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Abstract

Lipid-based nanocarriers have gained much interest as carriers of drugs with poor oral bioavailability because of their
remarkable advantages like low toxicity, affordable scale-up manufacture, strong biocompatibility or high drug loading
efficiency. The potential of these nanocarriers lies in their ability to improve the gastrointestinal stability, solubility and
permeability of their cargo drugs. However, achieving efficient oral drug delivery through lipid-based nanocarriers is a
challenging task, since they encounter multiple physicochemical barriers along the gastrointestinal tract, e.g. the gastric
acidic content, the intestinal mucus layer or the enzymatic degradation, that they must surmount to reach their target. These
limitations may be turned into opportunities through a rational design of lipid-based nanocarriers. For that purpose, this
review focuses on the main challenges of the oral route indicating the strategies undertaken for lipid-based nanocarriers in
order to overcome them. Understanding their shortcomings and identifying their strengths will determine the future clinical

success of lipid-based nanocarriers.
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Introduction

Lipid-based nanocarriers are a landmark in drug delivery.
Research on lipid-based nanocarriers has provided Doxil®,
the first FDA-approved nanocarrier, and it is intensively
progressing in areas like cancer or peptide delivery [1, 2].
The great attention received by these nanocarriers in last
decades is due, in part, to the excellent properties of their
lipid components, such as high versatility, biocompatibility
and low toxicity profile [3]. Lipid-based nanocarriers
are suitable for enhancing the clinical potential of drugs
with biopharmaceutical limitations, such as low aqueous
solubility or stability, and for providing alternatives to
the parental route. More specifically, the convenience and
advantages of the oral route, e.g. ease of administration
and high patient compliance, have strengthened the
research on oral lipid-based nanocarriers. This is reflected
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in the increasing number of patents in the field-promoting
innovation and commercialisation [4—6]. An excellent
example is found in the patent filed in 2006 by M. Kidron
claiming methods and compositions based on lipids for the
oral delivery of peptides [7]. This was the basis of Oramed,
a lipid-based oral insulin delivery system that will soon
initiate phase III clinical trials and perfectly shows the
potential that lipid-based nanocarriers may have for efficient
oral drug delivery [8].

The term lipid-based nanocarrier includes liposomes,
self-nano and microemulsifying drug delivery systems,
nanoemulsions and nanocapsules, among others (Fig. 1).
All of them have in common that their formulation can be
adapted to the characteristics and requirements of the oral
route. Indeed, most oils and fats used for the development
of these nanocarriers derive from dietary lipids facilitating
oral permeability and biodegradability. Additionally, lipid-
based nanocarriers can be designed to interact with specific
cell populations in the gastrointestinal tract, increasing the
drug delivery efficacy. However, oral drug delivery using
lipid-based nanocarriers is a challenging task, since they
must overcome the harsh gastrointestinal environment and
multiple chemical and physical barriers. These barriers
include the gastrointestinal fluids, which have variable
and extreme pH values and contain salts and enzymes that
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Fig. 1 Lipid-based nanocarriers
in oral drug delivery
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may compromise the stability of nanocarriers; a mucus
layer colonised by the gut microbiota, which may limit the
intestinal residence time and/or the access of nanocarriers to
the intestinal epithelium; and the intestinal epithelium itself,
which may express drug efflux mechanisms compromising
the final absorption of the nanocarrier [9, 10].

These challenges may turn into opportunities if the
current information about the gastrointestinal barriers
and their interaction with nanocarriers is understood
and used to develop strategies aimed to improve the oral
delivery of lipid-based nanocarriers. The behaviour and
performance of these nanocarriers in the gastrointestinal
tract may be modulated through a rational selection of the
lipid components and a design based on the drug properties
and on the medical need. For instance, depending on their
composition, lipid-based nanocarriers have the potential
to avoid the degradation of gastric labile drugs, enhance
their intestinal residence time through their adhesion to the
mucus layer or inhibit intestinal drug efflux. On this context,
this work aims to analyse the state-of-the art of the main
approaches currently followed to enhance the oral delivery
of drugs using lipid-based nanocarriers.

Challenges for lipid-based nanocarriers
in the oral route

The gastrointestinal tract is a difficult environment for
nanocarriers due to the aggressive conditions that they
encounter. First, its wide pH gradient is a challenge to the
physical and chemical stability of the nanocarriers. The
more acidic conditions are found in the stomach (pH 1-2.5),
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whereas the colon reaches pH 7-8 [9]. Most nanocarriers
have ionisable groups on their surface, so pH values close
to their isoelectric point would minimize or even remove
their surface charge. Besides, gastrointestinal fluids
include a variable concentration of salts and electrolytes,
which may also negatively affect to the surface charge of
nanocarriers. This can lead to destabilisation processes that
may end with their aggregation in gastrointestinal fluids.
Secondly, the gastric enzymes, like pepsin or gelatinase,
may also compromise the stability of the nanocarriers. The
enzymatic content is even higher in the duodenum, since
it is rich in biliary and pancreatic secretions that include
lipases, peptidases and amylases [9]. Taking into account the
composition of lipid-based nanocarriers, it is reasonable to
think that lipases may digest them leading to solubilisation,
aggregation or precipitation [11]. Besides, cationic
electrolytes such as Ca®* or Mg?* may form insoluble salts
with some lipid components of the carriers, i.e. long-chain
fatty acids, removing them from their and allowing their
digestion by lipases [11]. Then, stability testing of lipid-
based nanocarriers is essential in early development stages.
To reproduce these conditions, researchers use simulated
fluids that have pH values, electrolytes and enzyme
concentrations similar to those of the gastric or intestinal
fluids (USP XXIX) [12-14].

The next barrier that nanocarriers meet in the
gastrointestinal tract is the mucus layer underlying the
epithelium. Mucus is a complex hydrogel mainly composed
of water and proteins. Mucins are the more abundant
proteins in mucus; they entangle to form a viscoelastic gel
that exhibits shear-thinning properties [15]. Most mucins
in the intestinal mucus are glycosylated so it has negative
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charge. This may lead to the adhesion of positively charged
nanocarriers to mucus through electrostatic interactions
[15]. Mucus also includes additional carbohydrates, lipids,
salts, cellular debris and antibodies. To elucidate the impact
of mucus on oral drug delivery, mucus models of different
complexity have been used. The ideal mucus model should
recapitulate the characteristics and composition of human
intestinal mucus as far as possible [16]. For this purpose,
porcine intestinal mucus is widely used [17-20]. However,
the properties of native mucus may vary with the animal
species, age or disease state. In view of the high variability
and complexity that entails the use of native excised mucus,
other authors prefer to use purified mucin solutions [21, 22],
which are easier to prepare and minimize variability of the
results, although they do not mimic completely the mucus
composition [16]. Intestinal mucus is structured in two
different layers: a first layer, nearer to the intestinal lumen,
which is loosely adhered, and a second layer, in contact
to the epithelium, which is firmly adhered. The intestinal
mucus has a protective function, impeding the contact of
foreign particles with the epithelial cell, by the periodical
renewal of the loosely adherent layer [15]. This can lead
to a prompt clearance of nanocarriers from the intestinal
tract, minimizing their opportunities to reach the epithelium.
There are different in vitro and in vivo techniques to evaluate
the interaction of nanocarriers with mucus, such as the
mucin particle method, DLS, fluorescence recovery after
photobleaching (FRAP) and particle tracking [12, 23].
Among these, particle tracking has gained special attention
in the last years, due to the unique advantages it offers, such
as providing individual and ensemble information about
the mucodiffusion of particles in real time. For a deeper
knowledge in current techniques for the determination of the
mucoadhesion/diffusion in nanocarriers, authors are referred
to exceptional reviews in the field [12, 23].

Mucus harbours a diverse and dynamic population of
microorganisms, known as the gut microbiota, which offers
a range of benefits to the host, such as protecting against
pathogens, modulating the immune system or harvesting
energy. The bacterial strains and their abundance vary
along the gastrointestinal tract, being more numerous and
diverse in the colon region. When microbial populations are
altered, the condition is known as dysbiosis. This has been
related to several diseases and pathological situations, such
as intestinal bowel disease (IBD), carcinogenesis or obesity
[24]. The importance of microbiota in the body homeostasis
has led to an exponential research in the field [25]; despite
of this, the knowledge about the interaction of microbiota
with nanocarriers is still scarce [26]. It is important to
consider that gut microbiota may have a relevant impact on
oral administered nanocarriers, e.g. metabolism or retention,
which could alter (positively or negatively) the final fate
and efficacy of nanocarriers. Additionally, nanocarriers

may influence the microbiota by exhibiting prebiotic or
antibiotic-like behaviour [27].

The intestinal epitheliumis the last barrier for drugs in
order to achieve the systemic circulation.Once associated to
the nanocarrier, drugs can be released to the intestinallumen
and absorbed by the intestinal cells or be taken up still
encapsulated inthe nanocarrier. In this case, different
mechanisms and cells are involved. Theintestinal epithelium
is mainly constituted by enterocytes, although othercells
like goblet cells, M cells, L cells or Paneth cells are also
found [28].Enterocytes are polarized absorptive cells with
a microvilli brush border intheir apical side, sealed among
them by tight junctions. In general, themechanisms of
uptake by enterocytes are paracellular, through the space
betweencells, or transcellular, through enterocytes. The
paracellular pathway plays aminor role in the absorption
of drug and nanocarriers, since it only enablesthe
transport of small and hydrophilic molecules. Opposite,
hydrophobicnanocarriers/drugs may be transported by the
transcellular pathway [9].The main transcellular pathways
are endocytic and may occur by phagocytosis,via immune
or M cells, or by pinocytosis, which can occur through
differentmechanisms, such as macropinocytosis, clathrin- or
caveolae-mediatedendocytosis and clathrin- and caveolae-
independent endocytosis [29].Then, the nanocarriers may
follow different intracellular trafficking andtransformation
pathways that may end with the nanocarriers and/or
cargomolecule translocation across the intestinal epithelium
to reach systemiccirculation. In other occasions, an intestinal
retention of the nanocarrierand/or its cargo molecule may be
desired, e.g. for locally treating intestinalalterations, such
as IBD [30].The second and third most commonly found
cells in the intestinal epithelium aregoblet and M cells,
respectively. Goblet cells secret mucins that are part ofthe
mucus layer, whereas M cells take up and sample antigens
andmicroorganisms. M cells are found in the gut associated
lymphoid tissue (GALT)or Peyer’s patches, a region that is
connected with the lymphatic system andthat is not covered
by a thick mucus layer, in order to enable closerinteraction
with antigens [28].Thus, M cells arise as an appealing entry
point for lipid-based nanocarriers,as discussed in Sect.4.

In an attempt to simulate the complex human intestinal
environment, models of different complexity have been
developed to predict the biological behaviour and the
therapeutic potential of oral nanocarriers. Caco-2 cells,
derived from human colorectal adenocarcinoma, have
been widely exploited for modelling the intestinal barrier,
since they can be polarized and differentiated as human
enterocytes [31]. Additional in vitro models have been
proposed to achieve a closer intestinal resemble, such
as the co-culture of Caco-2 cells with HTM-29 MTX
cells (mucus secreting model) [32] and/or with Raji
cells (FAE model) [33-35]. Although these models are
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well-established, they show some limitations, e.g. they
fail to mimic the crypt intestinal structure and they cannot
include intestinal microbiota. Within this scenario, different
3D intestinal models have been developed in the last years
by microfabrication (engineered intestinal tissues) or
microfluidics (gut-on-a-chip). The engineered intestinal
tissues reproduce the intestinal 3D structure by using
scaffolds composed of biomimetic materials, e.g. collagen
[36], whereas gut-on-a-chip devices are able to mimic the
intestinal biophysics forces and may allow the inclusion of
microbiota strains and vascular components [37, 38].

The development of nanocarriers normally includes
testing them in vivo in more advanced research stages. In
this regard, the animal model, age and gender should be
selected depending on the medical need and the specific aim
of the study [39]. Rats and mice are the most commonly
used species for the in vivo testing of oral nanocarriers, since
their gastrointestinal tract resembles that of the humans,
although they also show some peculiarities, e.g. different
gut microbiota to humans and absence of gall bladder,
which may require consideration. On the other hand, for
toxicological or biopharmaceutical studies, animal model
with a similar human metabolic pattern of that from humans
is desirable [39]. Additionally, disease models may be used
for understanding the therapeutic potential of nanocarriers,
as well as their biological performance (e.g. absorption) in
the pathological state. A more detailed vision of in vitro and
in vivo intestinal models is beyond the scope of this work,
but it is excellently reviewed elsewhere [12, 39—41].

Oral lipid-based nanocarriers

The diverse components and preparation methods currently
available have led to a wide variety of lipid-based nanocarriers
with the potential to enhance drug oral bioavailability, as
depicted in Table 1. Although their specific composition
determines their properties and biological performance, all
these nanocarriers have in common the use of lipid ingredients,
such as vegetal oils, free fatty acids or liposoluble vitamins.
The following subsections specify the main characteristics and
achievements of different lipid-based nanocarriers.

Liposomes

Liposomes are spherical vesicles constituted by lipid
bilayers and an aqueous inner core. Conventional
liposomes are made of phospholipids and sterols, such
as cholesterol, which are usually incorporated in the
formulation to stabilize the liposomal membrane [42, 43].
These nanocarriers cover sizes from 10 nm up to several
microns. Liposomes were first described in the early 1960s
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[44], opening the door to intense and fruitful decades of
investigation in the drug delivery field [45, 46]. Since
then, several liposome-based formulations intended for
parental administration have been approved for clinical
use in humans by the FDA.

The promising antecedents provided by injectable
liposomes, as well as their biocompatibility, have
encouraged the development of liposomes as carriers
of drugs with poor bioavailability by the oral route.
The structure and composition similarities of liposomes
with cell membranes may contribute to the permeation
enhancement across the intestinal epithelium. Besides,
to overcome the physicochemical barriers that they
may encounter and to modulate their behaviour in the
gastrointestinal tract, the surface of liposomes can be
modified, e.g. by the addition of cationic surfactants, bile
salts or targeting ligands [43].

Liposomes can be spontaneously formed by hydration
of phospholipids. The traditional method for the
formulation of liposomes is the film hydration method.
In this method, phospholipids are dissolved into organic
solvents that are later evaporated, obtaining a phospholipid
film that is hydrated to yield an aqueous dispersion
of liposomes. Other conventional approach followed
to prepare liposomes is the reverse-phase evaporation
technique. In this method, the phospholipid solution in
organic solvents is mixed with the aqueous phase, and
the organic solvents are further evaporated to obtain the
liposomes [42].

Thanks to their composition, liposomes allow the
encapsulation of both hydrophilic and hydrophobic drugs.
Hydrophilic molecules can be loaded into their inner
cavity, whereas hydrophobic drugs can be included into the
lipid bilayer. Regarding hydrophilic molecules, liposomes
have shown promise to increase the oral bioavailability of
baicalein [47] and it is worth to highlight their growing
contribution in the oral delivery of peptides, including
insulin or lactoferrin [2, 48—54]. Lactoferrin is a peptide
that has attracted much interest due to its important
role in the immune system, showing antioxidant, anti-
inflammatory, antibacterial and antiviral activity. However,
it is susceptible to hydrolysis by gastrointestinal enzymes,
what hampers its oral bioavailability. The encapsulation
of lactoferrin in liposomes has been researched as a
strategy to overcome this limitation. Indeed, there is
a current clinical trial in phases 2 and 3 that study the
efficacy and safety of lactoferrin-loaded liposomes orally
administered in COVID-19 patients with mild to moderate
disease and asymptomatic patients (NCT04475120)
[55]. This is an example of thepotential that liposomes
may have for current oral drug delivery challenges.
With concern to hydrophobic molecules, liposomes
have been exploited to improvethe oral bioavailability



Drug Delivery and Translational Research (2021) 11:471-497

477

of drugs such as cyclosporine A [56]or fenofibrate
[57],among others. Liposomes are also promising for the
achievement of efficient andsafe oral cancer treatments
[58—60], as recently reported by Agardan et al. These
authorsdescribed that liposomes loaded with tamoxifen
and dimethyl-p-cyclodextrin aspermeation enhancer are
able to achieve a 92.5% reduction of the tumour areaafter
their oral administration to tumour bearing rats, without a
significantweight loss [60].

Solid lipid nanoparticles

Solid lipid nanoparticles are nanocarriers composed by a
lipid core with a monolayer surfactant shell that stabilize
them to form aqueous dispersions at the nanometer
range. Commonly used lipids for the production of solid
lipid nanoparticles include triglycerides, fatty acids,
waxes or phospholipids, whereas poloxamers, lecithin,
polysorbates and bile salt derivatives are used as surfactants
[61]. Additionally, surface modification of solid lipid
nanoparticles might provide them with mucoadhesion
properties. These nanocarriers started to gain attention
in the early 2000s due to their advantages, such as their
biodegradability and biocompatibility, as well as preparation
possibilities without needing organic solvents.

The main peculiarity of these nanoparticles is that they
remain solid both at room and body temperatures [61,
62]; this may increase their stability compared with liquid
nanocarriers. Nevertheless, the solid state can also be a
disadvantage of these nanocarriers, since the crystalline
state of the solid may limit their drug-loading capacity.
Moreover, encapsulated drugs may be promptly released
from the nanoparticles in case of crystallisation during
storage. However, lipid crystallisation might be retarded
by the small size of the nanoparticles and the presence of
surfactants, and further monitored by using techniques such
as differential scanning microscopy or X-ray diffractometry
[61]. Different preparation methods have been described
for the production of solid lipid nanoparticles, including
high pressure homogenisation, solvent emulsification/
evaporation, solvent injection and microemulsion method.

Solid lipid nanoparticles enable the delivery of both
hydrophobic and hydrophilic molecules, so they have
shown great potential to enhance the oral bioavailability of
a wide variety of molecules, including anti-tumour drugs,
e.g. paclitaxel or docetaxel [63—66], central nervous system
drugs, e.g. lurasidone or asenapine [67, 68], cardiovascular
drugs, e.g. carvedilol or cilnidipine [69, 70], or antiviral
drugs [71]. As an example, Dudhipala et al. reported
that solid lipid nanoparticles loaded with rosuvastatin
calcium increase the bioavailability of the drug following
oral administration to rats, compared with a rosuvastatin

calcium suspension by more than 4 times. Besides, authors
reported a decrease in lipid profile in hyperlipidemic rats
for 36 h, which was at least extended by 12 h in comparison
with that of the suspension. This could reduce the dosing
frequency of the treatment [72]. Similarly, solid lipid
nanoparticles enabled to improve both pharmacokinetic
and pharmacodynamics profiles of cilnidipine after oral
administration to rats, compared with free drug. Concretely,
oral area under the curve (AUC) was 2.4-fold increased and
a 38% decrease in systolic blood pressure was achieved,
maintaining more than a 20% decrease for 64 h, compared
with free cilnidipine [69].

Nanoemulsions

Nanoemulsions are dispersions of an oily and an aqueous
phase stabilised by an appropriate surfactant or combination
of surfactants with size values over 100 nm [73-77].
Nanoemulsions are thermodynamically unstable, what
may lead to destabilisation processes such as coalescence
or flocculation. However, the kinetics of the destabilisation
is normally slow, i.e. weeks or months, so they can
be considered as kinetically stable [75, 78]. Biphasic
nanoemulsions can be oil in water (o/w) nanoemulsions,
in which oily droplets are dispersed in the aqueous phase
[17, 18, 30, 79-85] and water in oil (w/0) nanoemulsions,
in which aqueous droplets are dispersed in the oily phase
[86, 87]. Multiple nanoemulsions can also be generated
by mixing pre-formulated nanoemulsions with a second
aqueous or oily phase. The more studied multiple
nanoemulsions are w/o/w, which can be obtained by
dispersing w/o nanoemulsions in an aqueous phase.

The different preparation methods to obtain nanoemulsions
can be classified into high-energy or low-energy approaches.
High-energy methods, such as ultrasonic homogenisation
or microfluidisation, usually entail high formulation
temperatures, what may limit their use of thermo labile
molecules like peptides [73, 74, 77, 88-94]. Low-energy
methods, including solvent displacement technique and
phase inversion, are performed in milder conditions [74].
Indeed, solvent displacement technique can be used to obtain
nanoemulsions loaded with peptides, since it avoids high
temperatures [2].

In last decade, the great versatility of nanoemulsions has
enabled to exploit their potential as oral carriers of anti-tumour
drugs [89, 93, 95-97]. In this line, Pangeni et al. developed
multiple nanoemulsions loaded with 5-fluorouracil and a
deoxycholic acid derivative of oxaliplatin. The permeability
of both anti-tumour drugs across differentiated Caco-2 cells
was enhanced, and their oral bioavailability in rats was 1.39-
and 9.19-fold higher than free oxaliplatin and 5-fluoruracil,
respectively. Authors also reported a tumour growth reduction
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of 73.9% in CT26 tumour-bearing mice when they were orally
treated with the loaded nanoemulsion, compared with the
control group [97]. Choi et al. followed a similar approach,
developing multiple nanoemulsions loaded with a deoxycholic
acid derivative complex of oxaliplatin (OXA/DCK-NE), whose
structure is depicted in Fig. 2a. The system showed a 3.35- and
1.73-fold increase in the complex (OXA/DCK) permeability

a

£

25

%

through differentiated Caco-2 cells and oral bioavailability in
rats, respectively. Furthermore, the oral administration of the
nanoemulsion comprising oxaliplatin complex impeded tumour
growth by >60% in B16F10.0VA tumour-bearing mice. This
tumour inhibition was further increased to ~78% when OXA/
DCK-NE was combined with an anti-programmed cell death
protein-1 (aPD-1) antibody, as shown by Fig. 2b, ¢ [98].
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Fig.2 a Schematic illustration of the complex formation between OXA
and DCK and OXA/DCKNE. b Tumour volume in B16F10.0VA tumour-
bearing mice after receiving different treatments, i.e. control, a weekly dose
of OXA IV (5 mg/kg OXA), a daily oral dose of OXA/DCK-NE (10 mg/
kg OXA), once every 3 days intraperitoneal oPD-1 (10 mg/kg) or com-
bined daily oral dose of OXA/DCK-NE (10 mg/kg OXA) with once every
3 days intraperitoneal «PD-1 (10 mg/kg) (n=18 for each group). ¢ Weight
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of tumour tissue in each group (n=18 for each group). Data are presented
as meanstandard error of the mean. ~**p<0.0001 compared with the
control. #p<0.05, ##p<0.01, #HHHpP<0.0001 compared with OXA IV.
$p<0.05, $$$p<0.001 compared with aPD-1. OXA: oxaliplatin, DCK:
Na-deoxycholyl-L-lysyl-methylester (bile salt derivative); OXA/DCK-
NE: OXA/DCK nanoemulsion; OXA IV: intravenous oxaliplatin; aPD-1:
oPD-1 antibody. Adapted with permission of [98]
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The promising potential of nanoemulsions in oral drug
delivery shown by these works has been also reported
for other drugs such as saquinavir [81], dabigatran
[99], granisetron [83] or anti-hypertensive drugs, e.g.
candesartan or olmesartan [82, 100]. Besides, the interest
of nanoemulsions for improving the oral delivery of
nutraceuticals and natural extracts and molecules with
therapeutic potential, e.g. curcumin, quercetin, flavones or
carotenoids derivatives, has also been increased [30, 84,
85, 101-110]. In fact, the ability of orally administered
curcumin-loaded nanoemulsion to treat obese women with
high risk of breast cancer is being assessed in a clinical
trial (NCT01975363) [111]. A second trial is currently
recruiting participants to evaluate the potential of curcumin
oral nanoemulsions to reduce joint pain in breast cancer
survivors with aromatase inhibitor-induced joint disease
(NCT03865992) [112].

Microemulsions

Microemulsions are colloidal dispersions of two
immiscible phases stabilized by surfactants added in
higher concentrations (>20%) than the required to obtain
nanoemulsions (3—10%). This confers microemulsions with
thermodynamic stability [75, 113].

Microemulsions usually exhibit mean sizes lower than
nanoemulsions [75]. However, there is no established
size threshold that finely separates nanoemulsions from
microemulsions, although microemulsions usually have
size values below 100 nm [114—-116]. Another distinctive
characteristic of microemulsions is their capacity to adopt
different shapes, apart from spherical, e.g. hexagonal
or worm-like, what could have implications on the flow
characteristics of the systems. This could affect their
biodistribution or diffusion through biological barriers, as
observed for other type of differently shaped nanocarriers
[117, 118]. Besides, although not deeply studied, it has been
proposed that the interaction of nanocarriers with cellular
membranes and/or their endocytosis may also be influenced
by their shape [119, 120].

Regarding their preparation methods, microemulsions
are spontaneously formed by mixing all their components.
This is due to the low interfacial tension provided by the
high surfactant concentration. This has been proposed as
a practical method to differentiate microemulsions from
nanoemulsions, since nanoemulsions are only obtained after
adding the surfactant to the oil before mixing the oily phase
to the aqueous phase [78].

During last the years, microemulsions have been
developed to enhance the oral bioavailability of drugs
such as heparin, insulin or docetaxel [121-123]. In this
sense, low-molecular weight heparin was complexed with

deoxycholic acid and incorporated into microemulsions of
tricaprylin as the oily phase and a mixture of Tweens 80 and
20 as surfactants. The administration of the microemulsion
significantly enhanced the oral bioavailability of the
conjugate to 1.5% in mice without causing intestinal
damage [121]. More recently, Li et al. have proposed
w/o microemulsions loaded with insulin as oral delivery
systems of the peptide. These authors observed a significant
decrease of 67% in peak blood glucose levels in response
to the glucose tolerance test when the microemulsion was
orally administered to mice [122]. Microemulsions have
also shown potential for the oral delivery of nutraceuticals,
like curcumin, lycopene or myricetin [107, 114, 115]. In
this line, Guo et al. have recently developed a lycopene-
loaded microemulsion based on limonene as oil, Tween
80 as surfactant and Transcutol HP as co-surfactant. The
microemulsion, sized < 15 nm, doubled the lycopene oral
bioavailability in rats compared with a control oily solution
of lycopene. Interestingly, authors found that lycopene
microemulsion showed a preferable distribution in brain
after its oral administration to mice, showing promise as an
oral drug delivery system targeting the brain [114].

Nanocapsules

Lipid nanocapsules are vesicular nanocarriers constituted by
an oily phase and an aqueous phase, stabilised by surfactants
and a polymeric shell. Many physicochemical properties,
and therefore the biological identity, of nanocarriers depend
on their surface characteristics. Thus, the polymeric shell
of nanocapsules has a relevant impact on their properties,
e.g. surface charge or hydrophilicity, and gastrointestinal
behaviour, e.g. interaction with mucus and/or enzymes.
Some polymers widely used in the preparation of lipid
nanocapsules include polyethylene glycol (PEG) derivatives,
chitosan, hyaluronic acid, caprolactone, Eudragit or PLA.
The preparation of nanocapsules involves two steps: first,
the formulation of nanoemulsions and second, the formation
of the polymeric shell, which can be achieved through a
variety of methods, including interface polymerisation [124,
125] or interfacial deposition [126], among others.
Nanocapsules have been applied to enhance the oral
bioavailability of a wide variety of drugs, including
fondaparinux [127], sn-38 [128], paclitaxel [129, 130],
exenatide [131], tacrolimus [132], psorialidin [133] or
furosemide [134], as well as of nutraceuticals, such as
curcumin [135], lutein [136] or resveratrol [137, 138].
As an example, Peltier et al. developed paclitaxel-loaded
nanocapsules that were able to enhance the bioavailability
of the anti-tumour drug after oral administration to rats.
Concretely, the AUC of paclitaxel was increased about
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threefold, compared with free paclitaxel [130]. More
recently, Michalowski et al. have developed multiwall
chitosan lipid nanocapsules loaded with furosemide that
included a captopril-functionalised shell. The nanocapsules
sized <200 nm and had positive charge. After their oral
administration to spontaneously hypertensive adult rats,
authors observed a prolonged antihypertensive effect
compared with control solutions of captopril and furosemide.
Besides, they reported a potential renal protective role of
the loaded functionalised nanocapsules, which showed great
promise as an innovative antihypertensive treatment [134].

Self-nano and microemulsifying drug
delivery systems

Although self-emulsifying drug delivery systems, also
known as emulsion preconcentrates, were first described by
Panton et al. in 1985 [139], this type of formulation has
experienced massive grown in the last 15 years, as shown
in Fig. 3. Self-nanoemulsifying drug delivery systems
(SNEDDS) are anhydrous forms of nanoemulsions. They
offer several advantages over conventional nanoemulsions,
based on their composition. First, as they do not include
water, they show better long-term stability profiles and allow
the administration of lower volumes. Additionally, they
can be incorporated within dosage vehicles such as soft/
hard gelatin or hydroxypropyl methylcellulose capsules,
what improves their palatability and therefore the patient
compliance [113, 140, 141].

SNEDDS are mixtures of drug, oil and surfactant. If
required, cosurfactant or solubilisers may be added. The
main characteristic of SNEDDS is that they spontaneously
form nanoemulsions when introduced in an aqueous
environment under mild stirring, e.g. the gastrointestinal
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Fig. 3 Publication tendency of scientific papers focused on SNEDDs
and SMEDDs in the last 20 years. Data obtained from the Scopus
database, filtering publications that included the words “self-nanoe-
mulsifying drug delivery system”, “SNEDD”, “self-microemulsifying
drug delivery system” and/or “SMEDD”
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motility [84, 113, 114, 114, 115]. According to Reiss et al.,
the free energy required for self-emulsification depends
on the number and radius of the dispersed droplets as well
as on the interfacial tension of the system [142]. The high
surfactant ratio of SNEDDS allows the reduction of the
energy threshold required for the dispersion of oil droplets
up to zero or negative values and so the system tends to
emulsify [140, 143]. Similarly, self-microemulsifying drug
delivery systems (SMEDDS) turn to microemulsions in
aqueous media.

Self-emulsifying systems have been developed in last
years to increase the oral bioavailability of antiviral [144,
145], cardiovascular [146—150], anti-tumour [151-158],
antiemetic [159] or immunosuppressive [160] drugs, as
well as of peptides [161-165], vitamins [166], nutraceuticals
and natural compounds, such as resveratrol, curcumin or
bruceine [167-173].

Despite the apparent simplicity of SNEDDS and SMEDDS
preparation, their design must be carefully performed. First, their
oil core should solubilize the maximum possible amount of drug
and to enable the emulsification of the system in fine droplets
once in contact with an aqueous phase. In order to achieve
this double objective, a mixture of oils may be required [146].
Secondly, the gastrointestinal fluids that constitute the aqueous
phase of SNEDDS and SMEDDS should also be considered
during their development, since temperature, electrolytes or
pH variations could affect the stability of the system and their
emulsification [113]. Simulated gastric and intestinal fluids can
be used to predict the emulsifying properties of the system, e.g.
emulsifying time. In this line, it is important to consider that
gastrointestinal alterations, such as IBD or bacterial infections,
may alter the intestinal conditions, what should be considered
during the design and development of oral self-emulsifying drug
delivery systems for these diseases.

Besides, conventional SNEDDS and SMEDDS may present
serious limitations, such as the long-term incompatibility of
their components with capsule shells or drug precipitation
during low-temperature storage. To minimize these problems,
current efforts are being made to obtain solid SNEDDS and
SMEDDS, which are more stable and convenient for long-
term storage. In this line, Taha et al. developed oral solid
tablets based on vitamin A SNEDDS, composed by soybean
oil, Cremophor and Capmul. Tablets were obtained by
adsorption of the formulation to microcrystalline cellulose and
compression of the powder. These authors observed that the
oral bioavailability of vitamin A was enhanced by 1.4-fold,
showing higher peak plasma concentration (Cmax) and a rapid
onset of action (faster Tmax) compared with an oily solution of
vitamin A when administered to rats [166].

As a result of the intense research of last decades focused
on this type of lipid-based nanocarriers, several oral SNEDDS
and SMEDDS have been marketed. A well-known example
is Neoral cyclosporine formulation (Novartis), which was
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approved by the FDA in 1995. It includes corn oil mono, di
and triglycerides and polyoxyl 40 hydrogenated castor oil as
surfactant. This formulation is able to spontaneously form
a system of less than 100 nm when dispersed in an aqueous
media [174]. Another example of marketed self-emulsifying
system is Norvir (Abbott), which was designed to increase
the oral bioavailability of the anti-HIV drug ritonavir and it is
currently used in clinics [175]. The clinical translation of these
self-emulsifying systems has encouraged the development of
novel nanocarriers able to improve the oral delivery of anti-HIV
drugs. In this line, Lei et al. proposed a novel ritonavir-loaded
SMEDDS that exhibited improved bioavailability and reduced
gastrointestinal side effects, compared with Norvir [176].
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Strategies for oral delivery via lipid-based
nanocarriers

Different strategies have been proposed to enhance the
potential of oral lipid-based nanocarriers by overcoming
the physical and chemical barriers that they may encounter
along the gastrointestinal tract. This includes the modulation
of the interaction between nanocarriers and mucus, the
targeting to specific cell populations or uptake pathways
(i.e. lymphatic transport) or the inhibition of intestinal drug
efflux (Fig. 4). It is worth to remark that the design of oral
nanocarriers should involve not a single but a combination
of absorption-enhancing strategies, e.g. diffusion through
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Fig.4 Strategies for efficient oral delivery via lipid-based nanocarri-
ers. (1) Improvement of the stability of nanocarriers in the harsh gas-
trointestinal environment that includes enzymes, salts and microbiota.
(2) Enhancement of mucoadhesion. Nanocarriers remain adhered to
the mucus and thereby their residence time is increased. The cargo
molecule may be released. (3) Enhancement of mucodiffusion. Nano-
carriers diffuse through the mucus, increasing the chances for their
interaction with the epithelium. (4) Inhibition of P-glycoprotein.
Drug efflux may be decreased, increasing drug effective absorption.

(5) Active targeting. (5.1) The surface of lipid-based nanocarriers can
be functionalised with ligand that interact with specific cell popula-
tions, e.g. enterocytes or goblet cells. (5.2) Lipid-based nanocarriers
can act as targeting ligands by themselves. (6) Enhancement of lym-
phatic transport, transport pathway that avoids first pass effect. (6.1)
Chylomicrons, including lipids and hydrophobic cargo molecules
from the internalised nanocarriers, are generated within enterocytes
and absorbed by the lymphatic system. (6.2) Lymphatic uptake can be
also achieved via M cells
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mucus and inhibition of drug efflux. This section reviews
the recent advances on oral lipid-based nanocarriers, and
the strategies followed.

Improvement of the gastrointestinal
stability

The gastrointestinal tract has a complex medium in which
different species, such as electrolytes, can reduce the
surface charge of lipid-based nanocarriers. According to
the DLVO theory, the interaction between two approaching
nanoparticles can be expressed as the balance between an
attractive potential of interaction (caused by the hydrophobic
Van der Waals forces) and a repulsive electrostatic
potential of interaction (caused by the ionisable groups of
the nanoparticle). In this respect, the loss of electrostatic
repulsive forces may lead to the destabilisation and
aggregation of the nanocarriers [12, 177, 178]. Besides,
the presence of bile salts and enzymes, such as lipases or
phospholipases, may also affect their stability, compromising
their integrity. The instability of nanocarriers may lead to the
prompt leakage of their cargo drugs, what could negatively
affect their oral bioavailability. The stability of lipid-based
nanocarriers depends on their composition. For example,
the polymeric shell of nanocapsules or the solid core of
solid lipid nanoparticles may protect them from enzymatic
degradation [2]. Regarding the lipid matrix, long-chain fatty
acids are associated to slower degradation rates, compared
with medium- and short-chain fatty acids [179, 180].

A strategy commonly followed to enhance the
gastrointestinal stability of lipid-based nanocarriers is to
modify their surface with hydrophilic polymers, such as
PEG. On one side, the steric stabilisation granted by polymer
chains may compensate electrostatic instability. On the other
side, the hydrophilic surface may provide further stability by
the enhancement of hydration forces [12]. It can also help
to avoid the adsorption of enzymes and other surface active
molecules to the nanocarriers. In this sense, Kashanian et al.
demonstrated that the coating of solid lipid nanoparticles with
PEG-stearate entailed higher stability in gastric simulated
fluids, compared with uncoated nanoparticles [181]. Coating
lipid-based nanocarriers with chitosan may also have a
positive effect on their stability in gastrointestinal media, as
observed by Garcia-Fuentes et al. These authors reported that
chitosan-coated tripalmitin solid lipid nanoparticles remained
practically unaltered in gastrointestinal simulated fluids
[182]. Both the molecular weight and the acetylation degree
affect to the stability of nanocarriers offered by chitosan.
Concretely, low molecular weight chitosan with acetylation
degree around 50% was proposed as optimal stabilisation
conditions for the nanocapsules. This was probably due to
the achievement of a more hydrophilic surface, what enabled
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the stabilisation of nanocapsules through hydration forces,
compared with chitosan with higher molecular weight and
lower acetylation degree [183].

Bile salts have also been proposed as stabilizing agents
against enzymatic degradation. For example, Niu et al.
demonstrated that insulin-loaded liposomes containing
sodium glycocholate provided increased protection against
gastrointestinal enzymatic degradation, compared with
conventional liposomes [184]. Similar results were reported in a
separated work, which concluded that insulin-loaded liposomes
containing sodium glycocholate showed no significant size
variations and were able to retain more entrapped insulin, in
comparison with conventional liposomes [185].

Traditionally, enzymatic degradation of lipid-based
nanocarriers has been considered as an issue to avoid or at
least minimize. Nevertheless, it is important to highlight that
under certain circumstances, where drug integrity is not a
concern, enzymatic degradation may lead to the solubilisation
of the carriers and the formation of mixed micelles, which
will be easily absorbed by enterocytes [186, 187]. Indeed, it
is believed that the composition of lipid-based nanocarriers
may determine the type and degree of interaction with
gastrointestinal enzymes, and thereby the negative (e.g.
precipitation) or positive (e.g. solubilisation) effects on the
oral bioavailability of their cargo payloads. Additionally, the
adsorption of enzymes to the surface of the nanocarriers could
lead to the formation of an enzymatic corona that may affect
the mucodiffusion behaviour of the nanocarriers.

Interaction with the intestinal mucus

The intestinal mucus is a strong barrier for the penetration
of nanocarriers through the intestinal mucosa. A strategy
that can be used to overcome this obstacle is to directly
disrupt the mucus layer by the use of mucolytic excipients,
such as N-acetyl cysteine or papain [188, 189]; however,
this could lead to undesired effects on the physiology of the
mucosa [15, 190]. Mucus renewal, based on the elimination
of the loosely adhered layer, has a protective function
against pathogens, but it may also entail a prompt clearance
of oral nanocarriers. Thus, many efforts have been driven
towards the development of adhesive nanocarriers that are
able to remain adhered to mucus. The aim is to increase
the residence time of nanocarriers in the gastrointestinal
tract and their possibilities to interact with the epithelium
to promote drug absorption. Another approach is to
develop nanocarriers that minimize the interactions with
the mucus in order to diffuse across it before clearance and
renewal occur [191]. These two complementary approaches
have been recently merged by researchers to balance the
mucoadhesion/mucodiffusion properties of nanocarriers
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in order to enhance their chances to reach the intestinal
epithelium.

In this sense, lipid-based nanocarriers offer unique
advantages. On one side, they enable the encapsulation
of hydrophobic molecules in their oily cores, what may
enhance the gastrointestinal stability and permeability of
their cargo molecules across the intestinal epithelium, as
previously discussed. On the other side, their surface can
be easily modified with a wide variety of polymers and
molecules in order to modulate their interaction with the
intestinal mucus.

Enhancing mucoadhesion

Different strategies to increase the mucoadhesion
of nanocarriers have been followed, being the more
frequently used those that rely on bioadhesive materials
that interact with the mucus through different mechanisms,
e.g. electrostatic interactions, hydrogen bounds, Van der
Waals forces or covalent bounds. For that purpose, lipid-
based nanocarriers have been modified with mucoadhesive
materials. Chitosan, a polysaccharide derived from chitin,
has been widely used for the formulation of nanocarriers
due to its biocompatibility, biodegradability and
bioadhesion. Chitosan-modified lipid-based nanocarriers
have positive charge that facilitates the interaction with
the intestinal mucus by electrostatic interactions, although
Van der Waals forces, hydrogen and hydrophobic bonds
can also be involved [192]. Additionally, chitosan can
reversibly open tight junctions between enterocytes,
what may enhance the paracellular transport and oral
bioavailability [108, 193].

The group headed by M.J Alonso has greatly contributed
to the development of chitosan-based nanocarriers
[194-197]. Results from these studies led the authors to
conclude that chitosan nanocapsules loaded with salmon
calcitonin did not cross the Caco-2 cell monolayer,
but remained at their apical side, showing preferable
association to mucus secreting cells. Following oral
administration to rats, they observed a prolonged and
enhanced oral absorption of the peptide as well as higher
hypocalcemic effect. Authors attributed the adhesive
properties of chitosan to play a relevant role in the improved
oral bioavailability of salmon calcitonin [194]. Shalaby
et al. also used chitosan-coated nanocarriers to enhance
the oral delivery of peptides. Concretely, they prepared
chitosan-coated liposomes loaded with insulin. They
observed that coated liposome adsorption to mucin was
threefold higher compared with uncoated liposomes. This
result was confirmed by an ex vivo intestinal mucoadhesion
test, which showed that chitosan coated liposomes tended to
accumulate in the mucus, opposite to uncoated liposomes.

Following intragastric administration, coated liposomes
showed a prolonged hypoglycaemic effect compared
with uncoated liposomes, what was probably due to their
enhanced residence time in the intestinal mucosa achieved
by chitosan [48]. In another study, Han et al. pointed out
the ability of chitosan to eightfold increase liposome
adsorption to mucin. They proposed these mucoadhesive
liposomes as oral carriers of alendronate, reporting more
than doubled increase in its oral bioavailability in rats,
compared with free alendronate [21].

Chitosan is highly versatile in terms of chemical
modification with different moieties like thiol groups.
The thiolisation of chitosan promotes its interaction
by disulphide bonds with the cysteine-rich residues
of glycoproteins in the mucus [192]. This enhanced
mucoadhesion may increase the intestinal residence time
of nanocarriers and therefore boost their opportunity to
interact with the intestinal epithelium, what may led to
enhanced oral bioavailability of their cargo molecules
[85, 108, 164]. This was observed by Vecchione et al.
for iminothiol-modified chitosan nanocarriers, showing
that the iminothiol degree of modification determines the
oral performance of curcumin. Concretely, they reported
a 33.2-fold increase in the oral bioavailability of the
molecule in rats when high degree of iminothiol was used,
compared with unformulated curcumin. Additionally, the
co-encapsulation of piperine, inhibitor of the intestinal
metabolism of curcumin, led to an increase in the oral
bioavailability of curcumin by more than 64 times [85].
In a separated study, Gradauer et al. coupled thiolated
chitosan to liposomes and reported an almost twofold
increase in their intestinal mucoadhesion, compared with
uncoated liposomes [198].

Chitosan has also been used in combination with other
adhesive materials, as proposed by Li et al., who developed
a multiple w/o/w nanoemulsion that included the adhesive
polymer alginate and was further coated with chitosan.
The oral administration of insulin-loaded nanoemulsions
allowed a strong decrease of glucose levels, i.e. 60% from
basal levels, in Goto-Kakizaki diabetic rats and a significant
enhancement of the peptide bioavailability (8.19%)
compared with free insulin [199].

Despite the vast experience accumulated with chitosan-
coated nanocarriers, further polymers with the potential to
adhere to mucus have been exploited, including hyaluronic
acid, caprolactone, hydroxypropyl methylcellulose, alginate
or pectin, among others [22, 83, 200-202]. Hyaluronic
acid has negative charge and the potential to interact
with the mucus via hydrogen bonds. Aguilera-Garrido
et al. have recently developed lipid nanocapsules coated
with hyaluronic acid that strongly interact with mucin.
This interaction was higher when high molecular weight
hyaluronic acid was used [22]. Cattani et al. developed
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adhesive caprolactone nanocapsules that behaved as
an intestinal reservoir of a pro-drug of indomethacin,
restraining its prompt metabolism in the intestinal lumen
[200]. Pectin-coated liposomes loaded with calcitonin
demonstrated strong mucoadhesion properties and were able
to enhance the intestinal absorption of the peptide and to
prolong its pharmacological effect, compared with uncoated
liposomes, after oral administration to rats [202].

There are more factors that may affect to the
mucoadhesion of nanocarriers that have been barely
investigated and require further attention, such as the use
of additional components to obtain the pharmaceutical
dosage forms [23, 203]. It is also important to bear in mind
that the biological modification of the adhesive shell of
nanocarriers may change their properties and behaviour
once administered. In this sense, further research is required
regarding the potential metabolism of adhesive materials
based on polysaccharides, e.g. chitosan or hyaluronic acid,
by the intestinal microbiota, and the implications that this
may have on the final mucoadhesiveness of the system.

Enhancing mucodiffusion

Mucodiffusive nanocarriers, also known as mucus penetrating
nanocarriers, emerged as a strategy to improve the interaction
with the epithelium and promote their absorption before being
cleared by the mucus renewal. To facilitate the diffusion,
nanocarriers must be able to minimize their interaction with
the mucus and pass through the channels of the mucus matrix.
The group headed by Hanes proposed coating nanocarriers
with hydrophilic neutral polymers able to minimize the
hydrophobic interactions with the mucus. Particularly,
they proposed dense coatings with low molecular weight
(<10 kDa) PEG to yield mucodiffusive nanocarriers [191,
204, 205]. Since then, PEG has become the gold standard
in the development of mucodiffusive nanocarriers [206].
Yuan et al. prepared PEGylated solid lipid nanoparticles and
evaluated their permeation through Caco-2 and Caco-2/HT29
cell monolayers. The permeation of unmodified nanoparticles
was higher in the Caco-2 monoculture but the incorporation
of PEG to their surface improved their Caco-2/HT29
co-culture uptake rates, indicating the role played by mucus
in the permeability of nanoparticles. The mucodiffusion
capacity of PEGylated nanoparticles, confirmed by everted
gut sac technique, led to enhanced oral bioavailability in
rats of loaded doxorubicin, compared with the achieved by
unmodified loaded nanoparticles [65].

A common strategy for the PEGylation of lipid-
based nanocarriers is via non covalent bonds between
the nanocarriers and PEG containing molecules, such as
Pluronics® (Poloxamers) [206]. Pluronics® are amphiphilic
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polymers consisting of hydrophobic polypropyleneoxide
(PPO) blocks and hydrophilic PEG chains. The PPO
blocks allow the PEGylation of hydrophobic surfaces, and
their number vary depending on the type of Pluronic®,
e.g. Pluronic®-F127 (PF127, with 30 PPO units) or
Pluronic®-F68 (PF68, with 65 PPO units). On this basis,
Li et al. reported that PF127-inlaid liposomes sevenfold
enhanced the diffusion efficiency through intestinal rat
mucus [207]. Chen et al. evaluated the mucodiffusion
capacity of PF127-modified liposomes, compared with
chitosan-modified liposomes. PF127-modified liposomes
showed higher diffusion and penetration through intestinal
rat mucus epithelium. As a result, in vivo studies showed
enhanced oral absorption cyclosporine A when it was
encapsulated in PF127-modified liposomes, compared with
the chitosan-modified liposomes [56]. Mucodiffusive lipid
carriers require dense Pluronic® coatings, as confirmed by
Santalices et al. These authors studied the effect that the
Pluronics® coating has on different nanocarriers (lecithin
nanoemulsions and chitosan or polyarginine nanocapsules)
with respect to their diffusion through intestinal mucus using
particle tracking. PF127-coated nanoemulsions showed
significant (p < 0.0001) enhanced mucodiffusion compared
with uncoated nanoemulsions, what was indicative of dense
PEGylation achieved by PF127. However, the presence of
chitosan or polyarginine did not allow the formation of
dense PF127 coatings of nanocapsules, and consequently,
their diffusion was not enhanced [19].

As previously introduced, there is a current trend to
balance mucoadhesion and mucodiffusion properties, in
order to enhance the residence time of nanocarriers in the
intestinal mucosa, but also to increase their opportunities to
reach the epithelium. On this context, Liu et al. have recently
developed liposomes functionalized with both thiolated
chitosan and PF127. The multifunctional liposomes
absorbed threefold more mucin compared with unmodified
liposomes, due to chitosan functionalisation. Additionally,
their intestinal penetration was enhanced compared with
unmodified and chitosan-modified liposomes, due to PF127
functionalisation. This work showed the promising potential
of nanocarriers with mucus adhesion and diffusion balance
to increase the efficiency of oral drug delivery [208].

The diffusion of nanocarriers through the intestinal
mucus is affected by their surface but also by their inner
core. Santander et al. indicated that the hydrophobicity of
the core determined the PF127 coating and subsequently
the mucodiffusion of the system. They observed that the
addition of a-tocopherol, a highly hydrophobic molecule, to
the oily core of nanoemulsions enhanced their mucodiffusion
by 2 orders of magnitude, compared with less hydrophobic
nanoemulsions, probably due to the achievement of denser
PF127 coatings. This diffusion enhancement by PF127
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coating became more evident on polystyrene nanoparticles
which higher hydrophobicity led to denser coatings, thus
confirming the hypothesis of the authors [17].

The size of nanocarriers is another factor that may
influence their diffusion through mucus. However, its
impact on mucodiffusion may be difficult to assess since
mucodiffusion depends on multiple factors, such as the
surface chemistry or the intestinal contents [20]. In general
terms, it is accepted that nanocarriers in the range of
200-500 nm have the potential to diffuse through mucus [23,
209]. Shape may also impact the diffusion of nanocarriers.
In particular, nonspherical nanocarriers, e.g. cylindric
microemulsions or SMEDDS, could diffuse differently to
spherically shaped nanocarriers, due to their distinct flow
properties [117]. Nevertheless, the real impact of these
parameters on mucodiffusion is still to be elucidated.

It is important to consider that the physicochemical
properties of the nanocarriers, such as size, hydrophilicity
or surface charge and composition, can be modified by the
environment where they are immersed. In the oral route, a
protein corona (PC) may be formed around the nanocarriers
when they reach the complex gastrointestinal fluids [210].
Indeed, the gastrointestinal environment includes a wide
variety of surface-active molecules that may coat ingested
nanocarriers, such as enzymes, peptides, bile salts, lipids, food
proteins and their digestion products [210]. The formation of
the PC may transform nanocarriers and influence their oral
performance, including their interaction with the mucus layer,
as recently studied by Plaza et al. These authors pre-incubated
mucoadhesive nanoemulsions with simulated gastrointestinal
fluids including intestinal enzymes. The enzymatic coating,
confirmed by transmission electronic microscopy, led to
the reduction of the size of the nanoemulsion. Interestingly,
this PC was able to significantly enhance the diffusion
of the nanoemulsions. Indeed, the fraction of immobile
particles decreased a 56%, whereas freely diffusive particles
experienced 20% increase. Authors observed a similar trend
with indigestible polystyrene nanoparticles, confirming
that the mucodiffusion enhancement was mainly due to the
superficial PC, rather than to a possible size reduction by the
enzyme action [18]. Similarly, Wang et al. prepared PC-coated
liposomes by the adsorption of bovine serum albumin
to liposomes. Coated liposomes showed effective mucus
penetration, which was dramatically increased compared
with uncoated liposomes. Concretely, particle tracking
experiments revealed that the mean square displacement
of coated liposomes was 21-fold increased. When insulin
was encapsulated within coated liposomes, its oral delivery
efficiency was increased in diabetic rats. Uncoated liposomes
showed a 3.7% relative bioavailability, compared with
subcutaneous insulin, whereas PC-coated liposomes achieved
an 11.9%, thereby confirming the impact of PC in the ability

of nanocarriers to overcome gastrointestinal barriers and
improve oral drug delivery [49].

Inhibition of P-glycoprotein

P-glycoprotein (Pgp) is an ATP-dependent transporter
found in the apical surface of epithelial cells in the kidneys,
intestine, placenta or endothelial brain cells. It has a
protective function, identifying and expelling toxins and
xenobiotics. Therefore, Pgp may play a relevant role in drug
pharmacokinetics. Indeed, intestinal Pgp is responsible of
the efflux from the enterocytes to the intestinal lumen of
many drugs, including docetaxel, paclitaxel or saquinavir.
This efflux decreases the chance that drugs might have to
reach systemic circulation, and thereby, it has a negative
impact on their oral bioavailability [211]. To solve this
limitation, different strategies have been used to overcome
or reduce the drug efflux, such as the coadministration
of Pgp substrates with Pgp inhibitors. This approach has
been also applied in nanotechnology, since a vast variety of
nanocarriers, including lipid-based, incorporate at least one
Pgp inhibitor in their composition.

Verapamil and cyclosporine have been traditionally used
as Pgp inhibitors for improving the oral bioavailability
of Pgp substrates. In particular, cyclosporine A (CsA)
inhibits Pgp through a double mechanism: interfering with
the substrate-binding sites and promoting ATP hydrolysis
[211]. In this respect, Cui et al. have recently proposed
the co-encapsulation of docetaxel and CsA into SNEDDS
(DTX-CsA SNEDDS) for improving the oral bioavailability
and efficacy of the anti-tumour drug. Interestingly, they
observed a sequential drug release, being CsA released
from the system prior to docetaxel probably by stronger
interaction of docetaxel with the oily core of the SNEDDS.
Both the intestinal permeability, assessed by in situ single-
pass intestinal perfusion, and the plasma concentration
of docetaxel were significantly higher (p <0.05) in rats
compared with those of docetaxel SNEDDS or solution
(Fig. 5 a and b, respectively). Besides, oral DTX-CsA
SNEDDS exhibited marked anti-tumour efficacy in 4T1
tumour-bearing mice, comparable with intravenous injection
of docetaxel, as depicted in Fig. 5c, d [152].

The use of the classic Pgp inhibitors (verapamil and
CsA) may be limited by their toxicity profile; therefore,
alternative Pgp inhibitors have been proposed. Interestingly,
there are indications that several surfactants commonly
used in the formulation of nanocarriers can act as low-toxic
Pgp inhibitors [211]. These excipients, like Cremophor,
Tween 80 and PEG, inhibit the Pgp by altering the integrity
of membrane lipids and the fluidity of the membrane.
On this context, Yin et al. developed docetaxel-loaded
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microemulsions that were mainly stabilised by Cremophor
and studied their impact on the Pgp-mediated efflux of
docetaxel by Caco-2 cells, which also express Pgp in their
apical membrane. Authors reported a significant increase of
docetaxel permeability and a decrease in the drug efflux from
Caco-2 cells when administered in microemulsions compared
with Taxotere®, showing more than fivefold increase in
docetaxel oral bioavailability after the administration of the
formulation to rats [123]. Similarly, the oral administration
of andrographolide, a Pgp substrate, encapsulated in
Cremophor-stabilised nanoemulsions strongly increased the
oral bioavailability of the drug in rats. This improved the
in vivo anti-inflammatory efficacy of the formulation to rats
with indomethacin-induced intestinal lesions, significantly
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reducing the ulcer index and the histological intestinal
damage [212]. The ability of Tween 80 (polysorbate)
to inhibit Pgp has also shown a promising role in the
bioavailability enhancement of Pgp substrates [149, 156,
213]. In this line, Goo et al. observed 4.1-fold permeation
enhancement of valsartan, a Pgp substrate, through rat
jejunum by its encapsulation in SNEDDS stabilized by Tween
80, as well as a 470% increase in its oral bioavailability in
rats. Authors pointed the Pgp inhibition by Tween 80 to play
arelevant role in these improvements [149]. Similarly, Zhou
et al. have recently exploited the potential of polysorbate-80
to inhibit drug efflux. These authors reported higher intestinal
permeability of tilmicosin-loaded solid lipid nanoparticles
when polysorbate-80 was added as Pgp inhibitor [213].
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Additional molecules routinely used in the formulation
of lipid-based nanocarriers that have shown promise
as intestinal Pgp inhibitors include D-a-tocopheryl
polyethylene glycol succinate (TPGS) and deoxycholic acid
[81, 89, 135, 156]. Vyas et al. developed o/w nanoemulsions
containing saquinavir that incorporated deoxycholic acid in
their aqueous phase. They observed a significant (p < 0.05)
increase in the oral bioavailability of saquinavir when it was
delivered to mice in nanoemulsions, compared with aqueous
suspension, suggesting that the inhibition of saquinavir
efflux by Pgp could have contributed to improve its oral
performance [81].

Natural compounds like myricetin, curcumin or quercetin
have also demonstrated potential for the inhibition of Pgp
[211]. In this line, Jain et al. reported an eightfold increase in
the oral bioavailability of tamoxifen, a Pgp substrate, when
quercetin was co-encapsulated into SNEDDS, achieving higher
anti-tumour effect in tumour-bearing mice. Besides, quercetin
contributed to lower the hepatotoxicity of tamoxifen [153]. A
similar strategy was proposed by Singh et al., who exploited
the ability of curcumin to inhibit Pgp efflux to enhance the oral
bioavailability of paclitaxel. They encapsulated both molecules
within SNEDDS containing dietary lipids and observed that
the intestinal permeability and the oral bioavailability of
paclitaxel was enhanced compared with SNEDDS without
curcumin or to paclitaxel solution [155]. In this line,
Nasirizadeh et al. have recently reported higher cytotoxicity in
Caco-2 cells of solid lipid nanoparticles loaded with the anti-
tumour drug sn38 when piperine and quercetin were added
as Pgp inhibitors. Studies performed in tumour-bearing mice
showed an enhanced survival time when animals received the
oral combination treatment (sn38 nanoparticles, piperine and
quercetin), compared with free sn38 and to sn38 nanoparticles
without these Pgp inhibitors [66].

Targeting the intestinal mucosa

Intestinal cells present a wide variety of transporters and
receptors in their membranes that interact with specific
ligands, e.g. vitamins or hormones. Taking advantage of
such receptors and transporters, active targeting implies
the surface functionalisation of nanocarriers with ligands
able to enhance their interaction with particular cell
populations [214]. On this basis, different targeted lipid-
based nanocarriers have been proposed in the last years as a
potential strategy to enhance their intestinal internalisation
and therefore their chances to reach the systemic circulation.

The surface modification of nanocarriers with vitamins,
such as folic acid (By), biotin (B;) or thiamine (B,), has
been used to target enterocytes, with the aim to mimic
the intestinal absorption pathways of the vitamins, and
hence facilitate the absorption of nanocarriers. Folic acid

is internalised by enterocytes following receptor-mediated
endocytosis. It has been deeply exploited as target ligand
of oral nanocarriers, due to its high biocompatibility and
affinity to folic acid receptors, which are expressed at the
apical membrane of enterocytes. Ling et al. demonstrated
that cefotaxime-loaded liposomes functionalised with
folic acid were able to significantly increase the AUC of
cefotaxime after their oral administration to rats, compared
with folic acid-free loaded liposomes [215]. In this line,
Agrawal et al. developed insulin-loaded liposomes and
decorated their surface with folic acid by multilayer
electrostatic deposition. In vivo studies revealed an
achievement of 20% insulin relative oral bioavailability,
compared with subcutaneous insulin [51]. Similarly, in
the intestine, biotin can be transported through sodium-
dependent multivitamin transporter and by the biotin
receptor. To exploit this target, Zhang et al. developed biotin-
modified liposomes loaded with insulin. These authors
reported an enhanced oral bioavailability of insulin after
their oral administration to diabetic mice, which doubled
that of non-modified liposomes [53]. The potential of
vitamins-decorated liposomes as targeted drug carriers has
been recently confirmed by He et al., who have shown that
insulin-loaded liposomes decorated with thiamine or niacin
are able to achieve a sustained hypoglycemic effect after
their oral administration in rats, superior to that achieved by
conventional liposomes [50].

In addition to vitamins, some peptides have also been
described as ligands to target the intestinal mucosa, such
as lectins (agglutinins), which show strong affinity to
carbohydrates attached to lipids or proteins. The rationale
behind the selection of lectins as targeting ligands relies on
the glycosylated lipids and proteins that are highly present
in cellular membranes [64, 216]. Concretely, wheat germ
agglutinin has been used to target the intestinal mucosa, since
it binds to N-acetyl-D-glucosamine and sialic acid residues,
found at the intestinal cell surface [214]. Considering this
ligand-target interaction, Pooja et al. prepared paclitaxel-
loaded solid lipid nanoparticles conjugated with wheat
germ agglutinin. This nanocarrier turned to enhance the
oral bioavailability of paclitaxel in rats. Besides, nonspecific
toxicity of paclitaxel was decreased, since it accumulated
preferentially in the lungs, opposite to free paclitaxel, which
tended to accumulate in the liver [64].

Not only enterocytes, but further intestinal cells can
be targeted, such as goblet cells or M cells [214]. The
peptide CSKSSDYQC (CSK) has been described to
target goblet cells [217]. Tian et al. developed atorvastatin
calcium-loaded solid lipid nanoparticles whose surface
was modified with CSK. Compared with unmodified
nanoparticles, CSK-modified nanoparticles showed a more
efficient uptake across Caco2/HT29 cell monolayer. It was
also demonstrated, using an in situ perfusion method in
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rats, that CSK-modified nanoparticles showed significant
higher intestinal permeability, compared with free
atorvastatin calcium [218]. M cells may act as an entrance
for microorganisms, and they are involved in the start of
the antigen-specific immune responses. Therefore, their
targeting through appropriate lipid-based nanocarriers
has arisen as an appealing alternative to conventional
vaccination by the parental route. In this line, Gupta et al.
encapsulated hepatitis B surface antigen into liposomes
coupled with lectin. Authors reported higher immune
response and antibodies levels in mucosal secretions in
mice after oral administration of lectin-functionalised loaded
liposomes, compared with unmodified loaded liposomes.
Authors attributed this effect to the M cells targeting and
longer persistence of antigen in Peyer’s patches achieved by
lectin-functionalised liposomes [219].

Opposite to the surface engineering of nanocarriers for
cell targeting, there is a current approach based on exploiting
the components used for the preparation of nanocarriers as
targeting ligands themselves. In this line, the group headed
by V. Préat proposed an innovative approach for targeting
enteroendocrine L cells, which secrete hormones such as
glucagon-like peptide-1 (GLP-1). This peptide stimulates
insulin secretion, showing potential for type 2 diabetes
treatment. L cells present at their apical membrane receptors
that could be activated by dietary nutrients, such as lipids or
proteins. In this respect, these authors introduced the concept
that lipid-based nanocarriers may act as endogenous ligands
to stimulate GLP-1 secretion from L cells, without needing
a surface-ligand-modified system [220]. A study from the
same group evaluated the size effect of lipid nanocapsules on
GLP-1 secretion from murine L cells, reporting that 200 nm
but not 25-150 nm nanocapsules were able to increase
GLP-1 secretion by GLUTag cells, an enteroendocrine
cell model. This work prompts the authors to conclude
that the stimulation of GLP-1 secretion by L cells achieved
by nanocapsules was size dependent [221]. However, the
short half-life of GLP-1 suggested the use of other GPL-1
analogues, such as exenatide, as an alternative molecule. On
this context, Xu et al. have recently developed dual-action
reverse micelle nanocapsules loaded with exenatide for the
treatment of type 2 diabetes. Unloaded nanocapsules, sized
220 nm, were able to stimulate GLP-1 secretion both in
human and murine L cells and in normoglycaemic mice,
as shown in Fig. 6a, b. Besides, exenatide encapsulation
led to a fourfold enhancement on its oral bioavailability,
compared with an exenatide solution (Fig. 6¢). Interestingly,
the combination of increased GLP-1 secretion and increased
exenatide bioavailability was able to achieve normal
glycemia of obese/diabetic mice after 5 weeks of daily
oral administration (Fig. 6d), as well as to reduce levels of
inflammatory markers associated with type 2 diabetes. [131].
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The targeting strategy based on unmodified surface
nanocarriers has also been recently followed by Plaza et al.
These authors have developed nanoemulsions stabilized by
ascorbyl-dipalmitate, an amphiphilic surfactant that derives
from ascorbic acid, with the aim to target the ascorbic
acid transporter (SVCT-1). This transporter is expressed
at the apical brush of both enterocytes and differentiated
Caco-2 cells. Authors reported that the nanoemulsions
were taken up and retained within Caco-2 cells. The
cellular internalisation decreased after pre-incubating the
cells with ascorbic acid at the SVCT-1 saturation range,
indicating that the transporter could be involved in the
uptake of the nanoemulsion. The developed nanoemulsion
thereby showed promise as a targeted carrier able to
deliver drugs to the intestinal mucosa with no need of
surface modification. Authors confirmed this potential by
the preparation of curcumin-loaded nanoemulsions, which
were able to deliver curcumin within Caco-2 cells, where
it fourfold reduced ROS levels, compared with a curcumin
suspension [30].

Enhancement of lymphatic transport

The lymphatic system is a complex network of conducts
that reabsorbs the extracellular fluid to maintain the water
balance of the body and plays a major role in the oral
absorption of macromolecules such as dietary lipids or
insoluble vitamins. It drains directly into the systemic
circulation, avoiding the hepatic first pass [222, 223].
In this transport system, the carriers are chylomicrons,
which are lipoproteins showing the lowest density, mainly
composed of triglycerides.

Lipid-based nanocarriers, particularly those including
unsaturated long chain fatty acids, have the potential to
enhance the synthesis of chylomicrons and the lymphatic
transport of their hydrophobic cargo molecules [222, 223].
Besides, excipients commonly used in the formulation
of lipid-based nanocarriers, e.g. phospholipids, Tween
80 or TPGS, may provide an additional enhancement of
the lymphatic transport, as assessed in a recent study by
Liao et al. These authors developed SMEDDS stabilized
by Tween 80 and loaded with the flavonoid baicalain.
The in vivo evaluation in rats indicated that baicalein-
loaded SMEDDS showed a relative oral bioavailability
of 342.5%, compared with free drug. These levels were
further increased to 448.7 when a phospholipid complex
of baicalein was used. In order to investigate the role
played by the lymphatic system in this enhancement,
authors also used a chylomicrons flow blocking rat
model, i.e. pre-treated with cycloheximide. Interestingly,
this study revealed that <20% of orally absorbed free
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Fig.6 a GLP-1 secretion in GLUTag and NCI-H716 cells (murine
and human L cells, respectively) after a 2 h incubation period with
RM-LNC (n=6-10). b GLP-1 levels detected 60 or 180 min after the
oral administration of RM LNC to normoglycaemic mice (n="7-8).
¢ Plasmatic exenatide concentration after the oral administration
of EXE RM LNC to normoglycaemic mice, compared with a solu-
tion of EXE (n=4). d Plasma glucose levels after 5 weeks of oral

treatment, showing the effect of EXE RM LNC on glucose homeo-
stasis in type 2 diabetic mice (13 weeks of HFD feeding)(n=10).
Data are presented as the mean+SEM. EXE: exenatide; RM LNC:
reverse micelle lipid nanocapsules; EXE RM LNC: exenatide reverse
micelle lipid nanocapsules; HFD: high-fat diet; EXE s.c.: subcutane-
ous exenatide; Byetta s.c.: subcutaneous administration of a marketed
form of exenatide. Adapted with permission of [131]
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baicalein entered the systemic circulation through the
lymphatic system, whereas this transport, respectively,
increased to > 56 and >70.2% after the administration of
SMEDDS loaded with the flavonoid or its phospholipid
complex. Taken together, these results revealed the ability
that phospholipids and SMEDDS stabilized by Tween
80 have to enhance the lymphatic uptake of poor-water
soluble molecules [173]. Sangsen et al. reported an
increase of the oral bioavailability of oxyresveratrol by
its encapsulation in SMEDDS, which was significantly
higher than the improvement observed when Labrasol
was used as surfactant. Authors hypothesized that the
lymphotropic properties of Tween 80 and the resulting
bypass of the hepatic first pass could contribute to the
enhanced oral bioavailability of SNEDDS loaded with
oxyresveratrol [167]. Similar conclusions were reported
by Patel et al. in a recent study. These authors prepared
solid lipid nanoparticles that included TPGS in their
formulation to increase the oral bioavailability of asenapine
maleate, a drug which undergoes extensive first pass
metabolism. They reported a 50-fold improvement in the
oral bioavailability of asenapine maleate in rats, compared
with free drug. The plasmatic concentration of the drug
significantly decreased when animals were pre-treated with
cycloheximide, unveiling the contribution of lymphatic
transport in the enhanced drug bioavailability [68].

The lymphatic system has a relevant role in the metastasis
of solid tumours, and it is also a transport pathway for
lymphocytes, being associated with the development and
spread of immunodeficiency virus (HIV) or hepatitis B
and C virus, among others. For this reason, achieving an
enhanced lymphatic transport may be especially desirable
for anti-tumour, antiretroviral and immunomodulatory drugs
[224-227]. Garg et al. developed solid SNEDDS stabilized
by Tween 80 and loaded with lopinavir. After their oral
administration to rats, they observed an enhancement of the
oral bioavailability of lopinavir, showing AUC values 3.9-
fold higher compared with the free drug. Cycloheximide-
pre-treated rats experienced a significant decrease in the oral
absorption of lopinavir, indicating the ability of SMEDDS
to enhance the lymphatic uptake of the antiretroviral drug.
Since the lymphatic system is the main reservoir of HIV, the
proposed SMEDDS showed great promise for development
of future of antiretroviral therapies [225]. In this line,
Makwanaa et al. developed solid lipid nanoparticles to
improve the oral delivery of efavirenz. Following oral
administration of efavirenz-loaded nanoparticles in rats,
authors reported reduced hepatic concentrations of the drug,
a fact that contributed to increase its bioavailability, since
efavirenz undergoes extensive first pass effect. Opposite,
drug hepatic concentrations were higher in the case of rats
pre-treated with cycloheximide [71].
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Apart from the chylomicron uptake, drugs can reach
lymphatic circulation via GALT from M cells, although the
former is thought to be the major mechanism [228]. Ge et al.
developed nanoemulsions loaded with a protein complex
including a tumour antigen. After their oral administration,
loaded nanoemulsions elicited an immune response in
tumour-bearing mice that was similar to the immune
response observed when nanoemulsions were administered
by the parenteral route. Authors hypothesized that this effect
could be explained by the intestinal lymphatic uptake of the
nanoemulsion at M cells [224]. In this sense, achieving
targeting to M cells may also be interesting to enhance the
lymphatic transport of lipid-based nanocarriers.

Conclusions

During the last two decades, there has been an intense and
increased research focused on lipid-based nanocarriers
as oral drug delivery systems. This has been boosted by
their potential to improve oral drug stability, solubility and
intestinal permeability together with a low toxicity profile.
However, despite the advances achieved and the increasing
number of filed patents in this field, only a limited number
of oral lipid-based nanocarriers have reached clinical trials
and few of them have been approved for clinical use. They
face many obstacles in their way to clinical translation,
but the poor in vitro-in vivo correlation plays a major
role. The gastrointestinal tract entails a harsh and complex
environment difficult to replicate by the conventional
models available. Additionally, the gastrointestinal tract
includes physicochemical barriers to oral drug delivery,
such as extreme and variable pH, enzymes or mucus,
among others. Interestingly, these extreme conditions that
are challenges for lipid-based nanocarriers may be turned
into opportunities if they are designed considering them
predicting the biological behaviour of the systems. For
this purpose, a rational selection of the materials used to
formulate the nanocarriers according to the strategy aimed
is mandatory. The knowledge that we currently have and the
advances towards more refined techniques have promoted
the great progress observed in lipid-based nanocarriers for
oral delivery.

Future remarks

In last the years, it has been well understood that oral
nanocarriers require a design and development based on
the real gastrointestinal conditions that they will encounter
at the gastrointestinal tract. However, there are still some
characteristics of the gut that have been overlooked when
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developing nanocarriers, like the gut microbiota and its
effects on the gut physiology, pathology and metabolism
of nanocarriers, as well as the role of enzymes on their
performance. In-depth knowledge about the plausible
gut-nanocarrier interactions may contribute to a better
understanding of the role played by the surface of lipid-
nanocarriers and, consequently, to the development of
more active targeted lipid-based nanocarriers in the
future. On this basis, the progress of in vitro models
towards more sophisticated and bioinspired prototypes is
a must for the success of oral lipid-based nanocarriers.
In this regard, 3D cell culture based on microfluidics
devices, e.g. gut on a chip, is expected to grow in the near
future for the evaluation of nanocarriers. These systems
are able to recapitulate the complex gastrointestinal
environment, including gut microbiota, mucus and
peristaltic movements, so they are predicted to play a
relevant role in the development of novel bioinspired
lipid-based nanocarriers in the near and mid-term future.
The implementation of these techniques will have a clear
impact on the clinical translation of these technologies,
helping to gradually narrow the current gap between
academic research and industrial development of lipid-
based nanocarriers in the next years.
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