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Abstract The use of lipid nanocarriers for drug delivery applications is an active research area, and a

great interest has particularly been shown in the past two decades. Among different lipid nanocarriers,

ISAsomes (Internally self-assembled somes or particles), including cubosomes and hexosomes, and solid

lipid nanoparticles (SLNs) have unique structural features, making them attractive as nanocarriers for

drug delivery. In this contribution, we focus exclusively on recent advances in formation and character-

ization of ISAsomes, mainly cubosomes and hexosomes, and their use as versatile nanocarriers for

different drug delivery applications. Additionally, the advantages of SLNs and their application in oral

and pulmonary drug delivery are discussed with focus on the biological fates of these lipid nanocarriers

in vivo. Despite the demonstrated advantages in in vitro and in vivo evaluations including preclinical

studies, further investigations on improved understanding of the interactions of these nanoparticles with

biological fluids and tissues of the target sites is necessary for efficient designing of drug nanocarriers and

exploring potential clinical applications.
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1. Introduction

Explosive growth of research on the use of lipid nanoparticles in
the development of nanocarriers for drug delivery and biomedical
imaging purposes has been witnessed over the last 30 years1e6.
For therapeutic and diagnostic applications, the attractiveness of
lipid nanoparticles relies among others on the capability of
loading therapeutic and diagnostic agents, protecting them from
degradation, enhancing absorption and improving intracellular
penetration, minimizing systemic toxicity, modifying pharmaco-
kinetics, and overcoming systemic and tumor barriers1,4,7. They
are particularly attractive for loading poorly water-soluble drugs
that typically display limited bioavailability, poor pharmacoki-
netics, and adverse side effects2,4. Surface engineering can also be
employed through different surface manipulation strategies on
lipid nanoparticles for active drug targeting1,2,4,5,7.

Beside liposomes, many efforts have been devoted in the uti-
lization of emulsions, micellar solutions including micro-
emulsions, solid lipid nanoparticles (SLNs), and non-lamellar
liquid crystalline nanoparticles (mainly cubosomes and hex-
osomes) in the development of nanocarriers for drug delivery
applications1,2,4,5,7e14. Among these nanoparticles, we exclusively
focus in the present contribution on major challenges and recent
advances in the use of non-lamellar liquid nanoparticles (mainly
cubosomes and hexosomes) and SLNs in the development of
nanomedicines. We discuss also future opportunities and potential
fate of these nano-self-assemblies in vivo.

Non-lamellar liquid crystalline nanoparticles are nano-self-
assemblies, sharing common features with SLNs and typically
require the use of an efficient stabilizer for their colloidal stabi-
lization in excess water6,8,9,11,15. In SLNs, the internal architec-
tures are solid crystalline phases9,11,12,16; whereas cubosomes and
hexosomes envelope internally non-lamellar liquid crystalline
phases (inverse bicontinuous (Q2) and discontinuous hexagonal
(H2) phases, respectively)

6,8,15,17. Fig. 1 illustrates the features of
non-lamellar liquid crystalline nanoparticles and SLNs.

Lowering the melting point of the solid matrix in SLNs can be
achieved by modifying the internal architectures of SLNs through
partial replacement of the used single solid lipid (or solid lipid
combination) with liquid lipids (typically triglycerides) to produce
nanostructured lipid carriers, which are still solid at room and
body temperatures9,16,18. However, such modifications in lipid
compositions and the involved transformation of SLNs to nano-
structured lipid carriers are generally associated with alterations in
the structural features of the solid crystalline phases. For the
production of SLNs, saturated fatty acids, saturated mono-
glycerides, and saturated triglycerides are typically used as solid
lipid cores; whereas Pluronics and Tween 80 are among the most
used stabilizers9,11,12,16,19. However, cubosomes and hexosomes
are generally produced from single amphiphiles (or amphiphile
combinations) with high propensities to form inverse non-lamellar
liquid crystalline phases at room and body temperatures, and
typically stabilized with Pluronic F1276,8,15,17,20e24. In their
preparations, the most used amphiphiles include unsaturated
monoglycerides, phytantriol, and their combinations with oils
such as vitamin E and oleic acid6,8,15,17,24e31. Taking into account
the aforementioned common features, and high sensitivity of in-
ternal phases (solid crystalline phases and inverse non-lamellar
liquid crystalline phases of SLNs and ISAsomes, respectively) to
alterations in lipid types and compositions, and solubilization of
drugs, this contribution focuses on recent advances in drug de-
livery applications of these families of lipid nanoparticles.
Regarding the size characteristics, SLNs can be produced with
sizes in the range of 40e1000 nm9,12,13,16. Similar to non-lamellar
liquid crystalline nanoparticles (having typically sizes in the range
of 100e200 nm)6,8,22,27,30,32e34, the mean nanoparticle sizes and
size distributions in SLN preparations are mainly affected by the
used lipid type and composition, the stabilizer type and concen-
tration, and the employed emulsification method11,16,18,35. In
addition to the typical low- and high-energy emulsification
methods (including ultrasonication and high-pressure homogeni-
zation) for SLN, cubosome and hexosome
preparations6,9,11,12,14e16,18,23,27,32,36, other emulsification
methods including modified high-pressure homogenization
methods have been introduced for SLN production11,16,35. There is
also a growing interesting in utilization microfluidics for con-
trolling the size and size distributions of these solid and non-
lamellar liquid crystalline nanoparticles37e41.
2. Cubosomes, hexosomes, and related nano-self-assemblies

The family of structurally tunable nanoparticles enveloping
internally inverse non-lamellar liquid crystalline phases or
micellar phases, known in literature as ISAsomes (Internally self-
assembled somes), include cubosomes, hexosomes, micellar
cubosomes, and emulsified microemulsions
(EMEs)6,8,15,17,26,32,42e48. These nano-self-assemblies have inte-
rior architectures of inverse bicontinuous cubic (Q2) phases, in-
verse discontinuous hexagonal (H2) and cubic Fd3m phases, and
inverse microemulsions (water-in-oil microemulsions, L2 phases),
respectively6,8,15,17,45. These colloidal nano-objects are also of
biological relevance and their generation during digestion of
triglyceride-containing food products including milk and mayon-
naise, and model food emulsions has been discussed in different
previous reports17,49e53. It was proposed that they act as nano-
structured carriers for facilitating the delivery of poorly water-
soluble nutrients including vitamins53.

2.1. Formation and characterization of ISAsomes

Alongside liposomes, the most investigated lipid nanoparticles for
drug delivery and bio-imaging applications, there has been an
increased interest in exploring ISAsomes (mainly cubosomes and
hexosomes) as attractive versatile nanoplatforms for biomedical
and pharmaceutical applications5,6,8. These nanodispersions are
typically formed in the presence of an efficient stabilizer by
applying high-energy emulsification methods that include ultra-
sonication, microfluidization, and high-pressure
homogenization6,15,17,20,54. In the 1990s, Larsson and co-
workers23,24 reported the first studies on formation and charac-
terization of Pluronic F127-stabilized nanodispersions (cubosomes
and hexosomes) that were produced using a high-energy emulsi-
fication method. It is also possible at certain lipid compositions to
produce these colloidal nanoobjects by applying a low-energy
emulsification method based on vortexing the single lipid (or the
lipid combination) in excess water32,36,55. Following a similar
approach, known in literature as the bottom-up approach, it is
possible to produce these nanoparticles by adding a suitable
hydrotrope, prior to the application of the low-energy emulsifi-
cation method56. There is also an interest in the continuous pro-
duction of these nano-self-assemblies by using microfluidics, and
also coupling specially designed microfluidics with synchrotron
SAXS for real-time determination of the involved dynamic



Figure 1 Schematic illustration of representative nano-lamellar

nano-self-assemblies with unique structural features and solid lipid

nanoparticles (SLNs). These nanoparticles are attractive for use as

nanocarriers for drug delivery and bio-imaging applications.
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structural features during their evolvement38e40. In addition to
Pluronic F127, various stabilizing agents including other Pluronics
(such as F128), PEGylated lipids, b-casein, and citrem have been
introduced for the stabilization of cubosomes, hexosomes and
other ISAsomes6,15,23,32,47,54,57e60. Among these agents, citrem, a
food-grade emulsifier, was found to be an attractive agent in the
development of immune safe ISAsomes owing to its hemo-
compatiblity (poor activation of the complement system and lack
of hemolytic effects)32,59. Taking into account the reported major
limitations (including poor hemocompatibility and cytotoxicity) of
most investigated Pluronic F127-stabilized cubosomes and
hexosomes6,33,59,61,62, it is worth using citrem as an attractive
alternative stabilizer, particularly for nanodispersions intended for
intravenous drug delivery applications32,59. In a recent report on
utilizing mPEG-lipid conjugates as stabilizing agents of ISA-
somes, it was found that their lipid moieties may have modulatory
effects on nanoparticle-mediated complement activation47.
Among different mPEG-lipid conjugates, it was reported that
TPGS-mPEG2000 is the most attractive lipopolymer for effectively
overcoming complement activation47. In another recent study,
Murgia and co-workers63 introduced polyphosphoester analog of
Pluronic F127 as an alternative stabilizer for production of
cubosomes with reduced cytotoxicity. Stabilizer-free cubosomes
at certain compositions were also recently produced and charac-
terized64. For further information on the most investigated lipids
and stabilizers in ISAsome preparations, the readers are directed to
the following reviews6,8,15,17,20,65.
A toolbox of different state-of-art biophysical techniques
are typically used to gain important information on the
structural and morphological features, and size characteristics
of ISAsomes6,8,15,17,20,33. Among these techniques, we mention
small-angle X-ray (SAXS) and neutron (SANS) scattering
techniques, cryogenic transmission electron microscopy (cryo-
TEM), dynamic light scattering (DLS), and nanoparticle
tracking analysis (NTA) as routine and most used techniques
in this research area6,8,17,20,33,66. SAXS and SANS are well-
established powerful tools for structural characterization of
soft matters including ISAsomes and their corresponding non-
dispersed (bulk) inverse liquid crystalline (or micellar)
phases6,15,17,20,65,67,68. In addition to SAXS and SANS static
investigations6,15,20,34,69e71 focusing among others on the ef-
fects of temperature, pH, aqueous medium composition, lipid
composition and type, and drug type and concentration, there
is an interest in investigations under non-equilibrium condi-
tions. The latter investigations focus on gaining insight into
the involved dynamic structural alterations during the in situ
production of such nano-self-assemblies38,40 or on their
exposure to biologically relevant fluids, cell culture models, or
buffers containing ions49,72e75. For instance, synchrotron
SAXS was recently coupled with a suitable microfluidic
platform for monitoring in real time dynamic structural fea-
tures during the continuous production of these nano-self-as-
semblies38. As a complementary technique, cryo-TEM is
typically combined with SAXS or SANS and provides
important information on the morphological features of
ISAsomes6,20,47,66,76. It is considered a direct method and its
importance relies not only on morphological characterization
of ISAsomes and gaining insight into their self-assembled in-
teriors through Fourier transformation analysis (FFT), but also
on the characterization of the surface properties of these
nanoparticles and shedding light on possible coexistence of
other nanoobjects including micelles and vesicular
structures6,34,47,66,76,77. The surface characteristics are related
to the presence of vesicles or sponge phases adhering the outer
surfaces of ISAsomes, which are known as surface
phases20,32,34,47,78,79. For gaining information on nanoparticle
sizes and size distributions, DLS and NTA are typically
employed and combined with SAXS (or SANS) and cryo-
TEM6,20. Representative examples on the use of NTA, SAXS,
and cryo-TEM for the characterization of size characteristics,
and structural and morphological features of ISAsomes are
shown in Figs. 2 and 3.
2.2. ISAsomes as versatile nanocarriers for drug delivery

The last decade has witnessed a growing interest in the utilization
of ISAsomes, mainly cubosomes and hexosomes, as nanocarriers
for loading various drugs, imaging probes, and antimicrobial
peptides5,6,8,34,40,45,69,70,80e88. In particular, a great attention has
been directed towards their use for enhancing the solubilization of
poorly water-soluble drugs, including curcumin, thymoquinone,
and cinnarizine6,70,78,81,89,90. However, most investigations
focused on the encapsulation efficiency and the impact of loaded
drug type and concentration, lipid composition, and stabilizer type
and concentration on the structural and morphological features,
and size characteristics of these nano-self-assemblies by typically



Figure 2 Size and structural characterization of ISAsomes. NTA results showing size distribution profiles (panels A and C), and relative light

scattering intensities (panels B and D), before (panels A and B) and after (panels C and D) incubation of F127-stabilized PHYT nanodispersion with

human plasma. In the presence of plasma, comparison of size distribution profiles indicated that plasma-mediated loss of some relatively larger

nanoparticles (�150 nm) with concomitant decrease in intensity. Characterization of F127-stabilized PHYT/oleic acid (OA) hexosomes by synchrotron

SAXS (E) and NTA (F). In panel E, black colored SAXS pattern indicating the formation of unlabelled hexosomes at 37 �C, and effect of swelling at

different time points on incubation of the nanodispersion with rat plasma. (F) Relative light scattering intensity for unlabelled (black) and (99mTc)-

labelled hexosomes (grey). Panels AeD were taken with permission from Ref. 33; whereas panels E and F were taken with permission from Ref. 30.
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combining SAXS with cryo-TEM and DLS (or NTA) as
mentioned above6,8,34,45,69,70,78. The number of studies on their
drug release properties, cellular responses, and other in vitro
evaluations is still relatively limited. Their cellular uptake effi-
ciency (including cellular uptake mechanisms), and cytotoxicity
are only evaluated on relatively limited number of cell lines,
mainly cancer cell lines5,6,32,46,61,62,91e95. It is still worth
mentioning that there is an increasing interest in these evaluations
by different research groups in the last few years. However, further
investigations should be conducted to gain insight into the effects
of lipid composition and type, and stabilizer type and concentra-
tion on the cellular uptake mechanisms of these nano-self-
assemblies. The in vivo fate of these nanoparticles, particularly
those developed for parenteral applications, is still scarcely
investigated, and the influence of the physicochemical properties
(including nanoparticle size characteristics, structures, and surface
properties) and administration route on their biodistribution and
cellular uptake is still largely unexplored. In this sub-section, we
present different examples on in vivo evaluations of cubosomes
and hexosomes and highlight the most important aspects. Selected
examples are also presented in Fig. 4. Here, we focus on oral,
intravenous, and subcutaneous drug delivery applications. For
further information on other applications of cubosomes, hex-
osomes, and related nanoparticles, including topical, trans- and
intra-nasal, ophthalmic, and skin drug delivery, and their uses in
the development of theranostic nanocarriers, the readers are
directed to relevant reports and recent review
articles5,6,8,17,45,87,96e99. In addition to ISAsomes, there is an in-
terest in the utilization of in situ forming drug delivery systems
based on inverse lyotropic non-lamellar liquid crystalline phases
for drug delivery applications6,31,100e105. They are attractive in the
design of parenteral formulations with tunable nanostructures and
sustained release properties98,101e105.

2.2.1. Oral drug delivery
In the development of nanoparticles intended for oral drug de-
livery applications, previous studies reported through in vitro and
in vivo evaluations on an improved bioavailability and sustaining



Figure 3 Morphological characterization of ISAsomes. Cryo-TEM images of selected F127-stabilized nanodispersions after vitrification at

37 �C. (A) unlabeled PEGylated PHYT nanodispersion; (B) labelled PEGylated PHYT nanodispersion with 99mTc-HMPAO (technetium-99 m

labelling by using the chelating agent hexamethylpropyleneamine oxime, HMPAO); (C) unlabeled PHYT/OA hexosomes; (D) unlabeled PHYT

nanodispersion; (E) unlabeled PHYT/1, 2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) nanoparticles. Red insets reveal the fast Fourier

transformation (FFT) analysis of the observed hexosomes displaying internal H2 phase, whereas yellow insets display FFT analysis of cubosomes

with internal inverse bicontinuous cubic Pn3m phase. Scale bar: 100 nm. This figure was adapted with permission from Ref. 118.
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release of various drugs [including 20(S)-protvopanaxadiol,
doxorubicin, and cinnarizine] loaded to cubosomes or
hexosomes89,106e108. The evaluated nanoparticles were based on
either phytantriol (PHYT) or monoolein (MO) and stabilized with
Pluronic F127. For example, it was reported after an oral
administration of doxorubicin-loaded PHYT cubosomes to rats on
an improved bioavailability, an improved antitumor efficacy, and a
lower level of cardiotoxicity as compared to the FDA-approved
formulation Adriamycin�, which was intravenously adminis-
tered109. This improved oral doxorubicin delivery was attributed
to a longer circulation half-life and an improved tumor
accumulation of nanoparticles via an enhanced permeation and
retention (EPR) effect109. In another example, Yang et al.110 re-
ported on an improved oral delivery of amphotericin B loaded to
MO cubosomes for anti-fungal infection treatment. As compared
to the clinical formulation Fungizone�, which was intravenously
administered, a more significant efficacy was reported for the
orally administered cubosomal formulation. In general, an
improved oral bioavailability was not only reported for cubosomes
and hexosomes, but also for other orally administered lipid
nanoparticles45. It is most likely attributed to the ability of the
lipid cores in these lipid nanoparticulate formulations to stimulate



Figure 4 (A) NIRF imaging of whole body of mice after tail vein injections of cubosomes (cub) and hexosomes (hex): a) immediately after

injection, and b) at 120 min of post injection. In c and d, enhanced in vivoMRI images (marked by dotted lines) of spleen and liver at 30 min post-

injection of NIRF-MRI cubosomes are shown. Adapted with permission from Ref. 111. (B) In the left: whole body imaging of A431 tumor-

bearing mice at 3 and 24 h of i.p. post-administration of paclitaxel-containing cubosomes. In the right: ex vivo imaging of organs at 24 h of

post-injection. Adapted with permission from Ref. 115. (C) Whole body SPECT/CT imaging and biodistribution of 99mTc-labeled-hexosomes on

footpad s.c. injection. Thick yellow arrows indicate accumulated formulation at the footpad site. Single yellow solid arrow Z popliteal node;

double yellow solid arrow Z iliac node; dashed arrow Z inguinal node; K Z kidney; B Z bladder. Biodistribution: radiotracer contents in the

whole footpad, regional lymph nodes, blood pool, liver, and kidneys at different post-injection times, as determined by g-counting, are shown in

panels (i)‒(v). Adapted with permission from Ref. 30.
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secretion of bile and pancreatic enzymes within the small intestine
that facilitates digestion and leads to the generation of mixed
micelles, which enhance the transport of loaded drugs and
improve their absorption rates45,53.

Despite the attractiveness of cubosomes, hexosomes, and
related nanoparticles as oral drug nanocarriers owing to the re-
ported improved bioavailability and enhanced efficacy, the
involved mechanisms after oral administration and the roles of the
structural features and physicochemical properties, including
nanoparticle size and charge, and surface characteristics are still
largely unexplored45.

2.2.2. Intravenous drug delivery
Among the few published studies, we mention the recent work on
the combination of magnetic resonance (MR) and near infrared
fluorescent (NIRF) imaging modalities for development of F127-
stabilized cubosomes and hexosomes as agents with dual MR-
NIRF imaging properties111. Through NIRF imaging111, the
in vivo biodistribution of these nanoparticles was investigated after
an intravenous (i.v.) administration to mice. It was found that the
administered nanoparticles accumulated up to 20 h of post-
administration in the liver and spleen of mice (Fig. 4A). Howev-
er, the accumulation level seems to be dependent on the lipid
composition and/or structural features as hexosomes showed a
greater level of accumulation in the spleen than the liver as
compared to cubosomes111. A possible difference in the stabilizer
F127 surface coverage of hexosomes as compared to cubosomes
may also play role in the observed difference in their accumula-
tion behavior. Such difference may lead to a more preferential
recognition of cubosomes by Kupffer cells in the liver111. The
preferred accumulation of cubosomes in liver after i.v. adminis-
tration of MO cubosomes to mice was also confirmed in the first
report on NIRF in vivo imaging of i.v. administered cubosomes112.
In addition to the investigated biodistribution of cubosomes and
hexosomes, in vivo MR imaging indicated an enhanced contrast in
the liver and spleen111. An enhancement of MR contrast for
in vivo imaging was also reported for nitroxide-loaded MO hex-
osomes113. In another study, Jain et al.114 reported on radio-
labeling of PEGylated non-lamellar liquid crystalline
nanoparticles loaded with paclitaxel [99mTc-(Technetium
radionuclide)-labeled nanoparticulate formulation], and evaluating
their biodistribution after i.v. administration to Ehrlich Ascites
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tumor (EAT)-bearing mice. They found that PEGylation of these
nanoparticles is not only associated with an enhanced safety, but
also contributes to an improved circulation time and enhanced
tumor accumulation by EPR as compared to corresponding non-
PEGylated cubosomes and plain paclitaxel114. The observed
tumor growth inhibition with the non-PEGylated nanoparticles
was attributed to their internalization into the tumors through EPR
and other non-specific effects. PEGylation was associated with a
higher level of tumor growth inhibition due most likely to EPR
owing to prolonged circulation, and sustained release of paclitaxel
from the lipid nanocarriers. In a recent report115, the in vivo
biodistribution of MO cubosomes loaded with paclitaxel was also
investigated. However, the investigations were done after intra-
peritoneal (i.p.) administration of the nanoparticles to mice. It was
reported on an enhanced tumor accumulation and a reduction of
tumor average size following i.p. administration of paclitaxel-
containing cubosomes as compared to corresponding control
(paclitaxel-free) cubosomes (Fig. 4B). In addition to paclitaxel-
loaded nanocarriers, F127-stabilized MO cubosomes were sug-
gested as suitable candidates for loading etoposide, which is a
topoisomerase II inhibitor displaying anti-proliferative activity116.
In vivo investigations on i.v. administered etoposide-containing
folate-modified and unmodified cubosomes to mice bearing
human breast carcinoma MCF-7 indicated that nanoparticle
modification with folate was associated with an improved anti-
proliferative activity as compared with unmodified cubosomes
and free etoposide. For the unmodified nanoparticles, the tumor
accumulation was attributed to EPR; whereas the folate-modified
nanoparticles had an improved tumor-targeting ability, which is
attributed most likely to interactions of folate with folate receptor
overexpressed on the surface of MCF-7 breast cancer cells116.

Similar to other nanoparticles117, the exhibited high tendency
of unmodified cubosomes and hexosomes to accumulate in liver
and spleen (organs rich with reticuloendothelial cells), particularly
after i.v. administration, is most likely attributed to the opsoni-
zation process.

2.2.3. Subcutaneous drug delivery
A highly efficient surface chelation method with good radio-
labeling (84%) and high radiochemical purity (>90%) was
employed to radiolabel Pluronic F127-stabilized hexosomes with
technetium-99 m (99mTc) in the presence of 12-diamino-3,6,9-
triazododecane (SpmTrien) as a chelating agent118. In two re-
ports, the synthesized 99mTc-SpmTrien-hexosomes were evaluated
for in vivo imaging after subcutaneous (s.c.) administration to
right flanks of healthy mice118 and footpads of healthy rats30 by
using single photon emission computed tomography in combina-
tion with computed tomography (SPECT/CT). It was reported that
the radiolabeling procedure did not affect the mean nanoparticle
sizes, and structural and morphological features of hexosomes.
However, NTA suggested a slight change in nanoparticle size
distribution, which is most likely attributed to the loss of some
coexisting vesicles during the labeling procedure. In the first set of
investigations, the in vivo biodistribution within 24 h of post-
administration of 99mTc-SpmTrien-hexosomes to mice indicated
the high stability of these nanoparticles, the formation of a deposit
within the subcutaneous adipose tissue and the neglected bio-
distribution in other organs and tissues118. In the follow-up
study30, the injection of 99mTc-SpmTrien-hexosomes into the
footpads of rats led to their rapid drainage into the lymphatic
microvessels and biodistribution not only to the sentinel (popli-
teal) lymph node, but also to wider lymph nodes (inguinal, iliac)
situated along the pathway of the lymph drainage (Fig. 4C). Thus,
as compared to conventional drug nanocarriers, hexosomes may
provide promising and simple-by-design nano-self-assemblies for
the development of lymphotropic and multifunctional nanocarriers
without surface nano-engineering with targeting ligands30. It was
suggested that Pluronic F127, covering the outer surfaces of
hexosomes, may play a modulatory role in the detected rapid
drainage from the footpad interstitium and the simultaneous
recognition by the lymph node macrophages. It was proposed that
the surface projected ethylene oxide (PEO) blocks of F127 may
display a “mushroom-like” configuration in hexosomes, leading to
minimization of interactions within the footpad interstitium,
without interfering with lymph node macrophage recognition.
Further information, regarding the modulatory role of PEO
configuration, can be found in a previous report on lymphatic
performance of F127-coated nanospheres119.

In the development of nanoparticulate formulation for liver
targeted drug delivery, Pluronic F127 MO cubosomes loaded with
5-fluorouracil was evaluated after s.c. injection into rats120. After
3 h of administration, it was reported on an enhanced accumula-
tion of 5-fluorouracil (about 5-fold increase) in the liver as
compared to an aqueous solution of this drug120. However, the
increase in drug concentration was associated with hepatocellular
damage. A high permeability of cubosomes to the epithelial
membrane may play role in the observed liver uptake120. In recent
studies, it was also reported on evaluation of cubosomes after s.c.
administration and their attractiveness in the design of nano-
carriers for vaccine delivery applications121,122.
3. Solid lipid particles as nanocarriers for drug delivery

SLNs have shown great application potentials in encapsulating
both lipophilic and hydrophilic drug molecules, controlling drug
release, and targeting drug delivery to specific cells and
tissues14,123e126. The major excipients of the SLNs are solid lipids
at room temperature, containing typically long-chain saturated
fatty acids as the basic building blocks125,127. The slow degrada-
tion rate of saturated lipids leads to sustained release of drug
molecules encapsulated in SLNs. Clearly, the composition of lipid
excipients strongly affects the biological fate of embedded drug
molecules in the solid crystalline matrix as well as SLNs. Addi-
tionally, the efficiency of these drug nanocarriers in drug delivery
also depends on the delivery route. Interactions among SLNs and
components in different biological fluids may lead to a degrada-
tion of these nanoparticles or a formation of corona on their sur-
faces. Such effects may be associated with alterations in the
physicochemical properties and functionalities of these nano-
carriers125,128e132. Therefore, the fate of the nanocarriers is not
only depending on nanoparticle composition and structure, but
also on the in vivo environment. In this review paper, we sum-
marize recent applications of SLNs with focus particularly on oral
and pulmonary drug delivery applications. We aim at providing a
better understanding of the biological fate of these solid lipid
nanocarriers.

3.1. Solid lipid nanocarriers in oral drug delivery

Lipid nanoparticulate formulations are often used for oral delivery
of poorly water-soluble drugs. This research area takes into ac-
count that major lipid excipients may stimulate the release of bile
salts and digestive enzymes in the gastrointestinal tract and the
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generated lipid digestion products may play an important role by
assisting in solubilizing drug molecules and improving their ab-
sorption133,134. One of the advantages of solid lipid nanocarriers
over other kind of lipid-based nanoparticulate formulations is a
better control of drug release from the lipid nanoparticles and an
improved limitation of the maximum plasma concentration of
drugs (Cmax), and thereby an improved reduction in potential
toxicity of drug substances. Delayed time to reach maximum drug
concentration (Tmax) has been reported in several pharmacokinetic
studies124,135,136, for example the Tmax for cyclosporine after oral
administration of drug-loaded SLNs and microemulsion was 4.0
and 1.7 h, respectively124. Pharmacodynamic study has also
shown a prolonged therapeutic effect after an oral administration
of drug-loaded SLNs137. Even though various in vivo studies have
shown that SLNs can improve drug absorption and bio-
availability125,138e141, understanding the involved mechanisms
and the biological fates of these nanoparticles is still limited.

In vivo studies have shown that the solid lipid nanoparticle size
affects the rate of drug release and absorption: smaller solid lipid
nanocarriers generally lead to faster drug absorption and higher
bioavailability as compared to relatively larger nanoparticles. For
example, the Tmax of the lipophilic drug torcetrapib was 1 and 2 h
after an oral administration of SLNs with nano- and micro-particle
sizes of about 150 nm and 8 mm, respectively142,143. In these
studies, the solid lipid nanocarriers led to a better bioavailability
as compared to solid lipid microparticles142,143. In vitro lipolysis
studies also showed that the recovery of drug substances in the
aqueous phase was significantly higher for SLNs than corre-
sponding solid lipid microparticles143. This is attributed to a
greater specific surface area of SLNs led to a larger extent of lipid
digestion and drug release. A good in vitro and in vivo correlation
was observed for the effect of SLN size on drug release and
bioavailability of fenofibrate (Fig. 5)143. Additionally, drug release
from lipid particles is affected by lipid excipient126,144. It was
reported that a slow digestion of relatively long-chain saturated
lipids leads to a reduction in the drug release rate from lipid
particles (Fig. 6)126. Both the in vivo and in vitro studies indicate
that degradation of SLNs in the gastrointestinal tract simulta-
neously occurs with drug release from these solid lipid
nanocarriers.

The principle of lymphatic transport of dietary lipids is valued
in pharmaceutical sciences. In this respect, lipid-based formula-
tions can be used for assisting the lymphatic transport of lipophilic
drugs133,134. Oral drug delivery via the intestinal lymphatic system
circumvents the hepatic first pass metabolism and transports the
loaded drug molecules directly into the systemic circulation. Se-
lection of lipid excipients is one of the key factors to resemble
chylomicrons in the enterocytes and stimulate lymphatic transport
(Fig. 7)134. Both direct analysis of lymph samples collected from
cannulated lymph duct in animals and following a chylomicron
flow blocking approach have been used in studies of lymphatic
transport of drugs and lipids145e149. Different particulate drug
carriers have been investigated for their potential in delivery of
drugs via the intestinal lymphatic system150,151. Among these
studies, lymphatic transport of efavirenz-loaded SLNs after an
oral gavage was evaluated using both chylomicron flow blocking
approach and lymph duct cannulated rat model152. The investi-
gated SLNs with mean nanoparticle sizes of 170 nm were pre-
pared using long-chain glyceryl dibehenate as a major lipid
excipient. Lymphatic uptake of efavirenz was detected in the
collected lymph samples, accompanied by a lower drug concen-
tration in the collected plasma samples. This study of Joshi and
co-workers indicates that a significant amount of the drug sub-
stances in SLNs containing long-chain fatty acids was transported
via the lymphatic system152. However, it was not possible to
differentiate and understand whether the nanoparticles were
absorbed and transported as intact drug-loaded nanoparticles or an
intermediate stage of degradation of lipid nanocarriers in the
gastrointestinal tract was involved before drug absorption.

3.2. Evaluation of solid lipid nanocarriers using imaging and
radiotracer techniques

Imaging and radiotracer techniques have been applied for eval-
uating solid lipid drug nanocarriers in various studies: from
cellular uptake to biodistribution of drug-loaded SLNs in vivo
after an oral administration. For instance, the biological fate of
spironolactone-loaded SLNs in rats after an oral administration
was investigated using a radiolabeling method153. In this study,
the lipid nanoparticles, prepared using a mixture of glyceryl
palmitostearate and medium-chain lipids, were labelled by mix-
ing with 99mTc aqueous solution. After an oral administration of
the labelled-SLN suspension, organ and blood associated radio-
activity was quantified using a gamma counter. The radioactivity
was mainly detected in the small intestine, which was attributed
to the retention of solid lipid nanocarriers in the intestinal mu-
cosa153. Radiolabelled fatty acid (131I-17-iodoheptadecanoic
acid) has also been used as a tracer for monitoring the fate of
SLNs after a duodenal administration154. The evaluated SLNs
were prepared using an emulsification method that includes
mixing a warm oil-in-water (O/W) emulsion containing stearic
acid with an organic solution of labelled fatty acids. After
duodenal administration of SLN suspension in rats, lymph and
blood samples were collected. Both lymph and plasma samples
showed radioactivity, which was attributed among others to a
transport of SLNs into the lymph after duodenal administration
to rats154. However, degradation of SLNs in the gastrointestinal
tract may lead to the release of radiolabeled fatty acids, which
could be absorbed either via the portal vein to the systemic
circulation or via the re-synthesis of triglycerides and formation
of chylomicrons in the enterocytes that may be transported via
the lymphatic system.

Fluorescent dye coumarin-6155, fluorescein isothiocyanate
(FITC)156, and Nile red157 have been used as probes and added in
the lipid phase during the nanoparticle preparation process to track
the absorption and metabolism of SLNs. Caco-2 cells are often
used as an intestinal model for evaluating drug transport and ab-
sorption. Cellular uptake of fluorescently labeled SLNs showed
stronger fluorescence signals inside Caco-2 cells when their
compositions include medium-chain lipids155,156. However, some
of the fluorescent probes, such as FITC, can still emit fluorescence
after leakage, therefore it can be difficult to use such fluorescence
signals as indicators of intact nanoparticles158. The increased
fluorescence signals inside Caco-2 cells could be caused by a
leakage of fluorescent probes from SLNs, especially in the case of
nanoparticles containing medium-chain lipids. Recently Hu
et al.159 investigated the fate of SLNs in the gastrointestinal tract
by using a combination of water-quenching near-infrared (NIR)
fluorescent probes and live imaging techniques. The tested SLNs
were prepared by a hot homogenization method, and glyceryl
palmitostearate was used as a lipid phase and Tween 80 as an
emulsifier. The lipophilic probes were dissolved in an organic
solvent and mixed with melted lipids before formation of SLNs.
Apart from coumarin 6, two water-quenching NIR fluorescent
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probes P2 and P4 were used to label the nanoparticles. Real-time
positioning of solid lipid nanocarriers was tracked by using a live
imaging system after gastric gavage of the SLN suspension to
mice. In this method, the detection was based on a signal
switching upon degradation of the lipid matrix and simultaneous
release of the probes. The mean solid lipid nanoparticle size was
about 75 nm, and the produced SLNs were digested quickly in the
intestine and were not able to across the intestinal epithelia159.
These results are in good agreement with other studies on oral
delivery of SLNs, where drug release from the nanoparticles is
generally associated with a degradation of these lipid
nanocarriers142,143.

The studies on oral delivery of SLNs suggest that the
degradation of nanoparticles occurs in the gastrointestinal tract,
and the slow degradation of saturated lipids leads to sustained
release of encapsulated drug molecules from these solid lipid
nanocarriers. Similar to other lipid-based formulations, the
amphiphilic lipid digestion products may assist in solubilizing
drug molecules and improve drug absorption. The digested lipids
from solid lipid nanocarriers are most likely to be absorbed in a
similar way as dietary lipids, i.e., fatty acids could either be
bounded to albumin and transported via the portal vein to the
liver or be re-synthesized to triglycerides in the enterocytes and
Figure 5 (A) Plasma concentrationetime profile following oral

administration of 100 nmLMPs ( ), 400 nmLMPs ( ),microparticles ( )

and control ( ) in male Wistar rats (fenofibrate dosed at 12.5 mg/animal,

n Z 6, mean � SEM). (B) Recovery of fenofibrate (%) in the aqueous

phase (mean� SEM) during in vitro lipolysis of 100 nmSLN ( ), 400 nm

SLN ( ),microparticles ( ) and control ( ) (nZ 3 except 100 nm, 60min

is nZ 1 (SEM not shown) and 400 nm, 60 min is nZ 2). Modified with

permission from Ref. 141.
packed together with lipophilic drug molecules in chylomicrons
in the presence of apolipoproteins for enhancing lymphatic
transport.

3.3. Solid lipid particles in pulmonary drug delivery

Pulmonary drug delivery is used to deliver medicines directly to
the lung through the respiratory system. It is an efficient admin-
istration route for combating lung diseases by targeting a single
drug (or a drug combination) to the site of action. However,
inhaled medicines and particles may undergo natural clearance,
resulting in a short residence time in the airways160. Carriers
providing sustained drug release with relatively long residence
times in the respiratory tract can improve therapeutic outcomes of
inhaled medicines by gradually releasing the drug locally and
moderate the drug peaks to reduce toxicity161e163. The deposition
and accumulation of particles in the lungs and their clearance from
the lungs depend on particles’ aerodynamic diameters and the
breathing patterns164,165. Inhalation of nanoparticles with sizes of
about 800 nm resulted in a longer drug retention in the lungs than
SLNs with smaller nanoparticle sizes ranging from 200 to
400 nm166. The major nanoparticle clearance mechanisms in the
lungs are phagocytosis clearance by macrophages and mucociliary
clearance, where nanoparticles are trapped in the airway surface
liquid and coughed up. Nanoparticles are less phagocytized by
alveolar macrophages and can lead to deep lung deposition with
potentials for lung cancer therapy162,167,168.

Labeled SLNs have been used to investigate the deposition and
clearance of lipid nanocarriers in the lungs. Among these in-
vestigations, lipid nanoparticles with sizes around 200 nm, pre-
pared by using glyceryl dibehenate as a lipid phase and Tween 80
as an emulsifier, were labelled by incubation with 99mTc aqueous
solution169. The results of post-inhalation image analysis and
accumulation of radioactivity in different organ samples showed a
strong deposition of SLNs in the lungs of rats169. The highest
activity counting was observed in the lungs as compared to other
organ samples collected 4 h after inhalation169, suggesting the
retention of SLNs in the lungs. A lipophilic florescent dye, DID-
oil, was also used to track pulmonary deposition of solid lipid
nanocarriers of celecoxib with nanoparticle sizes around
220 nm170. These nanoparticles were prepared by using a mixture
of glyceryl dibehenate and medium-chain triglycerides as a lipid
phase and sodium taurocholate as an emulsifier. Around 78% of
the celecoxib-dose was detected in the lungs of mice after 30 min
of nebulization, and the retention of the nanoparticles led to a
constant drug concentration in the lungs for 2 h170. The deposition
of nanoparticles in the lungs was confirmed by confocal obser-
vations with images of the lungs collected at 0.5 and 4 h after
nebulization of the formulation in mice170. Enhanced antitumor
activity was observed when SLNs were evaluated for pulmonary
co-delivery of anticancer drugs and siRNA171. The lung tumor
size was significantly reduced after inhalation of drug-loaded lipid
nanoparticles with sizes about 110 nm, prepared using a mixture
of glyceryl palmitostearate and squalene as a lipid phase and
phospholipids and Tween 80 as emulsifiers171. The accumulation
of lipid nanoparticles in the lungs and other organs after an
inhalation or an intravenous treatment was investigated after la-
beling with Cy5.5171. It was reported on the presence of 83% of
the nanoparticles in the lungs and 13% in the liver 24 h of post-
inhalation, whereas 23% and 59% of the nanoparticles exist in
the lungs and the liver, respectively, after intravenous treatment171.
This study confirms the prolonged retention time of solid lipid



Figure 6 Release of desmopressin during in vitro lipolysis (closed

symbols) and amount of hydrolyzed fatty acids (open symbols) from

triglyceride (TG) particles. , TG14 particles; , TG16 particles; ,

TG18 particles. Data are expressed as mean � SD (n Z 3). Repro-

duced with permission from Ref. 126.
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nanocarriers in the lungs and the advantage of using SLNs as
platforms with sustained delivery of drugs for the treatment of
lung diseases. Aiming at an active targeting of drug-loaded SLNs
to alveolar macrophages via the mannose receptor-mediated
mechanism, a mannose-based surfactant was recently used in
the formation of rifampicin-loaded SLNs consisting of a lipid
Figure 7 Lymphatic transport of lipids and halofantrine solubilised

in lipids. (A) Cumulative lymphatic transport of fatty acids after

intragastric administration of structured TG 8:0/18:2/8:0, 10:0/18:2/

10:0, 12:0/18:2/12:0; (B) cumulative lymphatic transport of halofan-

trine after oral administration in different TG solutions. Reproduced

with permission from Ref. 134.
phase based on a mixture of palmitic acid and cholesteryl myr-
istate172. Real-time fluorescence imaging in living animals showed
a high retention of SLNs with less spreading in extra-pulmonary
regions after intratracheal instillation in mice172.

Drug-loaded SLNs can be transformed to microparticles for
improving their long-term storage colloidal stability. Inhalable
microparticles (4 mm) were prepared by co-spray drying of
thymopentin-loaded SLNs with sizes around 150 nm and bulking
agents mannitol and leucine. These drug-loaded SLNs were pre-
pared by a double emulsion method in the presence of glyceryl
monostearate and phosphatidylcholine as a lipid phase and
poloxamer 188 as an emulsifier161. The spray drying process did
not change the essential properties of the SLNs apart from an
improved aerosolization efficiency. Pulmonary administration of
the microparticles containing FITC-labeled drug-loaded SLNs
resulted in a spot distribution of drug powders in the pulmonary
alveolus of rats, and an improved bioavailability and therapeutic
efficacy of thymopentin161.
4. Conclusions and perspective

ISAsomes and SLNs have shown great drug delivery application
potentials for both systemic circulation and local applications. The
fate of these lipid nanoparticles in vivo is affected by lipid
composition and type, and different physicochemical properties
including size characteristics and their surface properties, as well
as the compositions of the biological fluids. This contribution
presents different examples and highlights the main advantages of
using cubosomes, hexosomes, and related nanoparticles as ver-
satile platforms for drug delivery. Different examples on SLNs,
particularly nanoformulations intended for oral and pulmonary
drug delivery applications are also presented.

Despite the attractiveness of ISAsomes, mainly cubosomes and
hexosomes, as nanocarriers for drug delivery applications, there
are limited number of studies on their fate after in vivo adminis-
tration. In vitro investigations, including cellular responses of
these nano-self-assemblies were also conducted on a limited
number of model cell lines. Most of investigations in the literature
focused on the biophysical characterization and drug encapsula-
tion of cubosomes and hexosomes. For gaining further informa-
tion and exploring the potential clinical applications of these
nano-self-assemblies, future investigations should focus on
combining relevant in vitro/in vivo evaluations with biophysical
experiments, and gaining further insights into their drug release
and encapsulation properties. Taking into account the attractive-
ness of these nano-self-assemblies in the development of drug
nanocarriers, we expect an increase in the number of reports in the
literature on their in vivo fates following different administration
routes within the next few years. It is a multidisciplinary research
area and therefore, important to involve scientists from different
backgrounds. It is also important to initiate more collaborative
industry-academia research projects.

Oral administration of SLNs is often leading to improved
bioavailability and enhanced efficacy, it is evident that degradation
of SLNs in the gastrointestinal tract occurs during the process of
drug release and absorption. SLNs containing long-chain fatty
acids can facilitate formation of chylomicrons and lymphatic
transport of lipophilic drugs. Enhanced accumulation of these
nanoparticles with longer residence times in the lungs after
inhalation improves therapeutic outcomes by gradually releasing
the drug locally. Even though future applications of SLNs in
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sustained oral drug delivery could be limited due to their short
residence times in the gastrointestinal tract, the application po-
tentials of these nanoparticles in sustained topical drug delivery as
well as targeting to special tissues and organs could be further
explored.
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