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Abstract. The oral route is the most widely accepted and commonly used route for
administration. However, this route may not be suitable for certain drug candidates which
suffer from the problem of low aqueous solubility and gastrointestinal absorption and
extensive first-pass effect. Nanotechnology-based approaches can be taken up as remedies to
overcome the disadvantages associated with the oral route. Among the various nanocarriers,
lipidic nanocarriers are widely used for oral delivery of bioactive molecules owing to their
several advantages. Active targeting of bioactive molecules via lipidic nanocarriers has also
been widely attempted to improve oral bioavailability and to avoid first-pass effect. This
active targeting approach involves the use of ligands grafted or conjugated onto a nanocarrier
that is specific to the receptors. Active targeting increases the therapeutic efficacy as well as
reduces the toxic side effects of the drug or bioactive molecules. This review mainly focuses
on the challenges involved in the oral delivery of drugs and its approaches to overcome the
challenges using nanotechnology, specifically focusing on lipidic nanocarriers like liposomes,
solid lipid nanoparticles, and nanostructured lipid carriers and active targeting of drug
molecules by making use of ligand-conjugated lipidic nanocarriers.
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INTRODUCTION

Oral Delivery of Drugs

The oral route is the most commonly used and accepted
route for the administration of a number of drugs to treat or cure
many diseases. The oral route is also the most preferred by
patients, owing to its advantages including self-administration,
noninvasiveness, ease of use, and reliability of oral dosage forms.
With respect to the drug delivery aspects, the oral route is the
most preferred as it offers different pH ranges throughout the
entire gastrointestinal tract (GIT) facilitating the drug absorption
from different sites of the GIT (1). The human intestinal
epithelium is composed of villi, which provide a highly absorptive
surface in the GIT for the absorption of drugs (2). The gut-
associated lymphatic system which is a part of Peyer’s patches

contains follicle-associated epithelium (FAE), that consists of
enterocytes (absorptive cells), goblet cells (mucus-secreting cells),
and microfold cells (M cells). These M cells play an active role in
the delivery of drugs as they have a high transcytotic capacity and
are less protected by the mucus (3,4).

Challenges in the Oral Delivery of Drugs and Bioactive
Molecules

Despite of the advantages offered by the oral route,
delivering drugs through the oral route is challenging as
the human GIT forms a formidable barrier for most of
the active pharmaceutical ingredients (API) (5). The
continuous secretion of mucus which protects the GIT
and the acidic gastric environment are other hurdles for
the effective oral delivery of the drugs. The drug
molecule, in order to reach the systemic circulation intact
and to provide the required therapeutic effect, should
pass through various physical and chemical barriers of
the oral route (1). Following oral administration, the
drug molecule passes through the following barriers:

1. The oral, gastric, and intestinal fluid environment: The
fluid environment of the GI system like (i) various
enzymes in the stomach fluid, intestinal fluid, and in the
saliva; (ii) different pH range in the stomach and
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intestine; (iii) gut motility; and (iv) specific transport
mechanism changes rapidly (6). The GI membrane also
acts as a physical barrier, restricting the absorption of the
drug that in turn additionally influences the efficacy and
toxicity of the orally administered drugs (1).

2. The mucosal layer of the stomach and intestine: The
mucus layer of the GI tract acts as an important
barrier for the permeation of the drug molecules. The
mucosal layer protects the exposed epithelial surface
by trapping and clearing the pathogens and foreign
particles (2). It also lubricates the epithelium as the
drug molecule passes through thereby decreasing the
residence time of the drug that fail to penetrate
through the loosely adhered GI mucus layer (7). The
thickness of the mucus layer throughout the GIT
varies to a larger extent (8). The mucus layer is
thickest in the stomach and colon, thereby protecting
the stomach from acid and from bacteria in the colon
(9). Besides this, the pH of the mucus is also different
in different regions of the GIT affecting the absorption
of the drug molecules.

3. Intestinal epithelial cells: The intestinal epithelium is
the first line of defense acting as a barrier which
allows the selective absorption of the molecules. It
also protects the host from the pathogens that enter
via the GIT (10). The physical integrity of the
epithelium is mainly due to the presence of tight
junction proteins which form a connection between
two adjacent cells through the intercellular spaces
(11). These tight junctions along with acting as a
barrier for the diffusion of solutes through the
intercellular spaces also act as an inhibiting barrier
for the paracellular transport of macromolecules (12).

Apart from the barriers of the GIT, poor solubility,
permeability, and stability of the drug molecules in the GI
environment also make the oral delivery of the therapeu-
tic agents a challenging task (5). These hurdles and
challenges can be overcome by utilizing nanotechnology
approaches for the oral delivery of the drug molecules.
Nanotechnology exclusively offers the possibility of devel-
oping unique drug delivery systems and pharmaceutical
dosage forms (13).

Nanocarriers for the Oral Delivery of Drug Molecules

Nanocarrier systems are generally classified as substrates
having a nanosize range that can encapsulate active pharma-
ceutical ingredients within a conjugated, synthesized, or
complexed nanodimensions (13). Nanocarriers by virtue of
their small size provide a larger surface area for drug
encapsulation, thereby aiding in achieving a higher therapeu-
tic concentration of the drug at the target site (14). These
nanocarriers are aimed at decreasing the systemic side effects,
increasing the solubility of the drug and blood residence time,
controlling drug release and targeting the drug to the disease
site, or crossing the barriers (15). There are various
nanocarrier systems used for the delivery of drugs, such as
polymeric nanoparticles, dendrimers, lipidic nanocarriers
(like liposomes, ethosomes, phytosomes, solid lipid nanopar-
ticles, nanostructured lipid carriers, etc), and several others.

In this review, focus is given on the active targeting of the
drugs and bioactive molecules by making use of lipidic
nanocarriers via the oral route of administration, in which
area there is dearth of reviews.

Lipidic Nanocarriers in Oral Drug Delivery

Lipid nanocarriers comprise a wide range of nanotech-
nology-based drug delivery systems. Both lipophilic and
hydrophilic agents can be incorporated into these lipidic
vesicles. Liposomes are self-assembled enclosed concentric
vesicular systems made up of phospholipid bilayers.
Ethosomes and transfersomes are the lipidic vesicles with
high deformability and flexibility which can be obtained by
varying their composition; however, they mostly have been
found useful in the delivery of drugs across the skin. Solid
lipid nanoparticles (SLN) and nanostructured lipid
nanocarriers (NLC) are designed to provide higher stability
to the vesicle and also to increase the encapsulation rate (16).
These lipidic nanocarriers are mainly designed to improve the
absorption of the drugs, to target the drug to a specific site,
and to overcome the toxicological issues (17). Their use as
drug delivery systems and their route of administration
largely depend on the architecture and particle size of the
vesicles (18).

DRUG DELIVERY BY ACTIVE TARGETING USING
LIPIDIC NANOCARRIERS

Active targeting is a drug delivery approach in which the
ligand-bound nanocarriers will be specifically retained and
taken up by the targeted cells. Active targeting is also called
as ligand-mediated targeting. The ligands used for targeting
are specific either to the surface substance or to receptors that
are overexpressed in the particular sites. The targeted drug
delivery system mainly involves modifying or conjugating the
nanocarrier surface with the targeting ligand, which is
supposed to have affinity to the receptors overexpressed on
the cells. The interaction between the ligand and the receptor
will be either through physical adsorption or by forming
covalent bonds. The fundamentals of active targeting include
mainly the strategies for ligand conjugation, particle size and
shape, ligand density of the actively targeted nanocarrier,
surface hydrophobicity, and charge on the surface of the
nanocarrier as well as on the ligand. Conjugating the
nanocarriers with the targeting ligands greatly enhances the
therapeutic efficacy of the active moiety and also reduces the
toxic side effects (14). The nanocarriers conjugated with the
ligands are taken up by receptor-mediated endocytosis,
thereby achieving the intracellular drug delivery. Some
examples of ligands include antibodies and their fragments
(IgG, IgA, and IgM), proteins (transferrin), peptides (RGD
and integrins), nucleic acid–based ligands (aptamers), and
small molecules (folic acid and lectins) (19). Nanocarriers like
SLN, NLC, and liposomes are widely used for the active
targeting of the therapeutic agents.

Solid Lipid Nanoparticles

These are colloidal nanocarrier systems which are
prepared from lipids that remain solid at both room and
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body temperature (20). SLNs are considered to be first-
generation lipid nanocarriers. They are designed to carry and
deliver hydrophobic and hydrophilic drugs and macromole-
cules (proteins, peptides, genes, and antigens). The drugs are
either dispersed within the lipid matrix (solid solution model)
or dispersed inside the core or on the shell (core–shell
model). Lipids like glycerol palmitosterate, tricaprin, and
glyceryl behenate are used in the preparation of SLNs. The
stability of the SLNs is attributed to the use of emulsifiers like
Tween-80, sodium dodecyl sulfate, and poloxamers (21).

SLNs can be classified into the following:

1. Type 1: It is a homogeneous matrix model, wherein
the drug is either molecularly dispersed in the lipid
core or present in the form of an amorphous cluster.
This type of SLNs provides controlled release of the
drug.

2. Type 2: It is a drug-enriched shell model wherein the
melted lipid has less concentration of the drug. This
type of SLNs provides a burst release of the drug.

3. Type 3: It is a drug-enriched core model. This type of
SLNs provides prolonged release of the drug.

SLNs are prepared by various methods using solid lipid,
emulsifier, and water/solvent. SLNs are prepared by adopting
the following methods: high-pressure homogenization,
ultrasonication, solvent evaporation method, solvent
emulsification–diffusion method, supercritical fluid method,
microemulsion-based method, spray drying method, etc. (22).

Nanostructured Lipid Carriers

NLCs are composed of spatially different lipid molecules.
A mixture of solid lipid and liquid lipids forms the lipid
matrix of NLCs (16). A melting point depression is caused by
the addition of liquid lipids; however, despite of this
depression of melting point, the NLCs remain solid at body
temperature. A blend of solid and liquid lipids is used in
NLCs. The structural differences between solid and liquid
lipids make them not to fit in together to form a crystal. This
creates a lot of imperfection which results in the accumulation
of more drug in amorphous clusters and in molecular form
(23).

The types of NLC are as follows:

1. Imperfect NLCs: The solid matrix of the NLCs is
imperfectly arranged. It forms an imperfect crystal
model containing a matrix with many void spaces
wherein the drug molecules can be incorporated.

2. Amorphous NLCs: The matrix is solid amorphous in
nature. It is obtained by mixing the lipids that do not
recrystallize after homogenization. This type of NLCs
reduces the expulsion of the drug upon storage (24).

3. Multiple NLCs: The matrix is composed of multiple
oils and fat in water. These NLCs are prepared based
on the principle that solubility of the lipophilic drug in
liquid lipids is higher than solid lipids. The solid lipids
are blended in a higher amount of oils. This type of
NLCs is used to provide controlled release of the
drugs and the lipid matrix prevents drug leakage (25).

NLCs are prepared by various techniques such as high-
pressure homogenization, hot homogenization technique,

cold homogenization technique, microemulsion technique,
high shear homogenization/ultrasonication, melting disper-
sion method, solvent emulsification (evaporation and diffu-
sion techniques), solvent injection, double emulsion
technique, etc. (24,26).

Liposomes

Liposomes are extensively used carriers for the delivery
of a wide variety of therapeutic agents. Liposomes are mainly
composed of phospholipids like phosphatidylcholine and
cholesterol which form a self-assembled amphiphilic system
upon addition of aqueous phase (27). Based on the use of
lipids, structure of the lipid bilayers, and size, liposomes are
generally classified as small unilamellar vesicles (SUV), large
unilamellar vesicles (LUV), multillamelar vesicles (MLV),
and multivesicular vesicles (MVV). These vesicular carriers
have great potential for drug delivery by the oral route (28).

Liposomes are prepared by various methods and some of
them are sonication, French pressure cell, extrusion method,
microemulsification, lipid film hydration, membrane extru-
sion, freeze–thaw method, reverse phase evaporation
method, ether/ethanol injection method, etc. (29).

In liposomes, the polar heads of phospholipids face
toward the aqueous phase whereas nonpolar groups are
arranged inside the bilayers. Because of these attractive
structural features, liposomes can encapsulate both hydro-
philic as well as hydrophobic therapeutic agents. The
hydrophilic drugs are entrapped inside the inner aqueous
core, whereas the hydrophobic agents get entrapped within
lipid bilayers. The liposomal vesicular diameter lies within a
wide range, i.e., 20 to 50 μm. Since the 1970s, liposomes are
used as drug delivery carriers in a variety of diseases but still
remained as a carrier of choice due to remarkable stability,
control on size, safety, and biocompatibility because of its
bioresemblance and biomimetic properties. Also, liposomes
can be easily prepared and there is virtuous possibility of
surface modification for conjugation of variety of ligands for
targeted delivery of drugs (30).

Even though all these lipidic nanocarriers exhibit the
great potential for oral delivery, still their use for drug
delivery is limited due to certain challenges.

CHALLENGES FOR ORAL DELIVERY OF LIPIDIC
NANOCARRIERS

The most important challenge for oral delivery of
conventional lipidic nanocarriers is that when administered
orally, they will be exposed to the harsh environment of the
GI tract. The lipidic components, especially those of lipo-
somes, are highly susceptible to certain GI environment like
gastric acid, GI enzymes like lipases and proteases, bile salts,
and GI movements, which may result in the loss of structural
integrity of the liposomes (31). Drug leakage due to bile salt
emulsification may reduce the liposomal payload. Intestinal
lipases hydrolyze the liposomal phospholipids, which may
result in vesicular disruption. Another challenge faced by
lipidic nanocarriers, specifically liposomes, is poor permeabil-
ity across the GI membrane. There are hardly any lines of
evidence available for the uptake of intact liposomes across
the GI epithelium (32,33). These barriers for the absorption
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of nanocarriers upon oral administration make them suitable
candidates for essential surface modification. Because of
these challenges, researchers are continuously focusing on
active transport by identifying certain gateways in the form of
specific cell surface receptors.

In order to circumvent the above problems, ligand-
conjugated lipidic nanocarriers for active targeting of the GI
cell surface receptor as well as targeting certain transporters
have been given more attention nowadays. The GI epithelia
are mainly composed of enterocytes, M cells, and immune
cells. A large number of receptors are expressed on the
surface of enterocytes, M cells, and immune cells. These
include lectin receptors, sugar receptors, receptors for amino
acids and vitamins, integrins, transferrins, mannose receptors,
Fc receptors, and claudin 4 receptors (34,35).

Surface conjugation of liposomes with specific ligands for
GI epithelial cell surface epitopes might boost the specific
cellular uptake and transepithelial transport. Due to contin-
uous moving of the GI environment, there may be chances of
rapid clearance of lipidic nanocarriers. This can be avoided
through strong receptor–ligand interactions. Thus, it results in
the accumulation of nanocarriers at the absorption sites.
Since the last few decades, varieties of GI receptors have
been investigated as potential targets for drug delivery. In this
context, ligand-conjugated lipidic nanocarriers for active
targeting have emerged as a promising drug delivery ap-
proach (36).

INTERACTION/UPTAKE OF CONVENTIONAL AND
LIGAND-CONJUGATED LIPIDIC NANOCARRIERS
AT THE INTESTINAL EPITHELIUM

For the active targeting of nanocarriers, there are many
target sites available on the GI epithelium for each type of
ligands. For example, lectins can be used as ligands for M
cells as well as for enterocytes. Possible pathways by which
the actively targeted (ligand-conjugated) and conventional

lipidic nanocarriers interact with different sites of intestinal
epithelium are shown in Fig. 1.

Based on the anatomical as well as physiological
architectures of the small intestine, there may be many
possibilities of interactions of lipidic nanocarriers based on
their composition. The conventional lipidic noncarriers like
liposomes, SLNs, NLCs, etc., which are mostly composed of
dietary lipids, undergo the general pathways of lipid
absorption. The same fact can be possible even with
ligand-conjugated lipidic nanocarriers, too. In order to
directly cross the intestinal barrier, the nanocarriers have
to follow either the paracellular or transcellular pathways
(34). Paracellular permeation is a size-dependent pathway,
which generally permits the particles with the size less than
200 nm. Based on structural intactness of lipidic
nanocarriers, the presence of other GI contents like food
and enzymes as well as the peristaltic movement of the
intestine, some of the lipidic nanocarriers undergo disrup-
tion and may release the contents at the site of the intestine.
These contents may fail to cross the intestinal epithelium
and get degraded due to enzymatic action of lipases,
pancreatin, trypsin, chymotrypsin, or pepsin (37). In case if
these lipidic nanocarriers withstand the intestinal environ-
ment, bile salts attack these nanocarriers and emulsify them
to form small lipid droplets. The triglyceride portion of
these lipid droplets get converted to monoglycerides and
fatty acids by pancreatic lipases. Again, in association of
bile salts and intestinal phospholipids, these monoglycerides
form micelles which diffuse into enterocytes. Inside the
enterocytes, these monoglycerides combine with the apoli-
poproteins (Apo B) and cholesterol at the endoplasmic
reticulum as well as Golgi body to form the chylomicron
particle, which exocytosized into the lymphatic circulation
(38,39) (Fig. 2).

M-cell–mediated transport is another pathway for the
active transport of lipidic nanocarriers. As discussed earlier,
the M-cell surface expresses certain receptors like lectin

Fig. 1. Challenges in the oral delivery of drugs and other active agent drugs and the use of ligand-
conjugated lipidic nanocarriers to overcome the challenges. The different motifs shown on the surface of
lipidic nanocarriers in the above figure indicate the Bligands^ used for active targeting
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receptors, mannose receptors, β1 integrins, Fc receptors,
claudin 4 receptors, etc. The use of their specific ligand to
conjugate with lipidic nanocarriers may be an attractive
strategy for active targeting. In active targeting, the drug-
loaded lipidic nanocarriers, which possess a specific ligand,
undergo receptor-mediated endocytosis and deliver the
contents in the lymphatic circulation. At the base of M cells,
depending on the nature of the carrier as well as the drug,
macrophages or lymphocytes may digest nanocarriers and
allow the bioactive molecules to reach the lymphatic
circulation.

Furthermore, there are certain transporter pathways for
the entry of various nutrients as well as minerals through the
enterocytes. These transporters include vitamin B12, folic
acid, biotin, transferrin, niacin, etc. Surface anchoring of these
transporter molecules or vitamins to the lipidic nanocarriers
enables them to undergo transcytosis process by enterocytes
into the systemic circulation. Drugs with poor permeability
can be effectively carried into the systemic circulation by this
mechanism if encapsulated in the lipidic nanocarriers an-
chored with the above transporters (40). Another approach
where we can focus on the clearance of lipidic nanocarriers
includes active targeting of immune cells like dendritic cells.
Mannose receptors which are specifically expressed on
dendritic cells can be easily targeted if lipidic nanocarriers
are conjugated with mannose. Also, cationic lipidic
nanocarriers are generally recognized by dendritic cells and
endocytosized to deliver the drug into lymphatic circulation.
There are several pathways for the transport of bioactive
molecules via lipidic nanocarriers across/into the intestine,
and hence, multiple pathways may be involved in this process.
Thus, the exact mechanism for the transport of a particular
lipidic nanocarrier is very difficult to predict (41).

LIPIDIC NANOCARRIERS USED FOR ACTIVE
TARGETING OF DRUGS UPON ORAL
ADMINISTRATION

Various reports on the application of different lipidic
nanocarriers such as SLNs, NLCs, and liposomes for active
targeting of the bioactive molecules upon oral administration
are discussed below. The concise form of all these reports
along with additional reports is given in Table I.

SLNs for Active Targeting of Bioactive Molecules via Oral
Administration

Only a few reports are available on the active targeting
of bioactive molecules via ligand-conjugated SLNs upon oral
administration. Zhang et al. (42) developed insulin-
encapsulated SLNs, which were further conjugated with lectin
(wheat germ agglutinin) to study the efficiency of lectin-
decorated lipidic nanocarriers as a carrier system for the oral
delivery of proteins and peptides. They observed that the
stability of wheat germ agglutinin (WGA)-conjugated SLNs
was greater than that of the bare SLNs (without WGA) in
protecting insulin against the degradative effect of digestive
enzymes in vitro. Furthermore, they also observed an increase
in the oral bioavailability of insulin when administered in the
form of SLNs which were conjugated with WGA in compar-
ison with the insulin-loaded bare SLNs. The results showed a
receptor-mediated endocytosis for the WGA-conjugated
SLNs containing insulin. Thus, it can be concluded that the
lectins can be used effectively for increasing the oral
bioavailability and also to protect the insulin from the
derogative effect of gastric enzymes.

Fig. 2. Interaction of conventional and ligand-conjugated lipidic nanocarriers on intestinal
membrane
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Fan et al. (44) developed SLNs loaded with salmon
calcitonin (sCT) which were modified using two kinds of
peptides and were evaluated for their ability to transport the
protein drugs across intestinal barriers. CSK (CSKSSDYQC
peptide ligand; a peptide that has affinity to goblet cells) and
IRQ (IRQRRRR, a cell-penetrating peptide) were used for
this study. CSK-modified sCT SLN and IRQ-conjugated sCT
SLN were prepared. These modified SLNs were compared
with the unmodified SLNs (without peptide ligands) and it
was observed that the modified SLNs provided much better
protection to the sCT. The modified SLNs facilitated the drug
permeation in excised rat duodenum mucosa and also
internalization on a Caco-2/HT29-MTX co-cultured cells.
The absolute bioavailability of salmon calcitonin was en-
hanced with the modified SLNs, and thus, it was concluded
that both the peptides CSK and IRQ could be used efficiently
for the transport of protein drugs to the intestine.

Pooja et al. (45) developed SLNs conjugated with WGA
to improve the oral bioavailability of paclitaxel (PTX). The
anticancer activity against A549 lung cancer cells after
internalization through N-acetyl-D-glucosamine receptors
was enhanced by PTX-loaded SLN conjugated with WGA
(LPSN) in comparison with free PTX. Biodistribution studies
in rats showed that the lung targeting ability and oral
bioavailability of PTX was significantly improved by LPSN.
The study concluded that the increase in bioavailability and
targetability could be due to the cumulative effect of
bioadhesive property of the nanocarriers and the presence
of targeting ligand (WGA).

Octaarginine (SA-R8) is a cell-penetrating peptide,
which is used as a carrier for the delivery of bioactive. Zhang

et al. (43) designed SLNs, modified with stearic acid–
octaarginine, as carriers in order to enhance the oral
absorption of insulin (SAR8-Ins-SLNs). A dramatic change
in the zeta potential of the SLNs from − 32.13 to 29.87 was
observed, which was due to the binding of SLNs to positively
charged SA-R8. The SLNs and SA-R8 partially protected
insulin from proteolysis which was confirmed by in vitro
degradation experiment. The SA-R8-Ins-SLNs increased the
Caco-2 cell internalization in comparison with insulin solu-
tion. A significant hypoglycemic effect in diabetic rats was
observed in vivo with SA-R8-Ins-SLNs when compared with
Ins-SLNs without SA-R8.

The transport of drugs and bioactive molecules across the
intestinal epithelium is often restricted by lyso-endosomal
degradation in epithelial cells which acts as a physiological barrier
to the transport of drugs. Xu et al. (46) developed SLNs having a
unique feature of endosomal escape for the oral delivery of
proteins. The objective of the study was to protect the model
protein drug, insulin (INS) from lyso-endosomal degradation.
The research group developed two types of SLNs using double
emulsion method containing an endosomal escape agent,
hemagglutinin-2 (GLFEAIEGFIENGWEGMIDGWYG;
HA2) in its solid lipid shell and an aqueous core loaded with
insulin. INS-HA2-W-SLNs (HA2 peptide loaded in the aqueous
phase of SLN) and INS-HA2-O-SLNs (HA2 peptide loaded in
the oil phase of SLN) were prepared and studied for their release
kinetics. The release studies showed that INS-HA2-O-SLNs
possess a faster release in comparison with the INS-HA2-W-
SLNs. INS-HA2-O-SLNs also facilitated the escape of the loaded
insulin from the acidic endosomes and thereby the biological
activity of the insulin was preserved. INS-HA2-O-SLNs also

Table I. Details of the Lipidic Nanocarriers Used for the Active Targeting Upon Oral Administration

Bioactive molecules Type of lipidic nanocarrier Targeting ligands Targeting site References

Insulin SLN WGA M cells (42)
Insulin SLN CPP (octaarginine) Enterocytes (43)

Salmon calcitonin SLN CSK, IRQ Goblet cells (44)
Paclitaxel SLN WGA M cells (45)

Insulin SLN Hemagglutinin-2 – (46)
Tripterine NLC CPP (Ste-R6L2) Enterocytes (47)

– NLC Pentapeptide
(Thr-Lys-Pro-Pro-Arg)

Macrophages (48)

Oridonin NLC Biotin Biotin receptor (49)
Docetaxel NLC Cysteine Mucin (50)
Curcumin NLC Taurocholic acid Bile acid receptor system (51)
Insulin Liposomes Transferrin Transferrin receptor (52)
Insulin Liposome WGA and TL M cells (53)
Cefotaxime Liposome Folic acid Folate receptor (54)
Acylovir Liposome Mannose Mannose receptor (55)
BSA antigen Liposome Lectin M cells (56)
Hepatitis B− antigen Liposomes UEA-1 M cells (57)
Recombinant

influenza agglutinin
Liposomes CPE peptide M cells (58)

Insulin Liposome Biotin Biotin receptor (59)
Insulin Liposomes Folic acid Folate receptor (60)
Busrelin acetate Proliposomes Mannose Mannose receptor (61)
Insulin Liposomes Biotin – (62)

SLN, solid lipid nanoparticles; NLC, nanostructured lipid carriers; WGA: wheat germ agglutinin; CSK, CSKSSDYQC peptide ligand; IRQ,
IRQRRRR, a cell-penetrating peptide; CPE, Clostridium perfringens enterotoxin
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showed less distribution in endosomes and lysosomes. The study
concluded that SLNs with an endosomal escaping agent (HA2)
could significantly protect the protein/peptide drugs from lyso-
endosomal degradation, thereby enhancing their therapeutic
efficacy.

NLCs for Active Targeting of Bioactive Molecules by the
Oral Route

With NLCs also, there are few reports available on the
active targeting of drugs using ligand-conjugated NLCs via
the oral route. Zhou et al. (49) developed biotin-conjugated
oridonin NLCs (Bio-ori-NLCs) to enhance the oral bioavail-
ability of oridonin. Biotin receptors are largely present in the
jejunum of the intestine, and thus, the Bio-ori-NLCs pos-
sessed greater intestinal permeation in the jejunum. The
in vivo pharmacokinetics studies showed a significant increase
in the oral bioavailability of Bio-ori-NLCs when compared
with the nonconjugated oridonin NLCs. Thus, the study
concluded that the enhancement of bioavailability is mainly
due to biotin modification, involving a ligand-based active
transportation of the drug. The study also elucidated the
possible mechanisms of drug absorption: (1) During the
compete lipolysis of NLCs, a part of Bio-ori-NLCs survives
in the harsh GI environment and is transported directly by
biotin receptor–mediated endocytosis and (2) the small
particle size of the NLCs and the interaction of the ligand
receptor may have prolonged the GI residence time thereby
improving the contact of the carriers with the epithelial
membrane which in turn might have promoted the absorption
of the drug.

Zhao et al. (48) studied the targeting efficacy of a
pentapeptide (Thr-Lys-Pro-Pro-Arg) to macrophages. They
prepared pentapeptide-grafted-NLCs (Pen-NLC) and studied
its anti-inflammatory effect in rats. An increased internaliza-
tion of Pen-NLCs by macrophages was observed, both in vitro
and in vivo, in comparison with the bare-NLCs (without
conjugation of pentapeptide) and pure pentapeptide. The
Pen-NLCs also showed a considerable increase in anti-
inflammatory effect in vivo.

To overcome the low oral bioavailability of docetaxel
(DTX), Fang et al. (50) developed cysteine-modified NLCs.
Cysteine which was linked to NLCs using PEG2000-
monosterate (cNLCs) was used as a targeting ligand to
achieve the interaction with mucin of the intestinal mucus
layer. cNLCs showed a greater intestinal absorption in the
total intestinal segments. In vivo imaging of cNLCs showed
an improved accumulation in the blood when compared with
unmodified NLCs and DTX solution.

In another study, an attempt was made to improve the
oral bioavailability of tripterine by developing cell-
penetrating peptide (CPP)-coated tripterine NLCs (CT-
NLCs) (47). Ste-R6L2, a new kind of CPP which is mainly
composed of arginine and leucine, was used in this study. The
in vitro drug release studies by the dialysis bag diffusion
method showed a controlled release of the drug from CT-
NLCs. The MTT assay in Caco-2 cells showed a lower
intestinal cytotoxicity for CT-NLCs in comparison with the
tripterine solution. CT-NLCs showed an increased absorption
of tripterine in rat duodenum and jejunum than the tripterine-
loaded NLCs without CPP and tripterine solution. The

researchers also speculated that the CPPs of Ste-R6L2 interact
with the cell membrane, destabilize the bilayer, and thus
transport the NLCs across by endocytotic entry or direct cell
membrane penetration. Pharmacokinetics studies showed
that CT-NLCs exhibited a maximum oral bioavailability in
comparison with T-NLCs and tripterine solution.

Tian et al. (51) developed NLCs containing curcumin
(Cur) using taurocholic acid (TCA) as a ligand for the uptake
of NLCs mediated by a bile acid transporter system in order
to increase the oral absorption of Cur. TCA-modified Cur-
loaded NLCs (Cur-TCA NLCs) exhibited a sustained release
in vitro. In situ intestinal perfusion studies showed an
increased absorption and permeation of Cur-TCA NLCs than
unmodified Cur NLCs. The pharmacokinetic studies showed
that Cur-TCA NLCs exhibited good oral bioavailability of
curcumin when compared with the unmodified Cur NLCs.

Liposomes for Active Targeting of Drug Molecules via Oral
Administration

Compared to NLCs and SLNs, more literature is
available on the active targeting of liposomes upon oral
administration. Liposomes are proven as versatile drug
delivery systems for the delivery of peptide/protein drugs
and for vaccines as well. Extensive reports are available on
the application of liposomes as drug delivery carriers for
many diseases via almost all the routes. Many liposomal
products are available in the market for the treatment of
cancer, skin diseases, pulmonary diseases, etc. (63,64). In the
last few decades, scientists are focusing their attention on the
liposomal delivery system for oral administration of several
various drugs and bioactive molecules including proteins,
peptides, and vaccines. This may be due to the protective
encapsulation of susceptible therapeutic agents within the
liposomes, excellent permeation through the gut membrane
by transcellular or paracellular pathway as well as the
potential sites for the absorption within the GI tract (65).
The various receptors expressed on the GI epithelium and
their active targeting by specific ligand-conjugated liposomes
are discussed below. Lectin-Based Targeting. Enterocytes
are the major populations of the GI epithelium, which play a
major role in the transport of guest molecules into systemic
circulation through various receptors as well as transporters.
Also, another population of cells which contributes in the
transport of a variety of therapeutic agents is M cells which
are located on Peyer’s patches of the intestine. M cells count
1% of intestinal epithelial cells. Other than these, there are
certain immune cells like dendritic cells which are also useful
for the transport of certain agents across the GI membranes
(40,66).

Lectins are a naturally occurring group of glycoproteins
which can specifically bind to the intestinal glycoprotein
receptors known as lectin receptors or glycoprotein receptors.
Lectin receptors are located on enterocytes as well as on M-
cell surfaces. There are many naturally occurring lectins from
plants which possess active targeting potential to the
enterocytes as well as M cells. Lectins also have been found
to be useful ligands for the specific recognition of cell surface
glycoconjugates on the intestinal membrane. Varieties of
lectins are available as ligands for the liposomes for specific
delivery of therapeutic agents via active targeting through
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receptor-mediated endocytosis. These include Ulex europaeus
agglutinin I (UEA I), WGA, and tomato lectin (TL) or tilex
europaeus agglutinin I (IJEAI) (67).

A recent study explored the active targeting potential of
UEA I to the mouse intestinal Peyer’s patches where it
exclusively bound to the M-cell surface lectin receptor. This
advocates the existence of exclusive fucosylated
glycoconjugates on the surface of mouse intestinal M cell
(68).

Chen et al. (69) developed lectin-specific liposomes such
as UEA I liposomes and WGA liposomes and investigated
their Peyer’s patch targeting potential. In this study, lectins
were modified with N-glutaryl-phosphotidylethanolamine
(NGPE) and incorporated within the liposome bilayers;
further, the liposomes were stabilized by adopting the
polymerization technique. The lectin-conjugated liposomes
showed specific recognition toward the mice Peyer’s patches
when compared to the lectin-free liposomes (69).

Li et al. (56) demonstrated the efficiency of lectin like
UEA I to anchor the BSA antigen–loaded liposomes for
targeted delivery to intestinal M cells of mice. UEA I is
composed of lectin-specific α-L-fucose residues, which most
exclusively bind to the M cells of mouse Peyer’s patches and
thus help in crossing the intestinal epithelial membrane. The
developed UEA I–modified liposomes induced strong muco-
sal as well as systemic response as compared to unmodified
liposomes. Thus, the study strongly supported the use of
lectin-modified liposomes for the oral delivery of vaccines
(56).

Gupta and Vyas (57) developed liposomes encapsulated
with hepatitis B surface antigen (HBsAg) coupled with UEA
I in order to enhance the transmucosal uptake by M cells. The
results showed that UEA I–conjugated liposomes specifically
targeted the M cells of Peyer’s patches. The targeting
potential of UEA I was due to the specific interaction of
UEA I with α-L-fucose residues at the M-cell surface. To
determine the in vitro activity and specificity of lectin, bovine
submaxillary mucin (BSM) was used as a biological model.
The lectinized liposomes showed an increased activity with
BSM in comparison with the nonlectinized liposomes, and the
specificity to L-fucose was also maintained with the lectinized
liposomes. The study concluded that the lectinized liposomes
mainly targeted the M cells and could be used as a potential
module to develop effective mucosal vaccines.

The specific binding potential of WGA to N-acetyl-D-
glucosamine and sialic acid which are present on the
glycocalyx of intestinal enterocytes has been reported.
WGA was effectively bound to the human enterocytes and
taken up via receptor-mediated endocytosis through the
epidermal growth factor receptor present on the surface of
enterocytes. Thus, the use of WGA-conjugated liposomes
could be used for active targeting of intestinal epidermal
growth factor receptor for the delivery of drugs (66,70).

Zhang et al. (53) developed and evaluated the potential
of lectin-conjugated liposomes loaded with insulin by oral
administration. They coupled terminal amino groups of
WGA as well as TL through carbodiimide chemistry to N-
glutaryl-phosphatidylethanolamine which was incorporated
with other lipids. The hypoglycemic activity and bioavailabil-
ity of orally administered conventional liposomes and mod-
ified liposomes were compared with subcutaneous injection of

insulin. The results suggested that lectin-conjugated lipo-
somes enhanced the insulin absorption orally through active
targeting mechanism.

WGA liposomes as well as WGA-SLNs were prepared
to examine the transport potential across the rat intestinal
membrane by using insulin as a model drug. They investi-
gated the best part of the intestine for the absorption of the
developed formulations. They also compared the stability of
the formulations in pepsin as well as in trypsin solutions.
WGA liposomes showed better binding ability to the
glycoprotein receptors on the M cells as compared to
WGA-SLNs (42). It was reported that receptor-mediated
endocytosis was the absorption mechanism for WGA-
modified carriers.

Mannose-Based Targeting. Mannose receptors are wide-
spread throughout the GIT including the small as well as
large intestines, but most predominantly expressed on the
surface of immune cells like dendritic cells and macrophages.
Mannose receptors are transmembrane receptors which
recognize the specific bacterial, viral, fungal, or other parasite
surface carbohydrate groups and stimulate the activation of
macrophageal activation to clear them from the body. Thus,
mannose receptor is considered as a marker for the reticulo-
endothelial system (71,72). Mannose-based targeting motif
specifically binds to the mannose receptors. These strategies
were found to be useful for active targeted delivery of a
variety of drugs as well as vaccine (73).

Witoonsaridsilp et al. (74) developed mannosylated
liposomes, which exhibited bioadhesive potential to mannose
receptors. They investigated the GI permeability of the
protein such as lysozyme by using liposomes as a carrier
which was conjugated with mannose receptor-specific binding
ligand N-octadecyl-D-mannopyranosylamine. They proved
that mannosylated liposomes successfully permeated across
the Caco-2 cell monolayers as compared to the conventional
liposomes and a free drug. In their findings, there was almost
2.5-fold more permeability of mannosylated liposomes as
compared to the conventional liposomes and 7-fold more
compared to the drug solution. Thus, mannose-based
targeting approach established the suitable active targeting
strategy for the drugs using liposomes (74).

In another study, Pukanud et al. (55) designed
bioadhesive mannosylated liposomes for oral delivery of
drug. They prepared acyclovir loaded with two different
kinds of mannosylated liposomes. In one formulation, lipo-
some was conjugated with mannosamine HCl, and in another
type of liposomes, p-aminophenyl-α-D-mannopyranoside was
used. They found that size was increased in case of p-
aminophenyl-α -D-mannopyranoside compared to
mannosamine HCl. This may be due to the grafting of a
larger group on the liposomes. The absorption of acyclovir
through the everted sac of mouse ileum was significantly
higher in both types of mannosylated liposomes as compared
to the conventional liposomes and pure drug (55).

The application of the mannosylated proliposomes which
were conjugated with mannose receptor–specific ligand N-
octadecyl-D-mannopyranosylamine (SAMAN) was studied.
Busrelin acetate was used as a model drug. The mannosylated
busrelin acetate–loaded proliposomes were prepared by the
co-precipitation method. It was found that there was about
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1.2-fold higher permeability in Caco-2 monolayers with
conjugated liposomes in comparison with conventional lipo-
somes and 2.2-fold higher permeability than the drug
solution. This significant increase in permeability might be
due to active targeting of mannosylated liposomes to the
mannose receptors on intestinal enterocytes (61).

Vitamin-Based Targeting. Absorption of vitamins and
minerals across the intestine is a well-established natural
mechanism. Enterocytes have a versatile system for active
absorption of the essential moieties through the specific
transporters. This is a carrier-mediated transport system
which is different and specific for each and every xenobiotics.
Understanding these transporter systems can facilitate the
effective drug delivery strategies via the oral route (35,40).
Vitamins such as vitamin B9, vitamin B1, vitamin B3, and
vitamin B7 and iron are actively taken up by the intestinal
epithelial cells (75). As there is a wide distribution of
receptors for vitamins and minerals, the effective uptake of
various drug-loaded carriers can be possible by enterocytes.
Various reports have explored the use of these ligands for
active targeted delivery of drugs via the oral route by focusing
on the various transport mechanisms (76).

Vitamins like biotin, which cannot be synthesized
endogenously but supplied through the diet, is taken up by
enterocytes via biotin receptor from receptor-mediated en-
docytosis. Biotin receptors are distributed throughout the
small intestine, but these are nonspecific receptors. It was
found that biotin coupling with glucagon-like peptide-1
increased the hypoglycemic efficacy upon oral administration.
This occurred due to enhanced intestinal permeability due to
receptor-mediated endocytosis by biotin receptors (77).

Zhang et al. (59) explored the use of biotinylated
liposomes as an efficient carrier for the oral delivery of
insulin. Biotin-conjugated liposomes were prepared by incor-
porating the specific phospholipids conjugated with biotin.
There was a significant increase in liposomal uptake by biotin
receptor through receptor-mediated endocytosis in rat intes-
tine. This finally enhanced the hypoglycemic effect of insulin
due to effective absorption in the systemic circulation. The
oral bioavailability of biotinylated liposomes was almost
double than that of the conventional liposomes. Also, the
study revealed the advantage of biotinylated liposomes to
increase GI stability. Thus, these reports can provide a strong
platform for the oral delivery of other proteins and peptide by
using biotinylated liposomes as potential carriers.

Similarly, scientists gave attention on folate receptors by
designing folate-conjugated liposomes for active delivery of
various drugs. Folic acid is effectively transported across the
intestine in the most suitable form as folate via folate
receptors which are present throughout the GIT. Thus, folic
acid or folate-conjugated liposomal systems may improve the
specific uptake of drugs as well as other bioactive molecules
(6,78).

Anderson et al. (79) used poly(ethylene oxide)–folic acid
(PEO-FA) derivative and incorporated in liposomes to
improve the transport across the Caco-2 cells. They first
prepared FA–PEO–cholesterol conjugate which was later
adsorbed on the liposome surface. In this study, Texas Red-
Dextran 3000 (TR-dex) was used as a specific marker.
Normally, it is poorly absorbed due to higher molecular

weight and neutral hydrophilic nature. There was a significant
increase in intracellular accumulation of TR-dex in case of
FA-coated TR-dex liposomes than uncoated TR-dex lipo-
somes, which was confirmed by fluorescence microscopy (79).

In a similar study, Agrawal et al. (60) prepared insulin-
loaded stable liposomes functionalized with folic acid to
improve oral bioavailability. Further, to improve the intestinal
stability, the liposomes were coated with positively charged
poly(allyl amine) hydrochloride (PAH) as well as negatively
charged poly(acrylic acid) (PAA). In order to anchor the folic
acid as a targeting ligand to the liposomes, folic acid
−poly(allyl amine) hydrochloride conjugation was done. The
results confirmed the conformational as well as the biological
stability of insulin within the liposomes in simulated biological
fluids. Successful delivery of liposomes was observed in Caco-
2 cells as well as in an ex vivo intestinal uptake study. Also,
the results of the in vivo hypoglycemic study supported the
increased oral bioavailability of conjugated liposomes in
comparison with conventional liposomes. It was concluded
that the expected outcomes of the developed formulation
were due to folic acid conjugation to liposomal surface as well
as stabilization with polyelectrolytes (6).

Transferrin Receptor–Based Targeting. Transferrin (Tf)
receptors are high molecular weight proteins (MW 70,000–
80,000 Da), expressed on intestinal epithelial cells especially
at the villous region of epithelial cells and the crypt region of
the duodenum (80). Other than that, macrophages as well as
lymphocytes also express the Tf receptors at Peyer’s patches.
Upon binding with transferrin receptors, the ligand
(transferrin) undergoes transcytosis on epithelial cells. The
biological half-life of transferrin is very high (8 days). It can
show the partial antagonistic effect on the degradation of
trypsin and chymotrypsin, and thus, its GI stability is very
high. The use of Tf as a targeting ligand for Tf receptors can
improve the GI stability of the carriers and may help in the
effective transport of drugs (81,82). Shah and Shen (83)
studied Caco-2 cell monolayer transport of insulin–Tf conju-
gate prepared through disulfide linkage. It was observed that
there were 5- to 15-fold increases in the permeability of
insulin. Xia et al. (52) investigated the Tf receptor–mediated
transcytosis of insulin–transferrin conjugate using Caco-2
cells. Additionally, the oral delivery of insulin–Tf conjugate
was investigated in streptozotocin-induced diabetic rats. The
insulin–Tf conjugate exhibited a sustained hypoglycemic
effect after oral administration in fasted diabetic rats.

Tf-mediated targeted oral delivery of proteins like
insulin, several genes, and anticancer drugs has been reported
extensively by using various nanocarriers. Thus, the use of Tf
in active targeting approach along with liposomes as carriers
may be an effective strategy to enhance the intestinal
transport of the drugs (52,84). However, hardly few reports
are available on the Tf-conjugated liposomes for active
targeted delivery of drugs via the oral route.

M-Cell–Based Targeted Delivery. M cells are specialized
intestinal epithelial cells, mainly located at the FAE lying
over the Peyer’s patches and other lymphoid clusters. M cells
can be easily differentiated from enterocytes due to the
absence of microvilli on the surface. Topographically, M cells
exhibit a microfold on the apical side; hence, they are called
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M cells or microfold cells. M cells have underneath infiltrating
lymphocytes for antigen clearance. This makes an attractive
targeting site for drugs as well as vaccine delivery. M cells
possess high transcytosis potential than enterocytes and
dendritic cells. The M-cell surface expresses many receptors
like β1-integrin, claudin 4, and neonatal Fc receptor, whose
receptors provide an opportunity for targeted delivery of
many therapeutic agents as well as vaccines (85,86).

β1-Integrin–Based Targeted Delivery. Integrins belong to
a family of cell adhesion molecules involved in various ligand-
to-cell communications. There are many types of integrins
throughout the body. Intestinal M cells represent β1-integrin
on the apical side which shows specific binding affinity toward
arginine-glycine-aspartic acid (RGD) motif of many biologi-
cal molecules. After binding with β1-integrin, M cell un-
dergoes receptor-mediated endocytosis of the entire binding
assembly. Many reports suggested that the use of the β1-
integrin targeting strategy may improve the intestinal delivery
of many drugs (34,87,88).

Scientists also have investigated the binding potential of
the RGD peptide to M-cell surface β1-integrin receptor of
the human intestine. They used the human FAE model
derived from Caco-2 cells and Raji B cells. They adopted
the cDNA array to identify the targeting motif and immuno-
fluorescence to study the expression pattern. The study
revealed the existence of RGD binding motif in adequate
density (89).

Ding et al. (90) formulated RGD-modified PEGylated
liposomes loaded with indocyanine green, which is a near-
infrared dye. Covalent conjugation of the RGD peptide was
achieved by using amide linkage with the distal end of DSPE-
PEG2000-NH2 lipid. The study indicated the effective
targeting of RGD-modified liposomes to the integrins;
additionally, PEGylation improved the stability of the lipo-
somes in vivo. This study explored the use of RGD-
conjugated liposomes for the active targeted delivery of drugs
to the intestine.

Claudin 4-Based Targeted Delivery. Claudin 4 is a mem-
ber of the claudin receptor family. It is a transmembrane
receptor located on the M-cell surface and it contributes to the
formation of the tight junction. It has control over the influx of
nutrients, biofactors, and ions (91). Expression of claudin 4 is
reported in mouse as well as human M cells. Claudin 4 receptor
is involved in endocytic mechanism of transport (58).

The specific ligand for claudin is Clostridium perfringens
enterotoxin (CPE), which is a high molecular weight
(35 kDa) single polypeptide. In humans, it is responsible for
illness associated with food poisoning (92). CPE is composed
of two different domains. One is the N-terminal domain
(22 kDa) which is cytotoxic and another is the C-terminal
domain (13 kDa) which is the binding motif. It has been
reported that CPE polypeptide is used as a targeting ligand
for claudin receptors in different types of cancers (93,94).

Lo et al. (58) formulated the CPE–peptide conjugate with
recombinant influenza hemagglutinin (CPE–HA conjugate) by
chemical modification. The conjugate was delivered along with a
cholera toxin as an adjuvant. The results revealed the increased
mucosal M-cell delivery of recombinant influenza hemagglutinin

that was mediated through claudin 4, which further induced the
IgA response more effectively. Thus, the use of CPE peptide as a
ligand for the conjugation with liposomes effectively targeted the
M cells (58).

Fc Receptor–Based Targeted Delivery. Fc receptors or
neonatal Fc receptors have been reported to be present on M
cells to mediate the immunoglobulin transport across the
intestinal barrier. Fc receptors naturally appear in neonates to
transport IgG from mother’s breast milk to neonatal intestine.
The expression of Fc receptors generally diminishes with age
but still appears at certain levels. The use of IgG antibody
fragments or whole IgG antibody as a ligand to target the Fc
receptors has been found to be an effective strategy for active
delivery of drugs or proteins across the mucosal barrier.
Conjugation of the IgG antibody or fragments to the
liposomal surface may provide an additional benefit of
protection to the drugs or proteins (95,96).

CONCLUSION

Delivering the drugs via the oral route is a challenging
task because of involvement of issues and hurdles such as low
permeability and low solubility of the drugs. Nanocarriers
have been considered as one of the best options to overcome
these problems. Among the nanotechnology-based drug
delivery systems, lipidic nanocarriers are more suitable for
oral administration. Active targeting approach involves the
use of ligands that are specific to receptors thereby increasing
the targetability and therapeutic efficacy of the drugs. There
is a scarcity of literature in the area of active targeting of the
drugs and bioactive molecules using lipidic nanocarriers via
the oral route. Hence, this review opens an avenue for the
researchers to explore more in this research area.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
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