, Y. (2014). Mechanism study

of cellular uptake and tight junction opening mediated by goblet cell-specific

trimethyl chitosan nanoparticles. Mol. Pharm. 11, 1520–1532. doi: 10.1021/

mp400685v

Zhao, F., Zhao, Y., Liu, Y., Chang, X., Chen, C., and Zhao, Y. (2011). Cellular

uptake, intracellular trafficking, and cytotoxicity of nanomaterials. Small 7,

1322–1337. doi: 10.1002/smll.201100001

Zheng, G., Zheng, M., Yang, B., Fu, H., and Li, Y. (2019). Improving

breast cancer therapy using doxorubicin loaded solid lipid nanoparticles:

Synthesis of a novel arginine-glycine-aspartic tripeptide conjugated,

pH sensitive lipid and evaluation of the nanomedicine in vitro and

in vivo. Biomed. Pharmacother. 116:109006. doi: 10.1016/j.biopha.2019.10

9006

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Scioli Montoto, Muraca and Ruiz. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 24 October 2020 | Volume 7 | Article 587997

https://doi.org/10.1021/acs.molpharmaceut.9b00861
https://doi.org/10.1021/mp300649z
https://doi.org/10.1016/j.jconrel.2009.03.002
https://doi.org/10.1016/j.jconrel.2009.03.002
https://doi.org/10.1021/mp400685v
https://doi.org/10.1021/mp400685v
https://doi.org/10.1002/smll.201100001
https://doi.org/10.1016/j.biopha.2019.109006
https://doi.org/10.1016/j.biopha.2019.109006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Solid Lipid Nanoparticles for Drug Delivery: Pharmacological and Biopharmaceutical Aspects
	Introduction
	Our Bibliographic Search
	The Tiny Big*1pt Universe of Lipid Nanoparticles*1pt

	A Descriptive Analysis of Therapeutic Application Fields of Sln
	Routes of Administration Proposed for Sln /Nlc
	Oral Route
	Percutaneous Route

	Disposition in the Body and Penetration to the Cns
	Gastrointestinal Absorption of Lipid Nanoparticles
	Systemic Circulation and Protein Corona Formation
	Passage Through the Blood Brain Barrier (BBB)

	Clearance Mechanisms and Toxicological Aspects
	Translation Into the Clinic of Lipid (But Not Solid) Nanoparticles
	Current Challenges and Limitations of Solid Lipid Nanoparticles
	Conclusion and Final Remarks
	Author Contributions
	Funding
	References


