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Abstract. Partition coefficient (log P) is a key physicochemical characteristic of lipophilic
drugs which plays a significant role in formulation development for oral administration.
Lipid-based formulation strategies can increase lymphatic transport of these drugs and can
enhance bioavailability many folds. The number of lipophilic drugs in pharmacopoeias and
under discovery are continuously increasing and making the job of the formulation scientist
difficult to develop suitable formulation of these drugs due to potent nature and water
insolubility of these drugs. Recently, many natural and synthetic lipids are appearing in the
market which are helpful in the development of lipid-based formulations of these types of
drugs having enhanced solubility and bioavailability. One such reason for this enhanced
bioavailability is the accessibility of the lymphatic transport as well as avoidance of first-pass
effect. This review discusses the impact of lipophilicity in enhancing the intestinal lymphatic
drug transport thereby reducing first-pass metabolism. The most appropriate strategy for
developing a lipid-based formulation depending upon the degree of lipophilicity has been
critically discussed and provides information on how to develop optimum formulation.
Various formulation strategies are discussed in-depth by classifying lipid-based oral drug
delivery systems with case studies of few marketed formulations with challenges and
opportunities for the future of the formulations.
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INTRODUCTION

The need for a preferred delivery of therapeutics via the
oral routes arises from the fact that this route is patient
friendly and the easiest one for self-administration. However,
the delivery of therapeutics orally is constantly challenged by
the physicochemical properties of drug molecules that display
poor solubility, extreme first-pass metabolism, and instability
in the gastrointestinal tract (GIT). Also, the chances of dose
dumping and inter- and intrasubject variability challenge their
quaint success (1). Of the new molecules discovered or being
invented through drug discovery and screening pathways that
have therapeutic effect, most of them are potent and are
lipophilic in nature (2,3). This hydrophobic nature limits the
dissolution and absorption of the drug and limits the
bioavailability for achieving therapeutic benefits by the oral
route. Research in improving the solubility for drug
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molecules has been addressed by using many techniques such
as physical modifications (micronization/nanonization, nano-
crystal, solid dispersion), chemical modifications (salt forma-
tion or prodrug formation), solubilization (use of wetting
agents, co-solvents or pH adjustment), carrier system ap-
proach (complexation, microemulsion, liposomes), etc. Such
techniques have paved the way for increasing the oral
product portfolio for lipophilic molecules (4.5).

In the past decade, much of the attention is gained in the
research related to the use of lipids and lipophilic excipients
in delivery by the oral route (6,7). This is based on the
empirical findings of their advantageous effects on the
absorption profile of lipophiles following concurrent admin-
istration with lipids and postprandial changes in physico-
chemical and physiological state in the GIT (8,9). This
approach has also been extended to include hydrophilic drugs
for tweaking the solubilization effect in the GIT for achieving
pharmaceutical benefits (10-13).

Lipids play a diverse role in the cellular and developmental
functions of the body as well as a physiological role in the
functioning of cells. They are ubiquitously present in the entire
body and form a part of normal diet in human population (14).
Lipids have also been known to play a diverse role in the
absorption of medications from the GIT. As it is known, in most
of the cases, there are wide alterations in postprandial
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absorption of medications following ingestion of a lipid-rich diet
which significantly alters the bioavailability of the formulations
(15,16). Marking a correlation as to why these lipids are so
important in improving the bioavailability of the molecules is
based on the fact that “like dissolves like.” The use of lipids in
the formulation of dosage form leads to the involvement of the
lymphatic system and activation of enterocyte transport mech-
anisms at the absorption site. Lipids also make the intestinal
environment favorable for solubilization of lipophiles in the
media for their transport through the cellular linings for systemic
availability. Factors that are known to govern this increased
solubilization power due to lipid moieties and superior dissolu-
tion character are related to enhancement in the capacity of
emulsification and rate of dispersion. Various lipid-based drug
delivery systems used include oil emulsions (17), suspensions,
self-micro, nano-emulsifying systems (18,19), and lipid com-
plexes and may also include liposomes to some extent. The use
of liquid lipids such as triglycerides (long or medium chain),
mixed surfactant systems (mixed mono- and diglycerides) or
hydrophilic solvents (20), solid lipids (such as glyceryl
monostearate), etc. are employed in formulation. A detailed
discussion on the physiological, biopharmaceutical, and formu-
lation aspects for these systems is covered in this manuscript
which gives important directions for maximizing therapeutic
benefits of orally administered drugs.

GASTROINTESTINAL LIPID PROCESSING AND
DRUG SOLUBILIZATION

The importance of a lipid-based system for oral delivery lies
in the fact that the formulation will have access to the lymphatics
that has extensive drainage throughout the body, as an
absorption pathway, and will lead to avoidance of first-pass
effect of the portal system and subsequent increase in bioavail-
ability of formulation. Designing a lipid-based system requires
important considerations in choosing the right combination of
lipids, surfactant/solubilizers, and form of the drug (18). An
ideal drug candidate for a lipid-based system will be the one with
high lipophilicity (log P>5) and having adequate solubility in
triglycerides (21). Once a pharmaceutical formulation with the
requisite characteristic is designed, it can be presented in either
solid or liquid dosage form for administration orally. The
foremost step after the administration of a drug orally for it to
be absorbed systemically is their disintegration and dissolution
in the GI milieu. For a poorly water-soluble drug candidate, the
dissolution rate is a rate-limiting step. An important aspect is
thus the rate and extent of absorption of drug molecules across
the GIT that is determined by a balance between the solubility
of the drug and its permeation through the epithelial linings in
the GIT. The lipid-based system will exert an added effect of
presenting the drug at the molecular level, with enhanced
dissolution rate, decreased metabolism, decreased efflux by
transporters, prolongation of residence time in the GIT,
increased permeation across the intestinal wall, and possibility
of lymphatic transport for systemic absorption. A brief descrip-
tion of the fate of lipids is given herein. Following oral ingestion
of a triglyceride-rich lipid formulation along with exogenously
administered dietary triglycerides, it gets acted upon by gastric
lipase enzyme in the GIT, and along with churning action in the
stomach, it gets converted to an emulsion form. This emulsion
form consists of molecular dispersion of fatty acid with the drug
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in dissolved state in its core. Upon reaching the small intestine,
the conversion of triglycerides occurs to the end product
monoglycerides and free fatty acid through a series of conver-
sion processes under the effect of pancreatic lipase and co-lipase
enzymes (22). The presence of this digested form of lipids
stimulates secretion from the gallbladder which leads to the
formation of micellar structures and vesicles of formulation and
lipid fractions such as chylomicrons (23). The absorption of lipid
fractions and solubilized drug is then governed by the equilib-
rium between the dissociated micelles in the intermicellar phase
and micellar phase (24-26). Thus, the use of exogenous lipids
enhances the solubilization power of formulation in the intestine
which is beneficial for its passage to the lymphatics and
avoidance of first-pass metabolism.

Understanding how the lipids in formulation and those
present in food leads to changes in the nature of GI fluids and
subsequent solubilization capacity of the drug in milieu is
important. The solubilization of the drug that occurs is
dependent on the intermolecular forces that are present
among solute molecules when in solid state and is also
determined by the extent of solute-solvent interaction when
present in solution state in media. The three factors that
govern this solubilization power are intrinsic solubility of the
drug in aqueous media, presence of endogenous solubilizing
component (present in food), and amount of exogenous
solubilizing component (present in formulation, e.g., surfac-
tant, co-solvents, efc.). The presence of this solubilizing
components, Le., lipids, in itself leads to the stimulation of
physiological feedback process of the release of bile salts in
the media which further aids in the solubilization process.
Thus, it is of importance to also understand the role of lipids
as excipients in the formulation for favoring these physiolog-
ical changes of enhancing the solubilization potential of the
drug in GI fluid and enhancing the bioavailability of
formulation after postprandial administration. Further, an
important consideration herein is the selection of a solubiliz-
ing species that impacts the drug solubilization capacity in the
media. Generally, long chain fatty acids increase the solubi-
lization capacity to a higher extent than short or medium
chain ones. A detailed explanation of this relationship is
provided elsewhere in the manuscript.

PHYSIOLOGICAL ASPECTS

The influence of the alimentary canal and related digestive
processes on lipid formulations projects opportunities and
auxiliary challenges that will thrust our research to decipher
the process of the gastrointestinal tract for lipid excipients. For
example, certain lipids are well known for restraining drug
metabolism, efflux through p-glycoprotein inhibition, and
intensifying transportation through lymphatic systems by reduc-
ing drug clearance for the hydrophobic drug (27). There are
several physiological factors that affect the absorption of lipid-
based systems from the intestine which finally alters the
bioavailability of the active pharmaceutical ingredients.

Intestinal Lymphatic Drug Transport and Its Importance

Extensive drainage network of the lymphatic system
plays a key role to transport drugs to the systemic circulation.
Specific disease-targeted delivery and avoidance of the first-
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pass metabolism are key benefits of lymphatic systems (28).
Majority of the drug that has been administered orally goes
into systemic circulation via the portal vein (29). However,
the role of lipoproteins for the transport of exogenous
compounds through the intestinal lymph can suggest necessi-
ties of lipid administration for better transport and lipopro-
tein formation (19). Accordingly, lymphatic transport can be
utilized for drug delivery to the systemic circulation.

Ways to Deliver Drug to Lymphatic Systems Through the
Intestinal Route

Lymphatic delivery of drugs primarily occurs in three
ways (Fig. 1). First, the porous wall gets formed due to single
layers and nonfenestrated endothelial cell. Highly gapped and
overlapped structure of these cells allows the macromolecule
to transport through the porous wall by opening their
paracellular route (30,31). Second, Peyer’s patch contributes
to the transport of the drug to lymphatic vessels. Aggregated
or isolated lymphoid follicles incorporated in the structure of
Payer’s patch provide an entry point to the drugs for
lymphatic delivery (32,33). Third, the intestinal walls act as
a primary route for lymphatic transport. Intestinal wall
transport occurs mainly through paracellular gap, cytochrome
P450 reticence, P-glycoprotein gap, and transcellular absorp-
tion. Chylomicrons play a crucial role for the transport of
drugs through the intestinal walls (8).

The Barrier for Transport of Lipids from the Intestine
Through the Lymphatic Systems

Lipid transport through the intestine is limited to
unstirred water layer and brush border membranes. Gener-
ally, the transport of medium and short chain fatty acids
containing lipids is limited to brush border membranes,
whereas the unstirred water layer before brush border plays
an important role in the transport of long chain fatty acid
(34). The transport of lipids from the intestinal route can be
elaborated by unstirred water layer model (Fig. 2).

Unstirred Water Layer Model

An unstirred lipid-water layer acts as a barrier for the
lipid to be absorbed, as the solubility of the lipid in aqueous
media is very low. Unstirred water present just before the
apical membrane separates the enterocyte brush border and
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Fig. 1. Lymphatic delivery of drugs
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bulk fluid phase of the lumen (35). Higher K, value for active
transport and lower value of permeability for passive
transport through the intestine largely depend on the
unstirred water layer (36). An acidic microclimate abutting
to brush border of the lumen forms due to Na*/H* and CI™/
HCO; exchange near the brush border (37). To gain access
through the brush border of the lumen, the solute material
must cross the unstirred water layer.

Enhancing Lymphatic Drug Transport

The transport of drug through the intestines to lymphatic
systems relies on digestion and absorption of lipid (8).
Chylomicron production should be encouraged for lipid
digestion. There are two specific ways to increase the uptake
of the drug to lymphatic systems, namely, formulation
approach and prodrug approach (38). In the prodrug
approach, the physicochemical properties of the drug are
altered with the attachment of the functional group so that it
can be metabolized easily via lymphatic systems (39). Here,
we focus only on formulation approaches to bypass the
intestinal barrier. A small group of the lipid-based formula-
tion can be put to use for favorable uptake by lymphatic
systems.

Role of P-Glycoprotein and Multidrug-Resistant Protein and
CYP3A

P-glycoprotein (P-gp) was first characterized as an ATP-
dependent pump which is responsible for the efflux of
anticancer agents and is the product of MDR1 (multidrug
resistance gene) found in humans (40). It is a polarized pump
which is located near the brush border of the intestines, is
energy dependent, and thus works against concentration
gradient. The numbers of tissues including the liver, rectum,
kidney, bladder, lungs, spleen, pancreas, blood-brain barrier
cells, adrenals with colon, esophagus, stomach, and jejunum
are the sites where P-gp is found and gets involved in orally
delivered drug (41,42). Overlap in specificities for particular
substrates demonstrated the role of CYP3A along with P-gp.
CYP3A is an enzyme responsible for phase 1 drug metabo-
lizing activity. Fifty to 70% of currently administered drugs
are likely to get metabolized through CYP3A enzymes
(43,44). P-gp’s estimated role to alter the characteristic of
the plasma membrane and the role of the metabolizing
activity of CYP3A in the endoplasmic reticulum suggest a
spatial relationship between P-gp and CYP3A. Moreover, P-
gp can act as an inhibitor or inducer for CYP3A, as the
concentration of the administered drug increases inside the
endoplasmic reticulum and it may activate CYP3A for
metabolism.

Nonionic surfactants like Nonidet P-40, Tween 80, and
Triton X-100 reverse the effect of P-gp by inhibiting drug
binding to P-gp at a very low concentrations (45). An increase
in permeability to basolateral from apical is shown by
Pluronic P85 which inhibits P-gp efflux systems (46). Benzyl
alcohol anesthetics also decrease activity of P-gp by mem-
brane fluidization (47). Some common P-gp inhibitors which
show pharmacological effects as well are amiodarone,
felodipine, omeprazole, diltiazem, lansoprazole, cyclosporine,
erythromycin, clarithromycin, colchicines, efc. Dietary lipid in
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Fig. 2. Transport barriers for oral lipid formulation across GIT

feed could modulate levels of cytochrome P450s. Levels of
pulmonary cytochrome P450s were reduced significantly in
Sprague-Dawley rats that were fed 20% of corn oil (48).
Grapefruit juice is a potential inhibitor of CYP3A and also
acts as an activator of P-gp-mediated drug efflux transporter
(49). These results clearly show the impact of P-gp and
CYP3A on the bioavailability of different drug molecules.
Inhibition or activation of one of them can be useful for
rational formulation designing and increasing bioavailability
by higher drug accumulation to selected organs or tissues.

Biopharmaceutical Aspects

Bioavailability enhancement of newer drug substances is
often accomplished by the incorporation of lipids in drug
delivery systems (50). While the empirical solubility-
permeability-based biopharmaceutics classification system
(BCS) is often utilized in the selection of appropriate drug
substances for the development of such lipidic carrier systems,
the use of developability classification system (DCS) in con-
junction with BCS provides a more strategic approach for the
development of such drug candidates into suitable drug
products (51). Recent trends in newer chemical entities (NCE)
indicate favoring compounds belonging to BCS class II (good
permeability and poor solubility) and class IV (poor solubility
and permeability). These newer molecules exhibit superior
potencies and selectivity with regard to drug target sites than
their predecessors but present more challenges to oral delivery.
Their inherent solubility and permeability properties translate
to their poor bioavailability and variable pharmacokinetics
leading to suboptimal efficacies in humans with subsequent
failures in phase III clinical trials (51,52).

Strategies for bioavailability improvement of such com-
pounds would traditionally include solid amorphous

dispersions, drug substance salt formation, and particle size
reduction or use of excipients like lipids for improvement of
dissolution rates with increase in apparent solubility (53,54).
Reports suggest the use of lipid excipients with surfactants as
suitable formulation strategy for addressing solubility and
permeability issues with the advantage of sustaining the drug
in solution state both prior to and after administration
(55,56). In practice, lipid formulations arise from the mixture
of five classes of excipients involving pure triglyceride oils,
mixed glycerides, lipophilic surfactants (HLB <12), hydro-
philic surfactants (HLB >12), and water-soluble co-solvents
(54,55). Pouton and subsequently Savla e al. described the
use of these mixture blends into the development of suitable
lipid-based formulations with the variations in excipient
content and hydrophilicity along with relative abilities of
keeping the drug in solubilized state during the transit
through the gastrointestinal tract (18,51). The transit in
solubilized form is considered essential based on the fact that
poor dissolution of the precipitated drug in the GI tract would
result in variable absorption, bioavailability, and pharmaco-
kinetics leading to suboptimal efficacy (6,55,57). The various
biopharmaceutical considerations for designing suitable li-
pidic drug carriers for the optimal oral delivery of the newer
drugs are mentioned below.

Designing Lipid Formulations

The lipid-based drug delivery systems (LBDDS) include
various oil- and lipid-based preparations like oil solutions,
emulsions, dispersions, micelles, self-emulsifying drug delivery
systems (SEDDS), and self-microemulsifying drug delivery
systems (SMEDDS) (56). The LBDDS present various chal-
lenges to the formulation scientist with respect to their in vivo
drug absorption after the successful oral delivery of the
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therapeutic agents (6,18). Important considerations while de-
signing such formulations to ensure the continued solubility of
the drug in the carrier system would include the physicochemical
properties of the drug, the thermodynamic parameters of the
formulation along with the gastrointestinal physiological param-
eters which such LBDDS shall encounter during its transit
through the GI tract (58,59). Further, the solubilized drug
encapsulated in such formulation matrices is subjected to various
drug release moderations including the change in the solubility
from the solution state in matrix to the emulsion state when
coming in contact with the GI fluids and subsequent formation of
mixed micellar systems after the digestion of the lipid skeleton
(18,51). The lipid formulation classification system based on the
BCS and DCS classification systems classifies lipidic formulation
into four types, with each having distinct formulation character-
istics in terms of the use of excipients, the compounds which may
be incorporated into them, and their fate on the GI fluid
interactions (6,18,51). The biocompatible type I lipid formula-
tions typically include the usage of oils to generate mixed micellar
forms in contact with the digestive fluids and would typically be
used for compounds such as vitamin D analogs and retinoids
whose drug load can be entirely solubilized in the oil matrix. The
type II formulations which include the usage of lipid mixtures
with water-insoluble surfactants tend to form formulations
having self-emulsifying properties (51). Water-soluble surfactants
and co-solvent usage are the highlights of type III lipid
formulations, which also possess aqueous environment-initiated
self-emulsifying properties (59,60). Based on droplet size of the
dispersion formed, they are classified into SEDDS (droplet
size >200 nm) or SMEDDS (droplet size < 200 nm) (57). The last
type of the lipid-based formulation includes the usage of water-
soluble surfactants and co-solvents which are intended to form
fine dispersions in contact with the aqueous environment and
transcending to rapid drug release with absorption (59). How-
ever, care should be taken while considering the precipitation
potential of the poorly water-soluble compounds into the GI tract
on initial contact with GI fluid (40,61).

Correlation of the Physicochemical Properties of the LBDDS
with the Choice of Excipients and Lipolysis

The choice of suitable excipients for the formulation of the
drug molecule into the appropriate LBDDS would encompass
various physical, chemical, and biological considerations in
conjunction with their safety-associated toxicological evalua-
tions (62,63). The physical considerations would include solubi-
lization potential (both in the matrix and on exposure to
external fluids), solvent capacity, droplet size, dispersion char-
acteristics, and hydrophobicity of the active ingredient (61,64).
The chemical characteristics would include the stability of the
formulation on exposure to various external environmental
factors, the excipient drug compatibility, and the purity and the
level of the degradants on exposure to the GI fluids (20,65,66).
The biological parameters would involve digestibility of the
lipidic excipients, interactions with the GI digestion and
absorption modulators, and interactions with efflux transporters
and metabolism regulators such as P-glycoprotein and cyto-
chrome among others (60). Further, the usage of excipients also
necessitates the usage of excipients at levels which have low
toxic potential with major focus on the safety and efficacy in the
patients (63).
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The use of oils including the long chain triglycerides
(LCT) and medium chain triglycerides (MCT) can improve
the solubilization and dissolution profile of the lipophilic
drugs. This is afforded by the generation of the micellar
components encompassing the active ingredient after lipid
digestion by the GI fluids (58). The degree of solubility by
lipolysis mediated by bile components is dependent on the
physical properties of the drug such as log P, molecular
weight of the drugs, and intrinsic permeability properties (67).
Further, this natural lipolysis process enables the uptake of
highly hydrophobic drugs like halofantrine (log P > 6) via the
lymphatic system of absorption (57).

However, the rate-limiting factor to oral bioavailability
while using lipids as oral drug delivery excipients is the
requirement of digestion prior to absorption (65). The lipid
digestion of the triglycerides results in conversion to corre-
sponding mixed glyceride components (mono- and
diglycerides, free fatty acids) (18). However, as compared to
triglycerides, the use of mixed glyceride systems has shown
improved solvent capacity profiles and better bioavailability
associated with better miscibility in GI fluid for low solubility
drugs as evidenced in the case of cyclosporine (54,59,60). The
substitution of corn oil (Sandimmune®) as lipid component
with mono- and diglycerides of corn oil (Neoral®) resulted in
better clinical efficacy of cyclosporine capsules with improved
pharmacokinetic parameters (59).

The self-emulsifying characteristics in the LBDDS are
commonly imparted by the usage of surfactants which tend to
enhance the drug solubility along with minimization of the
formulation dependence on the GI digestion processes (20,57).
The toxicological concerns associated with ionic surfactants
have led to the formulators having restricted use of surfactants
to nonionic class in the LBDDS (68,69). The usage of this drug
solubility enhancement parameter can be evidenced with the
usage of the surfactants in marketed formulations of the
antiretroviral compounds (68). While vitamin E and TPGS
have been used as both solubilizer and permeation enhancers in
amprenavir capsules and tipranavir oral solution, polyoxyl 35
castor oil has been used in ritonavir and ritonavir/lopinavir,
while tipranavir capsules use polyoxyl 35 castor oil as the
surfactant. This surfactant has shown the added potential of
modulation of the bioavailability deregulator P-gp activity on
the apical membrane of the intestine thereby improving
absorption of lipophilic drugs (70). The usage of co-solvents
like propylene glycol and ethanol allows improvement in
solubilization profile and dispersion rate of lipid formulations
(71). However, their usage is often associated with the
preferential rapid portioning into the aqueous phase after
exposure to GI fluids resulting in the chances of drug
precipitation (72). Thus, the work of the formulator would
include the choice of such appropriate excipients which shall
help in maintaining the high drug loads in the solubilized form in
the matrix, on exposure to the GI fluids besides aiding in the
biological processes such as absorption and downregulation of
the drug efflux pumps (73,74).

Hydrophilicity, Melting Point of Drugs, and Potential of
Precipitation

The potential challenges in the development of the
marketable LBDDS as against the conventional oral dosage
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forms include the choice of excipients, maintenance of drug
solubility, in vivo stability and prevention of drug precipita-
tion, along with their scalability to the production scale
(71,74). The choice of formulation excipients for the desired
characteristics would include a balance between the solvent
capacity of the formulation to deliver the required dose and
the resultant fate of these systems on exposure to the variable
environmental conditions of the GI tract (18,51,65). Similar to
formulation development approaches followed in conven-
tional dosage forms, the physicochemical properties like log P
and melting point of the active ingredients play an important
role in formulating the most promising drug products (68).
Reports suggest that log P values equivalent to 2 and those
with high melting points are poor candidates for formulation
into lipid oral carriers which may be preferentially formulated
by size reduction and amorphous formulations (58). Such
drug substances when formulated as lipid carriers may
partition and permeate into the lipid bilayers freely but have
higher chances of drug precipitation in the lumen (18,59,60).
In such cases, the choice of the excipients plays a major role
while deciding on the type of the formulation to be
formulated to ensure that the required dose of the drug may
be made bioavailable with lower dose of the drug (74).

Further, the solubility of the drug molecules measured as
log P plays a major role while deciding the formulation type
and the fate of the LBDDS in the GI tract. Poorly water-
soluble drugs (log P >2) are further subdivided in two classes:
brick dust (nonlipophilic hydrophobic) and grease balls
(lipophilic hydrophobic). LBDDS formulation strategies for
“brick dust” compounds would include the use of the co-
solvents and surfactants to counter lower solubility afforded
by their tight crystal lattices and higher melting points. The
compounds belonging to the second class need solubilization
using oils (51,57).

While highly lipophilic drugs (log P>5) are the most
suitable agents for inclusion into the lipid systems, the
incorporation of the drugs having moderate lipophilic prop-
erties (log P 2-5) needs further evaluation of other param-
eters like aqueous and lipid-based nonaqueous solubility,
melting point, and chemical stability (52). The solubility
profiles of the drugs in both environments play a major role
in the development of formulations as they are correlated
with the preferential partitioning characteristics of the drugs
in the matrix, stability of the formulation in vivo in GI fluids,
prevention of intermittent precipitation of the drug in the GI
tract along with the potential of interactions with surface
receptors associated with the absorption in the human system
(18,67). Further reports suggest that drugs exhibiting physi-
cochemical characters like low aqueous solubility, high
hydrophobicity and high solubility in the lipids are to be
used in the preparation of the formulations (75).

Depending on the potency of the drug, the drug load,
and the solvent capacity, one needs to ascertain the optimal
characteristics of the formulation like dissolution, and ab-
sorption characteristics are preserved for the efficacy of the
drug product (40). Drugs with low potency are preferentially
incorporated into oil-based systems only. Reports suggest that
surfactant and co-solvent-based lipid systems undergo faster
gastric emptying than the pure triglyceride systems. These
emulsion-based systems exhibit rapid absorption rates and
better bioavailability than the conventional forms (18).
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Further, the use of the co-solvents for the solubilization
of the hydrophobic drugs results in the loss of the solvent
capacity of the formulation making them prone to precipita-
tion on exposure to dilution in GI fluids (20,75). In such cases,
the hydrophobicity of the drug becomes the critical factor
determining the degree of reduction of the solvent capacity of
the drug and its subsequent precipitation in the lumen (74).

Chemical Structure and Molecular Weight of the Drugs

The physicochemical properties like the chemical struc-
ture and molecular weight of the active ingredients play an
important role for deciding upon the formulation strategies
(56). One approach to find the suitability of the newer drug
candidates for incorporation into the LBDDS would be to
draw analogies between their chemical structure and the ones
that have existed in the domain of these delivery systems (18).
The multidimensional online tools like ChemMine among
others may be used for such predictions (using various 2D
similarity indices) to predict the probability of the molecule’s
stability in the formulation and upon exposure to the external
in vivo gastric environment (51,68). There are various 2D
similarity and distance indices (Manhattan distance, Euclid-
ean distance, cosine coefficient, Dice coefficient, Tanimoto
coefficient, Soergel distance, substructure similarity, and
superstructure similarity) which help in the quantitative
molecular fingerprinting-based correlation of the newer
molecular structures of new chemical entities with the
molecules belonging to the classes having definite molecular
patterns (76). Usage of ChemMine and other similar
cheminformatics software enables the segregation of the
molecules into distinct classes suitable for the development
of the lipidic systems (63). This segregation of the molecules
into the various classes of chemical structure based on their
similarity indices would not only enable the formulation
scientist to have an empirical idea about the similarity of the
newer molecules with various classes of compounds previ-
ously encapsulated in lipid systems (which include vitamin D
analogs, retinoids, and protease inhibitors) but also present
them with suitable insights about the various LBDDS
formulation strategies. The structural similarity coefficient
(Tanimoto values) nearer to 1 with any of the classes of the
drugs may be predictive of the better chances of the
development of oral lipid formulation (20).

Molecular weight as a biopharmaceutical parameter
plays an important role in deciding upon the choice of the
components for the lipid-based systems (66). Although a wide
molecular range of drugs (valproic acid 144 Da to cyclospor-
ine 1202.64 Da) have been incorporated in the LBDDS
marketed formulations, active ingredients with molecular
weight higher than 500 Da are generally preferred for these
formulations (67). These high molecular weight drugs would
include protease inhibitors, cyclosporine A, dutasteride,
nintedanib, and sirolimus among others (51,68).

Significance of the Particle Size of the Lipid-Based Systems

The emulsion droplet size plays a very important role in the
future fate of the formulations. Reports suggest that the
absorption rates of the drug cyclosporin A were higher when
administered using emulsion with smaller droplet size (from the



Lipid-Based Oral Formulations

marketed formulations—Neoral and Sandimmune) (60). The
impact of the finer particle size may be attributed to their higher
susceptibility to lipolysis and solubilization by bile components
to form the mixed micelles which holds true for the systems
having only oil components (61). The incorporation of the co-
solvents and the surfactants in the emulsion systems reduces
their susceptibility to lipolysis (63). In such lipid-based forms,
the particle size generated during the initial emulsification
process becomes the limiting factor for the absorption and
bioavailability of these formulations (64). Generally, it is
assumed that the finer the particle size, the better shall be the
lipolysis-mediated solubilization of the drug containing formu-
lation and the greater the bioavailability (70).

FORMULATION ASPECTS

Lipophilic drugs in lipid-based oral solid dosage forms
often invite the problem of low bioavailability. Many factors
are accountable for this reason, but poor absorption due to
slow and/or inadequate drug dissolution in the gastrointesti-
nal tract lumen is the main culprit specifically. The enhance-
ment in drug solubilization rate and/or extent into aqueous
intestinal fluids may improve the bioavailability in this case.
The lipophilic drug must dissolve in the liquid vehicle to
accomplish a formulation, and the drug may get precipitated
as fine suspension or form a liquid dispersion after dilution of
the liquid vehicle surrounding the physiological fluid of the
gastrointestinal tract. The precipitation risk of a drug may be
minimized by the selection of optimum liquid vehicle
composition. Different varieties of vehicles can be utilized to
formulate a lipidic carrier and administered as oral solid
dosage form like oral liquids, soft gelatin capsules, hard
gelatin capsules, and tablets (77).

The use of formulations made up of natural lipids along
with surfactants, co-surfactants, and co-solvents has increased in
the past few years. The two main reasons as listed are the driving
force to formulate more complex systems. First, water-insoluble
drugs have very low solubility in triglyceride lipids, thus resulting
into limited drug loading capacity of oral solutions. Second,
bioavailability gets enhanced after self-emulsification in contact
with gastrointestinal fluids to provide very fine particle size in
case of highly dispersed formulations. It is not of much
significance whether lipidic formulation is introduced in solid
or liquid form; indeed, the aim should be to determine whether
drug precipitation is prevented or not after formulation comes in
contact with the gastrointestinal environment (78).

Selection of a Suitable Drug Candidate

BCS II drugs have less absorption due to poor aqueous
solubility and reduced dissolution rate. However, these drugs
present no issue in their permeability capacity across the
intestinal membrane. Lipid-based oral formulations should be
formulated when current formulation strategies like size
reduction, salt form, surfactant addition, solid dispersion,
etc. have failed. Many water-insoluble drugs are hydrophobic
but not sufficiently lipophilic enough to be the ideal candidate
for lipid-based oral formulation (79). There are mainly three
criteria which need to be fulfilled for being selected a drug
candidate in this system. First, the drug should be highly
lipophilic, i.e., log P value greater than 5. Second, there
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should be a minimum solubility of 50 mg/g of long chain
triglyceride lipids, and third, there should be significant
differences in strong, positive food effect in case of co-
administration of the drug with a fatty meal (20).

Excipient Selection and Classification

Lipids can be classified into categories according to Fig. 3
based upon their chemical composition. Table I depicts the
percentage distribution of fatty acids in soya lecithin phos-
pholipids (28,77). As drug absorption is influenced by lipids to
a large extent, it is necessary to know the characteristics of
lipids for lipid-based oral formulations (80). Solvent miscibil-
ity, solvent capacity, self-dispersibility of the formulation,
digestibility and fate of digested products, physical form at
room temperature, capsule shell compatibility, purity, chem-
ical stability, irritancy, and toxicity are the main factors which
govern the selection of lipid-based excipients in this type of
formulation (17,80). The lists of excipients for these formu-
lations are given in detail and different fatty acids are
classified according to Table 1I. LCT, MCT, surfactants, and
co-solvents are selected very often. Many lipids have hydro-
phobic and hydrophilic portion in their structure which
ultimately decides the fate of the formulation in the
gastrointestinal tract. Toxicity is an important issue which
directly affects the selection of the surfactant. Biological
membranes may be penetrated and fluidized by water-
insoluble surfactants, and membrane components may be
solubilized by water-soluble surfactants. Toxicity of cationic
surfactant on biological membrane is more than anionic and
nonionic surfactants. Several marketed products have been
successfully formulated using nonionic surfactants (53). As
nonionic surfactants have LDsq values of 50 and 5 g/kg for the
oral and IV routes, respectively, levels up to 1 g surfactant can
be easily tolerated in oral formulations (81,82). The Inactive
Ingredients Guide (IIG) from the USFDA'’s Center for Drug
Evaluation and Research database comes handy for deter-
mining the maximum amount of excipient that can be given
by a particular route of administration for a dosage form (61).
Table III describes the excipients used in commercial lipid-
based oral formulations (83).

Regulatory Status of Lipid Excipients

Traditionally, excipients have been considered to be
pharmacologically inert substances having no interactions
with the active pharmaceutical ingredient (84). However,
with the advent of novel pharmaceutical excipients, the
probability of interactions with the drug substance (enhance-
ment or decrement of activity), container closure system, and
various biological systems have increased quite a few folds.
Such novel excipients may be possessing certain toxicological
and irritation potentials which may affect the safety of the
human patients (84,85). The United States drug regulatory
agency, Food and Drug Administration (US-FDA), has
published a list of safe excipients in the Code of Federal
Regulations (CFR) which has sufficient clinical evidence of
being generally regarded as safe (GRAS) excipients (84).
Further, as mentioned above, the agency maintains a guiding
list of excipients under the name of IIG which has been
previously used in approved marketed drug products and has
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substantial toxicological data (86). This list offers qualitative
(pharmacopoeial and nonpharmacopoeial approved agents)
and quantitative (maximal permissible dose) guidance to the
usage of the various classes of inactive ingredients based on
the route of administration or the dosage form for each
excipient (76,86). The list provides a comprehensive account
to aid in the development of the drug product intended to be
administered through various routes (86,87). The review of
the usage of the excipients in newer drug development
process depends entirely on whether it has been previously
used in any approved formulation through the specified route
of administration. In such cases, usage of the inactive
ingredient in the new drug formulations is permitted at a
potency equivalent to that used in the approved safe
formulation for use in humans, provided the excipient is used
in the same physicochemical state (salt, polymorph,
hydrophobic-hydrophilic nature, etc.) and given through the
same route of administration (88). However, in case of newer
ingredients like modified lipids, oils, efc., the sponsor needs to
ascertain the preclinical and clinical safety of the usage of the
same prior to usage in any drug product. The studies to be
performed have been illustrated in great detail by the United
States Pharmacopoeia under chapter <1074> Excipient Bio-
logical Safety Evaluation Guidelines (guidance on conducting
a safety assessment of a novel excipient) and by Center for
Drug Evaluation and Research, Center for Biologics

Table I. Percentage by Weight of Fatty Acids in Soya Bean Lecithin
Phospholipids

Fatty acids PC (%) PE (%) PI (%) PA (%)
Stearic acid 20.5 31.6 47.7 34.0
Palmitic acid 55 32 8.2 8.1
Oleic acid 10.5 8.7 4.9 11.9
Linoleic acid 58.8 53.2 36.2 44.7
Linolenic acid 4.6 3.2 2.8 1.3

PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI: phos-
phatidylinositol, PA: phosphatidic acid

Evaluation and Research (CDER, CBER-USFDA) under
the Guidance for Industry: Nonclinical studies for the safety
evaluation of pharmaceutical excipients in conjunction with
the International Conference on Harmonization safety guide-
line 7A (ICH S7A) titled Safety Pharmacology studies for
Human Pharmaceuticals (89). The USFDA guidance docu-
ment gives a detailed overview of the different requirements
of toxicological evaluation that may be necessary for deeming
the inactive ingredient to be safe for usage in any human
prescription medicines along with the various possible testing
strategies that the inactive ingredient manufacturer needs to
ascertain based on the duration of the usage of the drug
product (short term, intermediate, and long term). This
guidance details the need of scientific toxicological study-
based risk assessment of usage of newer excipients in human
drug formulations along with the establishment of maximal
permissible safety limits (90,91). It is to be noted that in many
cases the presence of clinical safety data of similar class of
excipients may suffice for the preclinical studies. Further,
usage of the excipient for drug delivery through a different
route of administration than that present in the IIG database

Table II. Different Fatty Acids Found in Lipids and Their T,

Fatty acid chain length Common name Melting temperature

(number of carbons) T (°C)
8 Caprylic acid 16.5
10 Capric acid 31.6
12 Lauric acid 44.8
14 Myristic acid 54.4
16 Palmitic acid 62.9
18 Linoleic acid -5.0
18 Oleic acid 16.0
18 Ricinoleic acid 6.0
18 Stearic acid 70.1
18 v-Linoleic acid -11.0
20 Arachidic acid 76.1
22 Behenic acid 80.0
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Table III. Lipid Excipients Used in Commercially Available Lipid-Based Oral Formulation

Water-insoluble excipient Triglycerides

Surfactant

Beeswax
Oleic acid
Soy fatty acid

Long chain triglyceride
Hydrogenated soybean oil
Hydrogenated vegetable oil

D-a-tocopherol (vitamin E) Corn oil
Corn oil mono-di-triglycerides Olive oil
Medium chain (C8/C10) Soya bean oil
mono- and diglycerides Peanut oil
Propylene glycol esters of fatty acids Sesame oil

Medium chain triglycerides

Caprylic/capric triglyceride derived
from coconut oil or palm seed oil

Polysorbate 20 (Tween 20)

Polysorbate 80 (Tween 80)

Sorbitan monolaurate (Span 20)

D-a-Tocopheryl PEG 1000 succinate (TPGS)

Glyceryl monooleate

Polyoxyl 40 hydrogenated castor oil (Cremophor RH 40)
Polyoxyl 60 hydrogenated castor oil (Cremophor RH 60)
PEG 300 oleic glycerides (Labrafil® M-1944CS)

PEG 300 linoleic glycerides (Labrafil® m-2125CS)

PEG 400 caprylic glycerides (Labrasol®)

PEG 1500 lauric glycerides (Gelucire® 44/14)

may not necessitate the need of carrying all the toxicological
evaluations (84,85,88,89).

In case of the lipid-based dosage forms, the abovementioned
quality and safety issues would be of primary concern prior to its
approval for usage into drug formulations. It is to be noted that
the USFDA does not necessitate the individual safety evaluation
of the excipients (90). Scientifically, this is a more appropriate
and regulatory approach as inactive ingredients as an integral
part of formulations may behave in a different pattern with
regard to safety and efficacy concerns as against the neat
excipients (84,89). This approach is of particular importance in
lipid- and oil-based systems due to their varied physicochemical
properties and significant potential of interactions with other
components of the drug formulation (85). The typical studies for
acceptability of newer lipids/oils to the drug regulators would
include drug stability studies, toxicological evaluations, immuno-
logical reaction studies, effects on the drug release, and their
mechanism along with evaluation of the effect of the biophar-
maceutical factors and safety assessment (85,88). In addition, the
mechanistic molecular evaluation and assessment of the possible
interactions of the newer lipids with the other excipients, drug
substance, and the physiological environment becomes an
important parameter when the oral route of administration is
intended (84,91).

Further, lipids may be classified as follows:

Vegetable oils/triglycerides

Vegetable oils are digested and absorbed completely so
they are safe to use. LCT, MCT, and short chain triglycerides
(SCT) are the main triglycerides in which the ester group
concentration decides solvent capacity. The solvent capacity of
MCT is higher than that of LCT and is less prone to oxidation.
Oils from different vegetable sources have different proportions
of each fat. D-a-tocopheryl PEG 1000 succinate (TPGS) is
derived from vegetable tocopherols which is water soluble and
an absorption enhancer and is responsible for increment in
bioavailability for many water-insoluble drugs (28). Table IV
enlists the name of vegetable oils and animal oils/fats included in
different pharmacopoeias, respectively.

Mixed glycerides and polar oils

When vegetable oil is partially hydrogenated, monoglyc-
erides, diglycerides, and triglycerides like mixed species are

produced. Span 85, oleic acid, etc. are used in commercial
products (92). They are added in type II or IIT lipid
formulation system. High lipid loads are necessary for drug
solubilization in formulation containing MCT, and solubiliza-
tion is reduced in response to reduction in mass of
exogeneous lipids; moreover, surfactant digestion may lead
to a decrease in solubilization capacity, whereas effective drug
solubilization may take place even at low lipid concentrations.
Due to luminal digestion of lipids, drug precipitation may
occur in MCT type of lipid-based formulations (78).

Water-insoluble surfactants

Lipid excipients having intermediate hydrophilic-lipophilic
balance (HLB of 8-12) are adsorbed at the oil-water interface.
Their water solubility is dependent on the degree of
ethoxylation. If shear is applied, then they produce emulsion
and may be termed as dispersible. They do not self-emulsify due
to lack of hydrophilicity. Oleate esters such as polyoxyethylene
sorbitan trioleate (Tween 85) and polyoxyethylene glyceryl
trioleate (Tagot-TO) are examples of this class of surfactants
(93,94). These excipients are used in type III formulation.

Water-soluble surfactant

They are used in self-emulsifying drug delivery (SEDDS or
SMEDDS) having an HLB value greater than 12 and form
micelles in water above their critical micellar concentration
(95,96). They are produced by mixing polyethylene glycols
(PEG) with hydrolyzed vegetable oils. Cremophor RH 40 and
RH 60 (ethoxylated hydrogenated castor oil) are produced from
hydrogenation of vegetable oils. Cremophor inhibits the efflux
pump thereby enhancing the absorption of the drug (97). It
penetrates into the membrane, gets adsorbed, and interacts with
intramolecular domains of efflux pump thereby imposing
nonspecific conformational change (98).

Co-solvents

Most marketed products use co-solvents like propylene
glycol, ethanol, glycerol, and PEG 400 in order to enhance the
solubilization process (54). They help in the dispersion system
and increase the solvent capacity of formulation (53). However,
the incompatibility of solvents with capsule shells, immiscibility
of some co-solvents with oils, and precipitation of the drug due
to loss of solvent capacity are few disadvantages associated with
them (99).
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Table IV. Different Vegetable Oils and Animal Fats/Oils and Their Pharmacopoeial Status

NAME Biological source Europe USA Japan

Vegetable oils
Almond oil Prunus dulcis v X X
Arachidonic oil (peanut oil) Arachis hypogea v X N
Castor oil Ricinus communis v N N
Coconut oil Cocos nucifera v X N
Cottonseed oil Gossypium hirsutun J J X
Maize oil (corn oil) Zea mays v N N
Olive oil Olea europaea J J N
Rapeseed oil Brassica napus, Brassica campestris v X N
Safflower oil Canthamus tinctorius X J X
Sesame oil Sesamum indicum N N N
Soya bean oil Glycine soja, Glycine max J X v
Sunflower oil Helianthus annus v X X

Animal fats and oils
Beef tallow Bos taurus domesticus X X N
Cod liver oil Gadus marhua; Gadidae v X N
Fish oil Engualidae, Carangidae, Clupeidae, Osmeridae v X v
Hard fats Adeps solidus v X X
Omega-3-acid triglycerides Engaulidae, Carangidae, Clupeidae v X X
Shark liver oil Somnisosus microcephalus, Lamna nasus X v X

Y = monograph available in pharmacopoeia; X = monograph not available in pharmacopoeia

Additives

Varieties of lipid-soluble antioxidants such as o-tocoph-
erol, propyl gallate, p-carotene, butylated hydroxyl toluene
(BHT), or butylated hydroxyanisole (BHA) can be used to
prevent oxidation of the drug (17) and are added as additives
in the formulations.

Lipid Formulation Classification

The main aim of the lipid formulation classification
system is to simplify the task of the formulator to select the
most suitable type of formulation with respect to the
physicochemical property of drug. Most of the marketed
formulations belong to type III which is further classified into
IITA (predominantly oils) and IIIB (predominantly water
soluble). Table V describes the classification of lipid-based
oral formulations (78,79).

Key Formulation Parameters
There are few key principles which ultimately govern the

choice of formulation component that affects the perfor-
mance of lipid-based formulations (79).

Solvent Capacity
Dispersible, nondispersible, or self-emulsified molecular-

dispersed formulations are preferred irrespective of solid or
liquid filled into hard and soft gelatin capsules.

Lipid Polymorphism

Amphiphilic molecules can self-assemble themselves
upon dispersion in water and exist in varieties of shapes and

structures due to polymorphic phase behavior. Lipids are
amphiphilic and play a functional role in biomembranes.
They provide basic permeability barrier, structures for fusion
and membrane permeation-related phenomenon, and shapes
for bilayer organization (100). The lipid polymorphism is very
well understood by molecular shape theory. Figure 4 de-
scribes the phenomenon of lipid polymorphism, which gives
an idea of the geometry of the lipids that gives rise to
different structures (101).

Impurity Profiling

The presence of minute quantities of residual fatty acid
or residual solvent is important in lipid formulations. It is also
important to determine which type of surfactants is used.

Solid-State Characteristics

Drug dissolution rate and crystallinity are highly influ-
enced by interconversion of one physical form to another
which leads to storage stability concerns.

Maintenance of Drug Solubilization on Dispersion and
Digestion

After coming in contact with endogenous solubilizing
components like bile salts and phospholipids, the formulation
must retain the drug in a solubilized state. The risk of drug
precipitation is higher in case the excipient is water insoluble
or water immiscible to maintain drug solubilization capacity
after dilution. The kinetic of drug precipitation is a key factor
in all events to support drug absorption. Gastric lipase and
co-lipase act at the lipid surface to digest glycerides and other
excipients with lipid-based groups. In the presence of
endogenous components, the capacity of exogeneous
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Table V. Different Types of Lipid-Based Oral Formulations

Type

Characteristics

Type IV

Type III B (microemulsion)

Type I (fine emulsion)

Type 11

Type 1

Oils, surfactants, co-solvents Oils, surfactants, co-solvents Water-soluble surfactants

Oils and water-insoluble surfactants

Oils without surfactants

Components

and co-solvents (no oils)

(both water-insoluble and
water-soluble excipients)

SEDDS/SMEDDS formed

(both water-insoluble and
water-soluble excipients)
SEDDS/SMEDDS formed with

Disperses typically

Emulsion (SEDDS) formed

Nondispersing

Formulation

with water-soluble components

and low oil content
Digestion may not be necessary

Clear dispersion

water-soluble components

without water-soluble components

Limited digestion

Digestion may not be necessary

Will be digested

Requires digestion

Digestion

Good solvent capacity

Clear dispersion, drug absorption

Excellent solvent capacity on

GRAS status, compatible

Advantages

without digestion
Chances of loss of solvent

dispersion
Turbid o/w dispersion

with capsule shell
Drug must have log P>5,

Toxicity issues

Chances of loss of solvent

Disadvantages

capacity on dispersion

capacity on dispersion

i.e., highly lipophilic
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components to solubilize the drug may be increased or
decreased. The long chain triglycerides are less prone to loss
of solubilization capacity for highly lipophilic drugs. Lipid
digestion in vitro models are key tools to determine the effect
of digestion on drug solubilization (20).

Lymphatic Transport Stimulation

Long chain lipid-containing formulation may enhance
the intrinsic capacity of lymphatic transport, i.e., the amount
or dose of the drug that will preferentially go into systemic
circulation via the lymph over hepatic portal vein thereby
reducing first-pass hepatic metabolism.

Lipid-Based Oral Formulations

A lipid-based formulation triggers the production of
chylomicrons, which help in the loading and solubilization of
lipid and promote absorption into the lymphatic systems
(102). Nanocarriers have distinct features like size and
lipophilicity which can be used to target any specific tissue
or organ. Here are some of the formulations which can be
used for oral delivery of lipid-based formulations to target
lymphatic systems. The lipid-based oral formulations may be
selected according to formulation objectives. HLB values of
excipients, lipophilicity, solvent capacity, dispersion-
dissolution characteristics, stability, compatibility, in vitro lipid
digestion model, and appropriate animal models are few
important checkpoints to design and formulate these formu-
lations and they are classified according to the sections that
follow.

Solid Lipid Nanoparticles

Activation of chylomicron production is stimulated by
the core of the lipid present in solid lipid nanoparticles. The
increase in chylomicron production increases the absorption
of the drug through the intestine to lymphatic systems via
transcellular mechanism (103). Radioactive isotope contain-
ing SLN after administration shows transport by lymphatic
systems rather than by systemic circulation. However, the
uptake of SLN by lymphatic systems is mainly due to
blockage of lymph to blood transport of SLN. So from this
study, the lymphatic target of the drug might be possible with
the help of SLN formulation which can bypass hepatic
metabolism (104). Solid lipid nanoparticles loaded with
methotrexate show increase in bioavailability up to 10 times
due to lymphatic uptake of methotrexate, hence an increase
in systemic circulation (105). Lipid is not the only affected
parameter for bioavailability of the drug through SLN but the
charge of the lipid also affect a lot as the SLN formulated
from positively charged lipid gives improvement in bioavail-
ability of nitrendipine from 3.21- to 5.35-fold compared to
negatively charged lipid (106). The oral lymphatic system is a
focal point for antiretroviral therapy nowadays. Efavirenz
SLN containing long chain triglycerides gives promising
results for increased bioavailability. The increase in bioavail-
ability affirms that it bypasses portal circulation, and the
spleen has the highest concentration of Efavirenz as part of
lymphatic systems (107).
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From these examples, we can say that solid lipid
nanoparticles can be as useful compared to other systems
for increasing bioavailability of the lipophilic drug to lym-
phatic targeting. Moreover, SLN shows a potential increase in
stability of acid labile drug and volatile substance with
increase in bioavailability and even used for controlled
release of drugs. As the drug gets targeted to lymphatic
systems rather than systemic circulation, the toxicity of drugs
can be altered with the help of SLNs.

Nanostructured Lipid Carrier

An unsaturated mixture of solid lipid and liquid lipids as
oil phase and surfactant containing aqueous phase are used
for the preparation of nanostructured lipid carriers (NLCs).
Long chain lipids like glyceryl monostearate and Labrafil WL
were used to formulate NLCs of tamoxifen to target intestinal
lymphatic systems for anticancer efficacy. When confirmed
against the MCF-7 cell line for activity, a study suggests a
relatively improved action of tamoxifen compared to free
drug suspension (108). NLCs of etoposide formulated using
soya bean oil and monostearin give promising results for
lymphatic targeting by the oral route. A pharmacokinetic
study demonstrated an increase in bioavailability up to 3.6
times when compared to drug solution (109). Likewise, NLCs
of simvastatin and lovastatin also give prominent results for
bioavailability enhancement and lymphatic system targeting.
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So NLC can be a potential approach to bypass first-pass
metabolism and reduce the affinity of the P-gp efflux
transporters along with lymphatic targeting.

Emulsions

Two or more immiscible phases mixed together with a
third component like an emulsifier or surfactant to form a
stable formulation is called emulsion. Types of emulsion can
be defined by the nature of the continuous phase and disperse
phase. It can be oil in water or water in oil. Penclomedine has
a lymphatic transport of only 3% regardless of its higher P
value (5.48) and high lipid solubility (175 mg/ml) (110). Due
to stronger affinity of penclomedine to blood plasma proteins
and red blood cells, it may compete with chylomicrons for
lymphatic delivery. When emulsion of penclomedine with
soya bean oil is prepared, it increases the partition coefficient
of penclomedine; thus, it can prevent binding to plasma
protein and increase lymphatic transport. For the effect of
systemic blood levels of a drug emulsion, a formulation of
ontazolast, a potent LTB4 inhibitor, was tested on rat.
Emulsion prepared with 20% soya bean oil and other three
lipids showed an increase in bioavailability and lymphatic
transport compared to suspension almost 9 times (19).
Prolong gastric emptying time and rapid absorption due to
concurrent triglyceride transport favored directly the amount
of ontazolast transport by lymph.
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Self-Micro/Emulsifying Drug Delivery Systems

SEDDS monopolize peerless ability in improving oral
bioavailability of highly lipophilic drugs. By definition, self-
emulsifying drug delivery systems are isotropic mixtures of
oils (natural or synthetic), surfactant (liquid or solid) with one
or more hydrophilic solvents with co-solvent or liquid
surfactant (111). Soft gelatin capsules or hard gelatin capsules
can be used to deliver SEDDS orally and upon administra-
tion, due to dilution and gentle agitation of GI fluids, and it
forms a very fine emulsion (o/w). SMEDDS of silymarin was
formulated to increase its bioavailability and rate of release.
SMEDDS were developed using GMO as oil phase due to the
highest solubility of silymarin in GMO. The release rate of
silymarin increased up to 2.5 times and bioavailability
increased 36% higher than the reference capsule formulation
(112). SEDDS of halofantrine is formulated using two
different lipids 1,3-dioctanoyl-2-linoleyl-sn-glycerol (C8:0-
C18:2-C8:0) (MLM) and 1,3-dilinoyl-2-octanoyl-sn-glycerol
(C18:2-C8:0-C18:2) (LML) and Cremophor EL as surfactant.
An optimized formulation of halofantrine promised a total
bioavailability of 74.9% which was higher than any other
formulations of halofantrine (113). Likewise, SMEDDS of
raloxifene and vinpocetine gave prominent results in increas-
ing bioavailability compared to oral suspension. The increase
in bioavailability of raloxifene SMEDDS mainly was due to
increased penetration ability through SMEDDS (114). En-
hanced lymphatic transport, efficient release profile, and
improved penetration are the key factors for increasing
bioavailability of vinpocetine (115). These results suggest that
S(M)EDDS play a key role for oral delivery of highly
lipophilic drug and lymphatic targeting.

Liposomes

Liposomes are nanosized vesicles with an aqueous core
surrounded by a biodegradable lipid bilayer structure (116).
For poorly water-soluble drugs, liposomal systems were
evaluated previously. Proliposomes with negatively charged
lipid containing cefotaxime were evaluated for pharmacoki-
netic study, wherein the bioavailability of cefotaxime in-
creased 2.7 and 2.3 times compared to the aqueous solution
and the physical mixture of drug and lipid, respectively (117).
This comparative study shows the role of liposomes in
increasing bioavailability. Oral delivery of RNA and DNA
is challenging even today. Liposomal formulation containing
plasmid DNA pRc/CMV HBS encoding the S (small) region
of hepatitis B surface antigen (HBsAg) might be helpful to
solve this challenge. As liposomes composed of different
lipids like phosphatidyl-choline (PC), 1,2-dioleoyl-3-
(trimethylammonium propane (DOTAP), dioleoyl phospha-
tidylethanolamine (DOPE), and distearoyl phosphatidylcho-
line (DSPC) gave higher entrapment efficiency around 89—
93% and showed resistance to displacement against sodium
dodecyl sulfate which is anionic surfactant (118). Although
liposomes might be used for lymphatic transport, they are not
able to withstand bile salt digestion, and to overcome this
problem concept of surface, modified liposomes with PEG
are introduced. The surface PEG may produce a stearic
barrier which will help to inhibit plasma-protein adsorption or
opsonization. Steric coating also helps in electrophoretic
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mobility. Reduced affinity of sterically stabilized liposomes
against mononuclear phagocyte systems can avoid its detec-
tion for uptake. Improved stability to GI environment was
noted to a surface-modified PEG-liposomes containing re-
combinant human epidermal growth factor (thEGF). These
liposomes are useful carriers for intestinal lymphatic delivery
of drugs and area under the curve for concentration increased
up to 1.7- and 2.5-fold (119). These results show the
effectiveness of liposomes to deliver therapeutic molecule to
lymphatic systems.

Oily Liquids

Highly lipophilic drugs are soluble in oils only, e.g.,
steroids. The high quantity of oil required to dissolve the unit
dose of the drug limits the use of this class of drug.
Fractionated coconut oil and castor oil were used to
formulate oily solution of bupivacaine-free base (120).

Mixed Micelles

They are formed above the critical micelle concentration
(CMQ) of lipids having more than one molecular species with
a disc-like structure similar to a lipid bilayer. Paclitaxel was
formulated with mixed micelles of PEG 2000—distearoyl
phosphatidylethanolamine (DSPE) and vitamin E TPGS, and
increased antitumor activity was obtained (121).

Conversion of Liquid-Lipid Components into Solids

Both liquids and solids can be administered through the
oral route, but stability issues in liquids and semisolids are
more than solids so liquid-lipid components may be converted
into solids and filled into hard gelatin capsules or formulated
as tablet. Spray congealing (122), spray drying (123), adsorp-
tion onto the solid carrier, melt granulation (124), and
supercritical fluid-based method (125) may be utilized for
conversion of liquid lipids into solids. Lyophilization is the
most promising approach to enhance the stability of a lipid-
based drug delivery system which in turn increases the shelf
life of the delivery system. The water replacement model and
the vitrification model are the two main hypothesis which
explains the lyoprotective mechanism. The excess water
contained in bilayers of liposomes represents loose state
which remains in compacted state during freezing, and
packing defects arise in the absence of lyoprotectant during
the drying stage which is responsible for the leakiness of the
lipid bilayer system. Lyoprotectant steadily substitutes the
water molecules and also maintains the head group distance
with phospholipids head groups. They also decrease the van
der Waals interactions among phospholipid acyl chains in dry
state which leads to reduction in T}, (gel to liquid crystalline
phase transition temperature) so rehydration of freeze-dried
cake takes place in an efficient manner. The gel-to-liquid
crystalline phase transition temperature (7,,), encapsulated
solute (drug) retention (ESR), and glass transition tempera-
ture (7,) are the prime parameters to evaluate the perfor-
mance of this process. Thus, a lyoprotective effect can be
achieved more efficiently by optimizing the freeze drying
protocol which decreases the freezing damage and enhances
the morphology of freeze dried material (126).
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The limited successful commercialization of lipid-based
formulations like self-emulsifying formulations, emulsion,
suspension, efc. leads to the development of a solid-state
lipid-based drug delivery system in which liquid lipid formu-
lation is absorbed onto an inert solid carrier material. The
drug release modulation and control of lipase activity as well
as lipid digestion are the key parameters to be optimized. The
formulation should have good redispersibility, high lipid
loading efficiency, and optimum flowability and mechanical
strength for tablet compression. The solid-state lipid-based
formulations are classified into SLH (silica-lipid hybrid
nanoparticles), dry emulsions, and solid self (nano)-emulsify-
ing drug delivery system. Silicon dioxide, magnesium stearate,
polyvinyl alcohol (PVA), efc. are used traditionally as solid
carriers. Mesoporous carbon, montmorillonite, layered dou-
ble hydroxides, and porous starch are novel adsorbents used
in this system (127).

CHARACTERIZATION OF LIPID SYSTEMS

Lipid-based oral formulations may be characterized by
the tests in the sections that follow.

Physicochemical Study

Crystallization temperature, glass transition, melting
point, and determination of solid fat content of the excipient
may be examined using differential scanning calorimetry
(DSC). Hot stage microscopy can be used to judge the
organization of the lipid during heating or cooling, and X-ray
diffraction (XRD) can be utilized to determine the crystallin-
ity of a lipid excipient. The fatty acid distribution profiles may
be identified by high performance-liquid chromatography
(HPLC) and gas chromatography (GC). The saponification
value tells the molecular weight of fatty acids. An iodine-
based assay gives an indication of saturation of hydrocarbon
chains (7).

Dissolution Testing and Dispersion Study

A conventional USP dissolution tester is recommended
by the USFDA, but it does not match the in vivo resemblance
of lipid-based formulations. Gastric and pancreatic lipases are
present in the GIT which alter the emulsification, dispersion,
and solubilization capacity in vivo; hence, digestibility of the
formulation should be checked. Therefore, to evaluate such
effects, dissolution testing in biorelevant media can be useful.
Self-emulsifying formulation effectiveness can be judged by
dispersion testing, i.e., emulsification capacity and particle size
which may be done by visual observation and photon
correlation spectroscopy (PCS), respectively (28).

In Vitro Study

In vitro studies can be designed and performed according
to preliminary guidelines for formulation development and
drug release. These studies also serve the purpose of piloting
studies for vivo evaluation for proof of the concept. Lipid
digestion models may be utilized to assess the performance of
lipid-based oral formulation according to Fig. 5 (78). A model
intestinal fluid containing a digestion buffer, phospholipids,
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and bile salts are added in temperature-controlled (37 °C)
vessels in which lipid-based formulations are added with the
addition of pancreatic lipase and co-lipase to initiate lipid
digestion. Fatty acid (FA) is liberated by digestion of lipids
which causes a drop in pH which is computed by a pH
electrode thermocouple attached to a pH-stat meter control-
ler and burette, which titrates the liberated FA by addition of
NaOH. It quantifies digestion potential indirectly by measur-
ing rate of addition of NaOH. The samples are processed for
ultracentrifugation to isolate a poorly dispersed oil phase,
well-dispersed aqueous phase, and a precipitated pellet
phase. The aqueous phase is quantified for drug amount
which does not precipitate thereby giving a prediction of
tendency of formulation with respect to in vivo precipitation
and its behavior. It gives a mechanistic approach to justify
in vivo performance of lipid-based oral formulation. The wide
range of physiological processes like delayed gastric empty-
ing, increase in membrane fluidity, stimulation of bile flow
and pancreatic juice secretion, promoting lymphatic drug
transport, inhibition of efflux pump, efc. enhances the oral
absorption of the drug in lipid-based formulation, and the
assessment of these effects can be done with the help of
in vitro models like in situ perfusion assays, intestinal
microsomes, Caco-2 cells, and everted gut sac.

In Vivo Study

Bioavailability and pharmacokinetic profile of drugs can
be altered by excipients and other parameters like size which
can be estimated by proper in vivo models. Lipid-based oral
systems have the capability to altered absorption through
intestinal transport for lymphatic targeting so detailed study
of absorption pathway is necessary. Insufficient clinical study
data and inappropriate animal models are reasons for the
weak prediction of in vivo lymphatic targeting.

Small Animal Models

For lymphatic transport estimation, there are numerous
methods shown in different literature but preferably it is
performed on anesthetized rats. In vivo efficiency of lym-
phatic transport may be depending on different animal
models used for determination.

The Unconscious Rat Model

This model described by Porter et al. is used in the
laboratory for research purpose. In this model, intravenous
administration can be given by the jugular vein, blood samples
can be collected from cannulated carotid artery, intestinal lymph
fluid can be collected from mesenteric lymph duct, and for
rehydration of fluids, the duodenum was used (128).

Intraduodenal dosing is generally performed for oral
dosing of animals. Mesenteric lymph duct was used to collect
all the fluid necessary for the calculation of lymphatic drug
transport though drug gets absorbed through intestine and
goes to portal vein circulation should also be calculated by
collecting blood samples. For calculation, we can assume that
systemic bioavailability of an orally administered drug
directly relies on portal vein absorption (129). Therefore,
area under the curve for portal blood concentration in lymph
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fistulized rats against a parallel group like intravenous
administration can be compared for lymph concentration of
the drugs. Bioavailability of saquinavir mesylate lipid-based
formulation improved almost three times when compared
with available marketed formulation of saquinavir hard
gelatin capsule. A mesenteric lymph duct cannulated model
was used to identify mechanisms related to the increase in
bioavailability (130). The same approach was used to
elucidate the lymphatic transport of vitamin D3 and chylomi-
crons’ flow was blocked for better elucidation of lymphatic
flow. Results confirm that 75% of vitamin Dz was absorbed
through the lymphatic systems (131).

Conscious Restrained Rat Model

The methodology for this model is similar to the
unconscious model, but jugular and lymph cannulas are fixed
under the skin at the back of the neck of the animal. Further,
they are connected to swivel arrangements for sampling and
infusion. Then, the animals are placed in a restrainer cage
after recovering from anesthesia (132). Rats are orally dosed
in this model for intraduodenal blood collection and cannu-
lation can be neglected in this method. Lymph is collected in a
harness containing changeable lymph bottles which can be
used for drug estimation (133).

Conscious Unrestrained Rat Model

This model was developed for the simultaneous study of
both oral and intravenous administration. For lymph fluid
collection, mesenteric lymph duct fistulation is performed
along with carotid artery cannulation and intraduodenal
cannulation for systemic blood collection and overnight
rehydration, respectively. A second group has only carotid
artery cannulation for systemic blood collection for intrave-
nous administration. For absolute bioavailability assessment,
dose administration can be done from the right jugular vein
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and blood sampling can be done from the left carotid artery.
Nonfasted animals are used for surgical procedures as they
offer better visualization of mesenteric lymph duct. Lymph
and plasma TG levels should return to basal level before
dosing so animals are fasted for the recovery period also.

In Vitro-In Vivo Correlation

In vitro lipolysis and ex vivo intestinal permeability
prediction model was utilized in the enhancement of the
bioavailability of dexamethasone. It had good IVIVC but
ex vivo permeation study failed to comply with in vitro
lipolysis results. The reason was attributed to low solubility of
griseofulvin (5 mg/ml) which was predisposed due to the
presence of phospholipids, bile salts, and lipolytic products in
the GIT. Therefore, sound knowledge of in vitro and in vivo
techniques, implementation, and data treatments is prerequi-
site for successful IVIVC establishment (131).

Stability Testing

The stability testing of lipid-based oral formulation is in
its infancy still. The formulator should check the stability of
lipids and drugs separately because lipids are prone to
oxidation and to other degradative changes easily. A slower
dissolution rate may take place due to cross-linking of
peroxides with the gelatin capsule shell thus lowering
dissolution rate (134). Lipids are affected by temperature-
dependent degradation easily and so accelerated stability
testing results at elevated temperatures may not be extrapo-
lated to ambient temperatures easily (27). It is very important
in semisolid dosage form which may melt at working
temperature. The formulator may utilize interfacial properties
to correlate its stability. The Teflon Wilhelmy plate method is
used to measure dynamic interfacial tension. Microelectro-
phoresis and photon correlation spectroscopy are used to
measure emulsion droplet charge and droplet size,



Patel et al.

3624

(0 ¥vdd)
(00ST 2dAy opr1odA[3 0 101do0a1 pajeAnde
[oSo1oew [AoIney) -103819J1101d
Y1y o1npyH - - Sw (g1 pue S ‘OSH QUIOSIXOIdd qII (4 900¢ @uojodry djelqgousq
wisiprotAyjeredodAy
NEN I8
JUR)SISAI-(] UIWEBIIA UT
- - - [10 ueaq A0S posn So[eue ( UIUEBIA qII ¢ 1461 @[Ops  [0I9JI0[e2031g
sopLI2oA[3AxoA[od Jouqryur
- - - [AoxdeoojArde) 101do0a1 uaSoIpuy qII 4 2102 @IpuerX  oprueinezug
proe oudesorAides Jo3qIyur
- — JO SOpLIdIAISIp OUOIA - asejonpar-eydyy ¢ e[l ¥/T 1002 (@11epoAy) opuelseInq
- - - [t0 Suresag prouiqeuue’ qII yiC G861 (@routrey jourqeuolq
[oyoory - - [10 INU050) Sofeue (I Ure)A - ¥/T 6661 ®[0I0100H  [0IdJIO[edIOX0(]
08 91eqI0SA[0d
‘[10 10IsED SLIY}IE PIOJeWnayl
poleua3oIpAy pue siseriosd ur pasn
[09413 oud[Adoig 0¥ 1Ax04104 - - I0)1QIYUT ULINJUD[E)) qII 4 0002 @JeiSuon v utodsopi)
[10 10ISED SOLIY}IE PIOJRWNYY
A/A9%Q [OY0d[E ‘G¢ 1Ax04jod pue siserrosd ur pasn
100413 ouojAdoid ‘o] @18qIOSA[Oq - - 10}IQIYUI ULINOUId[RD) qII 4 000C @JeISuon) Y uLodsoA)
[10 10IsED
[094]3 ouojAdoid pareusdoIpAy
‘o1 6 [oUBYIg 0 1£4xo&jod —  SOPLISOA[SLIIIP-OUOW [I0 UIOD) 103IqQIYUI ULINOUId[RD) qII 4 S661 @[BI0ON Vv urodsopi)
SOpLIodA[FoIoRW
[oueyyg - s1o[0ur] [10 u10) 10)1QIYUI ULINQUId[R)) qII z 0661 @ounwuipues Y uLlodsopA)
SOPLIOA]S O19[0
%S—¢ loueyrg - pareAy1a4x04[od [10 9ANIO 101IqIUUI ULMSUIS[es qII (4 €861 @dunuwipues y uiodsopA)
- - - XeMSI9g Asoxdemnuy 1 4 9861  (@ouordue] urunzeyor)
[10 INUO50D
- - —  JO SOpLIdOAI3LI} PojRUOIORI] Sofeue ( UMe)A 1 ¥/T 8161 ®@[oN[e0Y [ommne)
suorenbs 10
‘suygered pmbry ‘[1o rerourw
-opIyaA 10 ‘g1—¢T Jo g TH
U 1eoueyuo uondiosqe
ue pue />{TH & M
ToyIsinwo orrydodry Jo oImIXIN Sofeue (J urwre)yip I it 9T0C  wudopreAey [O1pajId[ED
00F OAd 0T eqIoskod - - plounsy qII - 6661 @unoIsIe], susjoIexsd
09413
oudjAdoxd ‘0pr DAd SOIL H UrueyA - - - qaIl 4 6661  @oserouddy  aaeuordury
(¢r<41H) (c1>4g1H)
SIUQAJOS-0)) sjuejoRJING sjuejoRINg Nife)
UOT)BOYISSE[O  UOT)BIYISSE[O aep
SaAag ur pasn sjuouodwo))  asn pue A103918d InIq SO SOg [eaoxddy owreu opei], ooueIsqns Ini(g

VAdsSN oy Aq poroiddy suonemuiio] paseq-pidrT poloyIeN oY) Jo Arewiwing °‘JA 9[qelL



3625

Lipid-Based Oral Formulations

JjeIRIISOUOUI 1031qIyut
- - JAI90AID)  [I0 9[qe)aFoA PajeudFOIPAH aserowostodo], 1 1 1002 @unuwedA [DH ueodjodo],
SDdL o uleys - - - 10)1qIyur sseaj0ld qII 14 00T @snandy Iiaeuerdiy,
o spoe otxdes/onAades
1031SeD ‘G¢ [AX0A[0g - - JO SOPLIOOA[SIP/-OUOIN 103IqQIYUuI 9Se9)0I] qII ¥ S002 @snandy Taeuerdi],
9ieyuured [AqIodse ‘sproe
[094]3 ouojAdoxd £13e] KOS ‘SOPLIGOAISIp pue
‘IoueyId %G 7-G'T 08 21eqIosA[og - -ououw ‘ourjoyd[Apneydsoyq JIoyquyur oseury YO LW eIl - 6661  @ounuwedey SNUIOIIS
SOPLISOAISIP pue
- - - -ououl Ureyd WNIPIJA 1031qIyUI 9sB9)01q qII ¥ 1661 @9SBA0JIO] IAeuinbeg
[10 10)sBD 1aeurdog
109413 ousjAdoig ‘G¢ TAx0AT0g pIoe o19[0 - SI03IQIYUI 9SEI}0IJ 11 % 0002 @enorey] /TIARUOITY
[10 I0ISBD
oueqg ‘G¢ 14xof[od PpIoE dI9]0 - loyqryur esesjold qII 14 9661 ®@IIALION AIABUOIY
(Torge
211ON[00)) SpIoE
Kyyej ureyd Suoj SOPLISOAISIN jstuogejue
- —  JO SOpLIAJA[S paXIA POXIW UIBYd WNIPIJA 10)dooor-zH - ¢ 7661 orjuey QuipnIuey
- - - [10 nuedq QuouIoq qII C 8661 @WNINOWOIJ  dU0IANSIF0I]
[10 [ouroy wyed Io [10
INUOD0D WOIJ PIjeUOIRI]
[oqoory - —  SOpLIOJAISLY) ureydo wnIpaj Sofeue (q urweIp eIl ¥ S00T @tedwoz [03o[BOLIR
uornje[nsar S19159 )0
- - - [lo ueaqhog pidif 10§ S[Io yst] - - ¥00¢ @BZBAOT  ple-¢-EFow(Q
1onqrqut
- - UL 18] pIey ‘SIDIN oseury QUISOIA, qII v/C ¥10C @490 qQruepuIN
10)BAIOR
- - —  SOpLIOJAISLI) ureyd wnIpoj [ouuByd IPLIO[YD 1 ¥/T 900C @ezniy  ouojsoxdiqny
08 @1eqIOSA[OJ - - SopLIoA[3 orrdesyorjArde)) QuIwe)SIYNUY - 4 8002 @unLe) QuIpejeIo
Xem 9)IYM ‘[I0 uBaqAOS
08 91eqlosAjod - — ‘1o 9[qe)e80A pojyeusoIpAH prounoy qII C €00T @S1ARIR]D urour)oIos|
[10 ueaq eAOS ‘[10
9[qe1930A PajEULSOIPAY
‘soyep [10 UBAQAOS
- - - poreus3oIpAy ‘Xemsoog prounoy qII C 7861 @OULINOIY urour)aIos|
SOPLIROA[S [Ax0AT0d
- — 9jed[o0UOUW UR)IQIOS [AoIed)s ‘10 ueaqhos prounoy qII C 7102 @®ILI0SqQy uIour}aIos|
(cr<g1H) (c1>491H)
SJUQAJ0S-0D) sjuejoRyINg sjuejoRyINg Nife)
UONBIYISSB[D  UONBIYISSBD aep
SAAg ur pasn sjuouodwo) asn pue A10391ed NI SOA SOg [eaoiddy Qwreu opel], ooueIsqns Sniq

(ponunuoo) A dIqeL



3626

Table VL. (continued)

Components used in LBDDS

Drug category and use

BCS DCS

Approval
date

Drug substance Trade name

classification classification

Co-solvents

Surfactants

Surfactants

Oils

(HLB > 12)

(HLB <12)

Beeswax, hydrogenated

1Ib

1995

Vesanoid®

Tretinoin

soybean oil flakes,

hydrogenated vegetable

oil, soybean oil

Corn oil

Antiepileptic

1

1978

Depakene®

Valproic acid

Information not available are indicated as “~”. All data mentioned in the above table has been accessed using the database of the approved drugs at https://www.accessdata.fda.gov/scripts/cder/dat/

index.cfm
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respectively, as an indicator of stability (135). The thermal
stability of lipids is another important aspect to characterize
this system. Melting and crystallization characteristics can be
determined using DSC, and thermal decomposition profile
can be measured by thermogravimetric analysis. Lipid
extracted from Rhodococcus opacus PD630 exhibited four
stages of thermal decomposition profile which represent
decomposition of unsaponifiable matters, saturated and
monounsaturated fatty acids, and other degradation products;
thus, the thermal stability of lipids can be confirmed by this
process (136).

CASE STUDIES OF MARKETED PRODUCTS

The current trends in potential drug candidates from
drug discovery research platforms indicate toward an increas-
ing number of hydrophobic drugs seeing the light of the day
(52,54). The regulatory approval of these drug substances in
the form of lipid-based oral drug delivery platforms has
increased significantly over the past few years (more so for
the last two decades) (18,51,68). At the current rate, oral lipid
carriers account for more than 6% of the total commercially
available therapeutic approvals (51,57). Literature review
suggests the presence of 27 distinct molecular entities which
have been formulated into 36 different lipid formulations
(Table VI). While certain formulations have been
discontinued from the market, none of discontinuations have
been associated with patient safety and efficacy concerns
(18,58). While the early lipid-based formulations were
primarily composed of oils, the approval of Neoral® saw
the advent of the usage of the surfactants and the co-solvents
as formulation strategies (18,57-59). The soft gelatin capsules
have been the choice of these lipid-based systems with more
than 25 of the 36 approved formulations being based on the
same technology (51,68).

These carrier systems have been used to orally deliver a
wide range of therapeutic classes of molecules ranging from
vitamin D analogs, retinoids, and antiretroviral drugs to
immunosuppressant anticancer agents (60). Ergocalciferol
(Drisdol) was the first approved lipidic system in 1941 by the
United States Food and Drug Association (USFDA) (6,67).
This soya bean oil-based liquid-filled capsule formulation of
vitamin D analog is indicated for use in rickets associated with
vitamin D resistance and in hypoparathyroidism. However, the
use of this liquid formulation is restricted due to potential
chances of the propylene glycol toxicity (137).

Another vitamin D analog calcitriol has therapeutic effec-
tiveness in the treatment of osteoporosis, glucocorticoid-induced
osteoporosis, secondary hyperparathyroidism, and psoriasis
(6,18). However, the limited aqueous solubility of the drug
coupled with the thermal, oxygen, and photodegradation
properties of the drug has posed challenges to the development
of suitable, stable, and therapeutically effective formulations
(53,54,138). The use of triglyceride forms of coconut oil in
formulating Rocaltrol® soft capsule and Rocaltrol® oral solu-
tion has helped to overcome these formulation challenges (138).

Paricalcitol (Zemplar®) is another example of vitamin D
analog which has been formulated in the form of soft gelatin
capsule containing medium chain triglycerides of coconut and
palm oil along with alcohol as the co-solvent. The hydropho-
bic highly potent drug is indicated for the prevention and
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treatment of secondary hyperparathyroidism associated with
chronic kidney disease. This formulation was developed with
the aim of the improvement in the plasma concentrations of
the drug after its administration via the oral route (18,51).

The immunosuppressant cyclosporin A was one of the
compounds to have been extensively explored on this
LBDDS platform (59,61). The drug is known to possess a
very narrow therapeutic range while being associated with
toxicological clinical implications even with the slightest
changes in its dosing (40,59-61). Sandimmune® was initially
formulated as an olive oil matrixed formulation which was
further substituted with corn oil and linoleic acid glyceride.
Novartis Pharmaceuticals Inc. further developed another
product Neoral® based on corn oil derivatives with surfac-
tants and co-solvents with the aim to improve the pharmaco-
kinetic profile of the drug delivery and having better clinical
efficacy (59,60). Certain generic equivalents were further
approved by the USFDA (Restasis®, Gengraf®) utilizing the
same platform with the aim to reduce the toxicity of the drug
with improved pharmacokinetic profiles (139). The formula-
tion of sirolimus (Rapamune®) and topotecan (Hycamtin®)
using lipid-based systems offers the advantage of reduced
systemic toxicity which is afforded by the usage of the
corresponding parenteral formulations (40).

The antiretroviral drugs have been primarily formulated
as oil-based systems with addition of surfactants and co-
solvents (40,62-64). These drugs have relatively high polar
surface areas and high molecular weights thereby affording
their incorporation into the lipid-based systems (62). The
utility of such formulation strategies is highlighted by the fact
that the addition of these excipients would help in the
solubilization of the drug to greater extent besides affording
better permeation rates (69). The excipient vitamin E TPGS
is one such excipient used in amprenavir capsules and
tipranavir oral solution (63). The use of polyoxyl 35 castor
oil as surfactant in the formulation not only improves the
solubilization potential but also modulates the drug efflux
activity of P-gp on the intestinal apical membrane thereby
improving the absorption of the lipophilic drugs and drug
combinations like ritonavir, ritonavir/lopinavir, saquinavir,
and tipranavir (64). It is to be noted that the P-gp present
on the intestinal villi has been reported to limit the extent of
the absorption of these drugs through the oral route (71).
This P-gp substrate polyoxyl 35 castor oil plays a dual role of
improvement in the solubility and modulation of the perme-
ability of these protease drugs thereby improving the
bioavailability of these drugs (70).

However, certain formulations have been replaced by
newer ones primarily on the basis of affordability of better
formulations in place. A reduction in the daily pill burden in
patients was highlighted for the discontinuation of saquinavir
(Fortovase®—replaced by film-coated tablets) and ritonavir/
lopinavir (Kaletra®—replaced by solid dispersion as it
further afforded higher drug loading). Amprenavir
(Agenerase®) was discontinued due to the availability of a
better prodrug, fosamprenavir (18,51,57,63).

CHALLENGES AND FUTURE PERSPECTIVES

In order to optimize and identify the active lead
compound, new molecule entity (NME) research very often
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results into highly lipophilic and water-insoluble compounds.
Such NME may possess an excellent efficacy, but it suffers
from poor solubilization and dissolution rate. Lipophilicity is
central to the outcome of this type of lead, so efforts should
be made that the compound should possess not only
lipophilicity but also sufficient hydrophilicity and should also
be a successful candidate for lipid-based oral formulations.
The regulatory guidelines are still in its infancy for lipid-based
oral formulations. Further research should be carried out to
develop relevant in vitro lipid digestion models and other
in vitro and in vivo models which might be able to predict
perfect in vitro-in vivo correlation.
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