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The sole objective of pharmaceutical science is to design successful dosage forms which fulfill the ther-
apeutic needs of the patients effectively. Development of new drug entities is posing real challenge to for-
mulators, particularly due to their poor aqueous solubility which in turn is also a major factor responsible
for their poor oral bioavailability. Lipids as carriers, in their various forms, have the potential of providing
endless opportunities in the area of drug delivery due to their ability to enhance gastrointestinal solubi-
lization and absorption via selective lymphatic uptake of poorly bioavailable drugs. These properties can
be harvested to improve the therapeutic efficacy of the drugs with low bioavailability, as well as to reduce
their effective dose requirement. The present communication embodies an in-depth discussion on the
role of lipids (both endogenous and exogenous) in bioavailability enhancement of poorly soluble drugs,
mechanisms involved therein, approaches in the design of lipid-based oral drug delivery systems with
particular emphasis on solid dosage forms, understanding of morphological characteristics of lipids upon
digestion, in vitro lipid digestion models, in vivo studies and in vitro–in vivo correlation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In the present scenario, oral drug delivery is continuously look-
ing into newer avenues due to realization of the factors like poor
drug solubility and/or absorption, rapid metabolism, high fluctua-
tion in the drug plasma level and variability due to food effect
which are playing major role in disappointing in vivo results lead-
ing to failure of the conventional delivery system [1]. Since the last
decade, the oral drug delivery has taken a new dimension with the
increasing application of lipid as a carrier for the delivery of poorly
water soluble, lipophilic drugs [2].

The unique properties of lipids viz., their physiochemical diver-
sity, biocompatibility and proven ability to enhance oral bioavail-
ability of poorly water soluble, lipophilic drugs through selective
lymphatic uptake have made them very attractive candidates as
carriers for oral formulations. With the above promises, the emerg-
ing field of lipid-based oral drug delivery system (LBODDS) has at-
tracted considerable academic attention [3–6]. Perhaps, some of
the reasons for this include the complexity of their physiochemical
properties, challenges in stability and manufacturing at the com-
mercial scale, limited solubility of some poorly water-soluble
drugs in lipids, their pre-absorptive gastrointestinal (GI) process-
ll rights reserved.
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ing, a lack of knowledge about the in vivo behavior and influence
of co-administered drugs/lipids and finally, the lack of predictive
in vitro and in vivo testing methodologies. In spite of these limita-
tions, lipids definitely offer the potential for enhancing drug bio-
availability, though the formulation opportunities are yet to be
fully explored [7].

Formulation excipients capable of being digested in the GI
tract play a major role in determining the rate and extent of
absorption of drugs from the GI tract [8]. Formulators need to
have an in-depth knowledge of the GI digestive process for inter-
pretation of the biopharmaceutical properties of lipid-based oral
formulations and design relevant in vitro tests to mimic the phys-
iological environment for the formulation. Continuous efforts are
being made towards the design of a biorelevant dissolution media
as well as to understand the in vivo colloidal behavior of the li-
pid-based formulations in the presence of endogenous solubiliz-
ing species viz., bile salts (BS), phosphotidylcholine (PL) and
cholesterol (CL) and enzymes (lipase). The present review is a
consolidated approach towards understanding the role of lipids
(both exogenous and endogenous) in the process of bioavailability
enhancement of lipophilic drugs, mechanisms involved in the
digestive process and transcellular transport, challenges involved
in formulation development with particular emphasis on solid
dosage forms and advances made till date in the development
of morphological evaluation of lipid digestion products, in vitro li-
pid digestion models, in vivo studies and in vitro–in vivo
correlation.
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Fig. 1. Biopharmaceutical classification system. The x-axis shows the volume (ml)
required to dissolve the highest dose strength of the parent drug at the lowest
solubility over the pH 1–7.5. A parent drug is considered ‘highly soluble’ when the
highest dose strength is soluble in <250 ml water over a pH range of 1–7.5, in which
250 ml reflects the so-called FDA glass of water. The y-axis shows the permeability,
which is defined by various in vivo or in vitro assays, and a permeable drug is the
one associated with 90% oral bioavailability or 90% absorption as assessed by
urinary excretion data (adapted from ref. [36] with permission).
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2. Role of exogenous lipids in bioavailability enhancement

High solubility and permeability are considered prerequisites
for oral absorption, and many drugs have been identified to exhibit
poor and variable bioavailability due to high dose to solubility ratio.
The bioavailability of such drugs is frequently increased by co-
administration of food [9–13]. To our knowledge, Crounse [14]
was the first to report the food-dependent bioavailability of drugs,
wherein the absorption of a water-insoluble drug, griseofulvin, was
significantly enhanced on administration with a high-fat meal.
Among all the food constituents, lipid component of food is of par-
ticular importance in stimulating the physiological responses for
the absorption of lipophilic or poorly water-soluble drugs [15–
20]. Intake of a high-fat meal results in stimulation of biliary and
pancreatic secretions, prolongation of GI tract residence time, stim-
ulation of lymphatic transport, changes in mesenteric and liver
blood flow, increased intestinal wall permeability and reduced
metabolism and efflux activity which significantly contribute in
improving bioavailability [21–22]. Studies on healthy human sub-
jects have shown that in addition to already well-characterized
parameters (such as pH and bile salt levels), some other parameters
like buffer capacity, surface tension, osmolality and food compo-
nents, which significantly change pre/postprandially, can also affect
the intraluminal performance of dosage forms [23]. Ingestion of
meals containing 10–25 g of lipid has been demonstrated to pro-
mote emptying of the gallbladder and its maximal contraction
[17–18]. The presence of quantitatively most important lipid com-
ponent in the human diet – triglycerides (TGs), which may amount
to 100 g per day or more in the small intestine and long-chain
(rather than medium-chain fatty acids) fatty acids (FAs) appear to
be most effective in driving food-related inhibition of motility
which would help in improving GI residence time [24–26]. For par-
ticularly lipophilic drugs or large molecular weight macromole-
cules, lymphatic uptake can be increased in the presence of a
high-fat meal [27–28]. Gershkovich and Hoffman [29] suggested
that changes in drug disposition for certain lipophilic compounds
may occur when the drug interacts with TG-rich lipoproteins
(TRL), the concentration of which elevate as a result of consumption
of high-fat meals. It was perhaps the result of these interesting out-
comes which infused the idea of lipid-based oral drug delivery sys-
tem for bioavailability enhancement, among modern researchers.

The United States Food and Drug Administration (FDA) has gi-
ven due attention to the ability of food to alter the pharmacokinet-
ics of drug products and, therefore, have established standards for
the design of clinical food effect studies. In December 2002, the
FDA issued a guidance entitled, ‘‘Food-Effect Bioavailability and
Fed Bioequivalence Studies” [30]. High-fat meals are recom-
mended by the FDA for food effect studies; as such meal conditions
(800–1000 cal; 50–65% from fat, 25–30% from carbohydrates, and
15–20% protein) are expected to provide the greatest effects on
GI physiology so that systemic drug availability is maximally af-
fected. However, some drug products show an opposite effect on
the extent of bioavailability and efficacy on co-administration with
food [10]. Of course, there are many drugs for which food effects
are non-existent or negligible.

Several cases of food effects on bioavailability of drugs have
been reported in the literature in correlation to class of the drug
as per biopharmaceutics classification system (BCS) (Fig. 1) [31].
It has been observed that the bioavailability of Class 1 drugs is
not affected, while that of Class 2 and 3 drugs increases and de-
creases, respectively, in the presence of food. The probable reason
for such observations can be explained on the basis of solubility,
permeability and inhibition of efflux transporters in the presence
of food [32,33]. Class 1 drugs being of high solubility and perme-
ability can easily cross the membrane by passive diffusion and also
are capable of saturating any cellular transporter, both efflux and
absorptive. As the absorption process is dominated by passive dif-
fusion, transporter drug interaction is minimal and therefore, no
significant effect on the extent of bioavailability is observed for
Class 1 compounds in the presence of a high-fat meal. Similarly,
for Class 2 drugs, absorption is primarily through passive diffusion
due to their lipophilicity and high permeability. However, the low
solubility of these compounds prevents saturation of the efflux
transporters. Consequently, a dual effect of inhibition of efflux
transporters and increase in the drug’s solubility by micellar solu-
bilization in the presence of food increases the extent of oral bio-
availability and the rate of absorption of these drugs. Class 3
compounds, though are sufficiently available in the gut lumen
due to good solubility, they are poorly metabolized and poorly per-
meable and therefore are majorly dependent on the cellular uptake
transporters for penetration into the enterocyte. With high-fat
meals, these drugs could show lower bioavailability due to inhibi-
tion of uptake transporters in the intestine [31,34,35]. Though it is
difficult to predict the fate of Class 4 drugs, they may behave as
Class 3 drugs due to increase in their solubility in the presence of
high-fat meal.

The association of postprandial TG-rich lipoprotein with lipo-
philic drugs within the enterocyte has been found to be prone to
both intestinal lymphatic transport and post-absorptive changes
in disposition following a high-fat meal. This association of drug
results in decrease in the volume of distribution and clearance
and thus possibly changes the kinetics of the pharmacological ac-
tion of the lipophilic drug [29]. Therefore, several challenges exist
in the development of compounds that exhibit food effects. If a
high-fat meal is required to obtain efficacious drug levels, there
is serious concern of sub-therapeutic plasma drug concentration
in patients taking the drug without food. The situation may worsen
with compounds of narrow therapeutic index as changes in bio-
availability, particularly in the positive direction, may precipitate
unwanted side effects. As a result, the clinical plan may require
control and/or monitoring of food intake in relation to dosing.
However, the above issue may be addressed by administering such
drugs as lipid-based formulations. Although the nature and quan-
tity of lipids contained in a high-fat meal would be significantly
different to what would be included in a pharmaceutical formula-
tion, design of lipid-based formulations can reduce the inherent
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limitations of slow and incomplete dissolution of poorly soluble
drugs and facilitate the formation of solubilized phases from which
absorption may occur. This can offer a prospective approach to re-
duce their food-dependent bioavailability and will also be func-
tional in reducing the dose [7]. Some examples of drugs that
exhibit enhanced bioavailability when administered in combina-
tion with food include griseofulvin [37], danazol [38], halofantrine
[39], atovaquone and troglitazone [40–41].
Fig. 2. A schematic representation of the role of lipase/co-lipase and mixed bile salt
micelles in digestion of triglycerides and solubilization of the digestion products.
Each triglyceride molecule is digested to generate two molecules of fatty acid and
one molecule of monoglyceride which is solubilized in the lumen of the gut (from
ref. [2] with permission).
3. In vivo fate of lipid in human body

A normal adult diet includes a daily intake of about 60–80 g of
fat. Additionally, 40–60 g of fat is of endogenous origin, which con-
sists of phospholipids, cholesterol and membrane lipids from des-
quamated intestinal cells and bacteria [42]. This indicates that an
adult digestive system is powerful enough to hydrolyze approxi-
mately 100–140 g of lipid everyday. The solubilization of drug in
the GI tract and its bioavailability depend predominantly on the
intraluminal processing to which lipids are subjected prior to
absorption. Therefore, knowledge of the journey of lipids from
the GI lumen to the circulatory system in the presence of a power-
ful digestive system is of great significance for interpretation of the
biopharmaceutical properties of oral lipid-based formulations and
successful product development [43]. The processing of lipid-based
formulations in the human body is highly complex, and the exact
mechanism of drug absorption and its fate in association with
the administered lipid are still not clear [5,6]. Therefore, the focus
of this section is to simplify the understanding of the entire process
by dividing it into three distinct phases:

(1) Digestive phase, (2) absorption phase, (3) circulatory uptake.
3.1. Digestive phase

The digestive phase initiates with the physical breakdown of li-
pid formulation into a coarse emulsion (lipid droplets �0.5 lm) of
high surface area due to shear produced by antral contraction, ret-
ropulsion and gastric emptying. This is accompanied with hydroly-
sis of the fatty acid glyceryl esters by gastric lipase secreted from
chief cells in the stomach (capable of functioning in an acidic envi-
ronment) which act at the oil/water interface. The enzymatic
hydrolysis reduces the TGs into its more polar products monogly-
cerides (MGs) and FAs. Lipase cleaves the two ester bonds of the TG
molecule, producing a molecule of diglyceride and one free FA first,
and then two molecules of free FAs and one molecule of MG
(Fig. 2). The dispersed lipid digestion products along with the undi-
gested lipids then empty into the duodenum [44].

As the acidic gastric content reaches the duodenum, the low pH
causes the release of secretin from the duodenal mucosa into the
portal circulation, which drains the digestive organs, spleen, and
pancreas and delivers the blood to the liver via hepatic portal vein.
This stimulates the pancreas to produce and secrete bicarbonate
(along with lipase and co-lipase) into the duodenum to create a
pH-neutral environment, which in turn maximizes the activity of
pancreatic lipase and co-lipase. In the presence of FAs, cholecysto-
kinin is released into the portal circulation which additionally
stimulates the pancreas to release TG lipase and co-lipase required
to facilitate the TGs digestion within emulsified particles. Being
partially ionized, FAs and MGs are also potent emulsifiers which
promote binding of the co-lipase–lipase complex to the emulsion
surface [45,46]. Thus, the lipolysis is an autocatalytic process capa-
ble of enhancing the emulsification when lipolytic products are
produced. Both enzymes being water soluble act at the water/lipid
interface of the particles and hydrolyze TGs to MGs and FAs
[47,48]. The digestion phase ends with the formation of mixed mi-
celles by the interaction of FAs and MGs with bile salts, while a part
of the TGs and FAs may form vesicles after digestion in this pre-
absorptive phase [49–50]. It is at this phase that the drug released
from the formulation due to either precipitation or dissolution into
the gastric media is resolubilized as micelles or mixed micelles by
emulsifications, which can play a significant role on the perfor-
mance of the formulation [51–54]. The overall in vivo solubiliza-
tion capacity depends on both the lipophilicity and chemical
structure of the drug and the nature of the endogenous and exog-
enous lipids involved in the formation of colloidal species [55].

Quantities even in the range of 2 g of long-chain lipid stimulate
gall bladder contraction and elevate intestinal biliary lipid accumu-
lation without any significant alteration in gastric emptying time.
However, similar quantity of medium-chain lipid has been demon-
strated to have little effect on gallbladder contraction and eleva-
tion in intestinal concentrations of biliary-derived lipids [53]. It
has been shown that a lipid emulsion containing 10 g of glyceryl
monooleate is capable of stimulating the same increase in drug
absorption of danazol in healthy volunteers as that observed after
administration with a large meal [38].

The enzymatic action being an interfacial process, the rate of
lipolysis is enhanced in formulations with good dispersibility like
self-nano/microemulsifying drug delivery systems. These types of
formulations maximize the rate of drug partitioning into the aque-
ous intestinal fluids and provide consistent bioavailability, as seen
in the case of Sandimmune and Sandimmune Neoral formulation
[56,57].

3.2. Absorption phase

The colloidal species produced, in the form of micelles, mixed
micelles, vesicles and free FAs as a result of lipid digestion, are ta-
ken up by passive diffusion, facilitated diffusion and active trans-
port through the enterocyte membrane. In the cytosol, a fatty
acid-binding protein transports them from the apical membrane
to the smooth endoplasmic reticulum (ER). Thereby, a concentra-
tion gradient facilitates the uptake of FAs into the cell by a car-
rier-mediated process [58]. In the smooth ER, FAs and MGs are
resynthesized into TGs and phospholipids, respectively, which
are transferred to the golgi apparatus and stored into secretory
vesicles to be released by exocytosis into the extracellular space
via basolateral membrane. Another critical step is the association
of the absorbed free drug with the intestinal lipoproteins (chylomi-
crons) within the enterocyte. These chylomicrons are relatively
large (<1 lm in diameter) and colloidal in nature which eventually



4 S. Chakraborty et al. / European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 1–15
lead to selective intestinal lymphatic transport of the lipophilic
compound [59–63].

During the absorption phase, the drug molecules are usually ex-
posed to the activity of major phase I drug metabolizing enzyme,
Cytochrome P450 3A4 (CYP 3A4), present at high concentrations
in enterocytes located at the villus tip of the small intestine in hu-
mans. Studies conducted across different laboratories have ac-
counted the role of these enzymes in increasing the
bioavailability of drugs when co-administered with lipid, which
is indicative of an additional pathway by which lipids enhance oral
drug bioavailability [64–70]. However, the exact mechanism be-
hind this phenomenon is still unclear. Few workers are of the opin-
ion that the lipids attenuate the expression and activity of these
enzymes, while others have proposed that the lipid shields the
drug molecules from the enzymes [71–74].

3.3. Circulatory uptake

The majority of orally administered drugs gain access to the sys-
temic circulation by absorption into the portal blood. However,
some extremely lipophilic drugs (log P > 5, solubility in
TG > 50 mg/ml) gain access to the systemic circulation via lymphatic
route, which avoids hepatic first-pass metabolism. Therefore, highly
metabolized lipophilic drugs may be potential candidates for lipid-
based drug delivery. Compounds showing increased bioavailability
in the presence of lipids (dietary or lipid-based formulation) are ab-
sorbed via the intestinal lymph as they are generally transported in
association with the long-chain TGs lipid core of intestinal lipopro-
teins formed in the enterocyte after re-esterification of free FAs
and MGs. Short-chain TGs are primarily absorbed directly in the por-
tal blood. Drug transport via the lymphatics, therefore, requires co-
administration of lipid to stimulate lipoprotein formation [75,76].
Fig. 3. Various mechanisms of enhancement of drug bioavailability in the presence of lip
viz., vesicles, mixed micelles and micelles; (b) interference with enterocyte-based tran
disposition and the formation of metabolites (M) within the enterocyte; (c) by selectiv
travels directly to the systemic circulation (adapted from ref. [99] with permission).
Direct uptake of TGs and phospholipids into the bloodstream is
not possible, though the portal blood is approximately 500-fold
higher than that of the intestinal lymph. This is because their large
molecular size restricts them to pass through capillary fenestration
spaces. The walls of lymphatic capillaries consist of a single layer of
squamous epithelial cells, and this thin wall makes it possible for
tissue fluid (interstitial fluid) from the interstitial space to enter
the lymphatic capillary. Moreover, the endothelial architecture of
the lymphatic vessels facilitates the size-selective transport of high
molecular weight substances like chylomicrons for which facile ac-
cess across the blood capillary endothelium is restricted [77]. Stud-
ies have shown that the free FA chain length and the composition
and size of the lymph lipid precursor pool in the enterocyte play
major role in lymphatic drug transport. In general, free fatty acids
(FFA) of chain length612 carbons are absorbed primarily by means
of the portal blood, whereas FFA with chain lengths >12 carbons
are re-esterified and transported via intestinal lymph [64]. Addi-
tionally, increase in the degree of unsaturation produces larger size
lymph lipoproteins and selectively enhances lymphatic uptake
[78–83].

The lymph fluid is then emptied (average 3 L per day) via tho-
racic duct into the subclavian vein [84], thus protecting the drug
from hepatic first-pass metabolism. The lymphatic system, being
the principal systemic transport pathway for B and T lymphocytes
as well as the primary route of metastatic spread of a number of
solid tumours and several viruses [2,4], is a potential drug delivery
target for immunomodulatory, anticancer compounds and other
related drugs [85–96]. The drug being transported in the circula-
tory system, in the form of either micelles or mixed micelles,
may then be available in its free form, since upon dilution with a
large volume of the lymph/blood, surfactant concentration may re-
duce below its cmc value and micelle may dissociate into mono-
ids: (a) solubilization of drug in the intestinal fluid by formation of colloidal species
sport and metabolic processes, thereby potentially changing drug uptake, efflux,

e lymphatic uptake which reduces first-pass drug metabolism as intestinal lymph
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mers [97]. The drug transported as lipid vesicles may remain intact
for extended periods and, thereby, can result in prolonged release
of the encapsulated drug [98]. Fig. 3 is a diagrammatic presentation
of the various mechanisms by which lipids enhance the bioavail-
ability of drug.
4. Morphology of lipid digestion products

Lipid digestion in the intestine results in the formation of sev-
eral colloidal species including vesicles, micelles and mixed mi-
celles. Vesicles are self-assembled lamellar phases composed of
water-insoluble phospholipids (such as phosphatidylcholine). Mi-
celles are composed of surfactant molecules which solubilize as
monomers in water up to the critical micellar concentration above
which the monomers self assemble to form micelles. Mixed mi-
celles are micelles composed of mixed surfactant systems (Fig. 3)
[100,101]. The vesicles represent intermediate products of the
interactions between oil droplets and bile salt media in the pres-
ence of lipase activity. During the digestive process, bilamellar ves-
icles are generated which usually transform into unilamellar
vesicles. These spontaneously dissolve into micellar and/or mixed
micellar phases with increase in the surfactant (bile salt)-to-lipid
ratio [52,101,102]. The phase transition produces the thermody-
namic condition most favorable for effective lipid absorption from
the upper small intestine, while the lipolytic products dispersed as
unilamellar and multilamellar vesicles are responsible for fat
absorption along the later part of small intestine in bile salt defi-
ciency states [52].

Quasielastic light scattering analysis has revealed that ex vivo
mean hydrodynamic radii of micelles are 640 Å, whereas unila-
mellar vesicles are in the range of 200–600 Å, and lipids were lar-
gely solubilized by micelles than were dispersed as unilamellar
vesicles [52]. Cryogenic transmission electron microscopy of
in vitro digestion of a self-nanoemulsifying drug delivery system
revealed the entire sequence of the phase changes in the digestive
process, wherein micelles of around 10 nm were present at all time
points [51]. The structures provided evidence to the previously
proposed model in which unilamellar and multilamellar vesicles
co-exist with micelles [102]. A liquid lamellar crystalline phase
containing calcium and ionized FAs called calcium soaps followed
by ‘‘a viscous isotropic phase” has been identified with light
microscopy after hydrolysis of an oil emulsion [103]. Small-angle
X-ray scattering measurements have also been employed effi-
ciently as a screening tool to elucidate the processes encountered
during the digestion of lipid-based formulations in an in vitro dy-
namic lipolysis [104]. Further investigations into the morphologi-
cal characteristics of the structural changes occurring during lipid
digestion process can help to understand the partitioning of the
drugs to the lipolytic products and consequently the in vivo perfor-
mance of the formulation.
5. Approaches in the design of lipid-based oral formulations

5.1. Liquid lipid-based formulations

The lipid-based dosage forms may be broadly classified into li-
quid or solid formulations depending on the physical state of the
lipid at room temperature. Formulations using liquid lipid can be
developed either as a simple emulsion or in the form of self-mi-
cro-emulsifying drug delivery system (SMEDDS). An emulsion
(oil/water or water/oil) is a mixture of two immiscible phases,
wherein an emulsifier (surfactant) is added in the external phase
to stabilize the dispersed droplets. This system is thermodynami-
cally unstable as the immiscible phases have a tendency to
separate with time. Therefore, the proper choice and concentration
of an emulsifier and production conditions are necessary to im-
prove the shelf life of the product [105]. SMEDDS is an isotropic
mixture of lipid, surfactant, co-surfactant and the drug substance.
Its basic principle lies in its ability to spontaneously generate fine
oil-in-water (o/w) microemulsions under mild agitation following
dilution with aqueous phases. These conditions mimic the diges-
tive motility in the GIT necessary to provide the agitation required
for in vivo self-emulsification [106,107]. Unlike emulsions, self-
nanoemulsified drug delivery system (SNEDDS) generates micro-
emulsion with a narrow droplet size distribution of less than
50 nm due to which these systems have also been addressed as
nanoemulsions [108]. The fine droplets of this dosage form have
the advantage of presenting the drug in a dissolved form with a
large interfacial surface area for drug absorption which results in
more uniform and reproducible bioavailability as was observed
in the case of cyclosporine [106,109,110]. Moreover, the drug is
maintained in dissolved state throughout the gastrointestinal tract
which helps in enhancing the bioavailability of drugs with poor
aqueous solubility [107,111]. In addition, the fine droplets offer
large surface area for pancreatic lipase to hydrolyze the lipids
and thereby enhance the rate of drug release and/or generation
of mixed micelles containing the drug [112]. The adequate solubil-
ity of the drug in lipid/surfactants blends, nature of the lipid/sur-
factant pair, the ratio between lipid and surfactant, the surfactant
concentration and uniform droplet size distribution following
self-emulsification are necessary components to be monitored dur-
ing development of SMEDDS [106,109,113–116].

However, a few issues limit the applicability of SMEDDS which
includes critical fabrication technology, incompatibility with cap-
sule shell, precipitation of drug during storage at low temperature
and stability of the active ingredients in the aqueous medium
[117,118]. It was for the above-mentioned reasons that an alterna-
tive method has been currently investigated by several authors,
which involve the incorporation of liquid SMEDDS into a powder
with free flowing and readily compressible characteristics in order
to create a solid dosage form (tablets, capsules). Self-emulsifying
pellets prepared by wet granulation of powder mixture consisting
of drug, microcrystalline cellulose and lactose as carriers, and
mono- and diglycerides and polysorbate 80 as the lipid-based
excipients have shown to improve the solubility and permeability
characteristics of the drug [119]. Pellets with similar composition
have also been prepared using extrusion/spheronization process
[120]. The drug release from pellet formulations can be controlled
by polymer coating [121]. Recently, a novel eutectic-based SNEDDS
of ubiquinone was incorporated into a tablet dosage form, which
was termed ‘‘liquisolid” or solid–lipid compact with immediate
drug release profile, using blends of maltodextrin, modified povi-
done, and microcrystalline cellulose [122–125]. Later, a solid-state
microemulsion for the delivery of cyclosporine was prepared by
coating a pre-microemulsion with an enteric coating material
[126]. Similarly, tocopheryl nicotinate tablets were prepared by
solvent evaporation method using calcium silicates as the adsorb-
ing agent [127]. Solid SMEDDS of nimodipine was recently pre-
pared by spray-drying, using water-soluble dextran 40 as the
solid carrier. The process generated distinct and spherical particles
without disturbing the self-emulsification performance of the li-
quid SMEDDS both in vivo and in vitro [128]. A novel solid SEDDS
of dexibuprofen prepared by spray-drying liquid SEDDS with Aero-
sil 200 as an inert solid carrier suggests the potential of such for-
mulation in the improvement of bioavailability of poorly water-
soluble drugs [129]. A controlled release ‘‘liquisolid” compact that
could release the lipid formulation from its solid carrier in a con-
trolled release pattern over an extended period of time has also
been fabricated [130]. This study reported the leakage due to lipid
release and loss of hardness on storage of the formulation at higher
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temperatures, and this issue needs to be addressed to develop a
stable lipid-based formulation.

Similarly, the common problem of physical instability of simple
emulsions has also been overcome by the formulation of dry pow-
der emulsions. Several approaches have been used for the liquid-
to-solid transformation which includes spray-drying [131,132],
lyophilization [133–135] and solvent evaporation [136,137].

5.2. Solid lipid-based formulations

Formulations of solid or waxy lipid can be developed into mul-
tiparticulate system (powder, granules or pellets) containing drug
either as fine dispersion or solid solution which could subse-
quently be filled into capsules or sachets. They may even be com-
pressed into self-dispersing tablets using necessary tabletting
excipients to overcome the technical difficulties (flow characteris-
tics and sticking to the punches and die cavity) relating to the
physical form of the waxes. A combination of lipid solid dispersion
and surface adsorption technique using excipients with excellent
flow property, compressibility, high specific surface area and high
surface capacity (e.g. Neusilin, Florite, Sylysia) can be of potential
use in the development of lipid-based formulation specifically to
overcome the poor physiochemical characteristics of lipids (Table
1) [138]. Besides being simple and cost effective, this technique
produces dosage forms which present the drug in its minimum
possible particle size (even at the molecular state) with the maxi-
mum surface area which in turn improves the rate and extent of
dissolution in the presence of GI fluids. In this technique, the lipid
is required to be liquefied by melting, particularly in case when the
lipid exists in solid state. The drug is then either dispersed or sol-
ubilized in the liquid/liquefied lipid, followed by addition of adsor-
bent which is then mixed properly to obtain a uniform blend. The
final product is obtained by cooling the blend to room tempera-
ture, if required [139,140]. Considering the cost and convenience
of production and convenience of patients, development of drug
solution in liquid lipids and incorporating them onto suitable
adsorbents to produce a solid dosage form by simple adsorption
or melt granulation technique would also be advantageous. The
adsorption efficiency of the adsorbents used is important, as the
use of strong adsorbents to adsorb the molten lipid may slow down
the drug release rate on solidification of the lipid, which may be
explored to modulate the release of the drug [104].

The maximum advantage from a lipid formulation could only be
drawn if the drug remains in lipid solution throughout its resi-
dence in the GI tract. However, the performance of lipid formula-
tions and the fate of the drug in the GI tract depend on three Ds
that occur simultaneously viz., dispersion, dilution and digestion
of the formulation. Dispersion of the formulation due to gastric agi-
tation results in increased exposure of the inner surfaces of the for-
mulation, dilution in the gastric fluid results in partitioning of the
drug in the external fluid phase and enzymatic breakdown of the
lipid in the GI tract can result in change in their composition, struc-
ture and potential loss of their solvent capacity. The breakdown of
the lipid vehicle in the presence of gastric lipase results in reduc-
tion in their solubilization capacity [142,143]. In case of lipid-
based liquid formulations (solutions or emulsions), the drug may
Table 1
List of adsorbents to improve the flow properties of lipids [139,141].

Sl. no. Adsorbent brand name Adsorbent chemical name Specific surfa

1 Neusilin US2 Magnesium 280
2 Neusilin S2 Alumino meta silicate 110
3 Sylysia 320 Porous silicon dioxide 300
4 Sylysia 550 500
5 Florite RE Porous calcium silicate 120
migrate into the bulk phase, while in the case of lipid-based solid
formulations (solid solution), the solubilized drug may crystallize
out on the surface on solidification of lipid and during storage
[1,4]. This may be the probable reason why Gupta et al. [138] ob-
served enhanced dissolution of drug from lipid-based dispersion
granules upon storage. Altogether, these processes may cause pre-
cipitation of drug to occur and thus, the advantage of a lipid formu-
lation is lost. However, the precipitated drug may be resolubilized
by both the exogenous and the endogenous lipids in the form of
colloidal species in the intestinal region which would depend on
several factors, like, the lipophilicity of the drug, the nature of
the colloidal phases produced on digestion of the different lipids
and the kinetics of drug transfer between the digesting formulation
and the colloidal phases produced [143].

Drugs with poor water solubility are suitable candidates for
lipid-based formulation; however, this is a broad classification,
wherein the drugs differ significantly in their physicochemical
properties. Water insoluble and weakly basic drugs require special
care in the design of lipid formulations [2]. These drugs adminis-
tered in the solubilized form in the lipid vehicle may come out of
the formulation due to solubilization in the gastric fluid and may
precipitate in the intestinal fluid on gastric emptying. The bioavail-
ability of such a system would then depend on how rapidly the
precipitates can be resolubilized by the formulation or the intesti-
nal fluid. An in vitro study was conducted in our laboratory using
carvedilol as a model water insoluble, lipophilic and weakly basic
drug (BCS Class II) and three different TGs (benefat, olive oil and
caprylic acid). The drug was found to be soluble in benefat and ol-
ive oil while insoluble in caprylic acid. The drug was dissolved/dis-
persed in the TGs and adsorbed over Neusilin US2 (lipid adsorbent
ratio used was 1:0.5) to obtain a free flowing solid multiparticulate
system (Table 2). Unlike olive oil and caprylic acid, benefat being
solid at room temperature was liquefied at 50 �C to dissolve the
drug. The liquid/liquefied drug TG solution/suspension was mixed
with the adsorbent, and finally, the liquefied mixture was cooled to
the room temperature. The in vitro dissolution of the above-men-
tioned formulations was conducted in 900 ml simulated gastric
fluid without enzymes using USP apparatus II at 75 rpm and
37 ± 0.5 �C. The rate and extent of drug release were found to be
extremely fast (�90% in 10 mins) (Fig. 4) and almost similar for
batches II, III and IV irrespective of the type and concentration of
lipid, and moderately fast for batch V, with respect to the pure drug
(Batch I). The reason for such a remarkable increment in the disso-
lution characteristic of the drug can be explained on the basis of
interfacial tension between the drug and the medium. The pure
drug particles being highly hydrophobic in nature offer high sur-
face resistance which prevents its solubilization in the dissolution
medium. In contrast, the formulations containing adsorbed lipid as
drug carriers are capable of reducing the surface tension of the
drug in the medium and improve its dissolution. The reason for a
comparatively retarded dissolution profile of batch V than batch
II–IV can be attributed to the solubility of the drug in the lipid.
Being soluble, the drug is available in the molecular state in formu-
lations containing benefat and olive oil, while being insoluble, the
drug is dispersed in the particulate form in caprylic acid. Therefore,
there is a significant increase in the surface area of the drug in the
ce area (m2/g) Particle size (lm) Company

75.0 Fuji Chemical Industry Co., Ltd., Japan
100
3.2 Fuji Silysia Co., Ltd., Japan
3.9
26.1 Eisai Co., Ltd., Japan



Fig. 4. Drug release profile of all prepared batches in simulated gastric fluid without
enzymes.
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molecular state than the particulate state which is responsible for
the improved dissolution of batches II–IV than batch V. Thus, the
high solubility of the drug in the acidic medium, results in its dis-
solution and dissociation from the lipid carriers irrespective of the
type or concentration of the carrier. In such case, it may be pro-
posed that an enteric-coated lipid-based formulation may be
advantageous to harvest maximum benefit of the lipid vehicle.
The concept of enteric-coated lipid carrier system is still prema-
ture, and there are many issues to be examined before actual
use. However, our recent accomplishment implies the possibility
to offer an improved utilization of lipid by intestinal release of drug
in lipid formulations. At present, the work related to the above-
mentioned concept is in progress.

The choice of lipid is crucial in the formulation design. Ideally,
the drug is dissolved in lipid-based formulations as there is little
evidence that suspending drug in a lipid formulation can reproduc-
ibly enhance bioavailability [144]. Lipids must be selected based on
their ability to solubilize the drug. Although no standard method is
available to determine the solubility of the drug in solid lipids, it
may be done by dissolving the maximum amount of the drug in
molten lipids (above the melting point) and then subjecting the
cooled samples at ambient temperature to optical observation
and X-ray diffraction (XRD) analysis to determine the presence of
drug crystals. Alternatively, the drug (at different concentrations)
and lipid may be dissolved in a common solvent, dried as a film
and be analyzed using a microscope and/or with XRD [145]. This
may not be possible for high melting lipids; therefore, the amount
of drug to be added must be relatively less than the saturation sol-
ubility observed at temperature at and above their melting point,
due to the fact that the solubilization capacity of the lipid may
decrease with the decrease in temperature [4].

5.3. Lipid as colloidal drug carriers

Lipid-based colloidal drug carriers such as liposomes and nano-
particles have been used to improve the therapeutic efficacy of
both established and new drugs. Liposomes are enclosed vesicles
composed of one or more phospholipid bilayers enclosing an aque-
ous phase. They can be classified as large multilamellar vesicles
(MLV), small unilamellar vesicles (SUV) or large unilamellar vesi-
cles (LUV), depending on their size and the number of lipid bilay-
ers. They are capable of carrying either hydrophilic drug in their
inner aqueous phase or hydrophobic drug in their hydrophobic li-
pid bilayers. As their composition is similar to the biomembranes,
they are biodegradable and non-toxic [146]. The potential applica-
tion of liposomes for oral administration of drug/protein has been
widely studied for increasing their solubility or stability and
absorption of poorly water-soluble drugs [147,148]. Some authors
are of the view that liposomes are capable of protecting the drugs
sensitive to the hostile environment in the gastrointestinal tract
[149,150], while others have shown that the enzymatic activity
in the duodenum and bile salts destroys the lipid bilayers of most
types of liposomes, thus releasing the drug [151]. However, multi-
lamellar liposomes prepared from phospholipids with phase
Table 2
Lipid-based formulations of carvedilol.

Ingredients Batch I Batch II Batch III Batch IV Batch V

Carvedilol 10 10 10 10 10
Benefat – 100 250 – –
Olive oil – – – 250 –
Caprylic acid – – – – 250
Neusilin US2 – 50 125 125 125

Quantity expressed in mg. Carvedilol is soluble in benefat and olive oil and insol-
uble in caprylic acid.
transition temperature above 37 �C and those containing choles-
terol as their component are most resistant to degradation. Though
several techniques have been employed for the fabrication of lipo-
somes, the popular methods used are film hydration technique,
solvent injection method, reverse-phase evaporation technique,
detergent removal technique and high-pressure extrusion tech-
nique [152,153]. The liposomes prepared by any of the above-men-
tioned methods can be lyophilized or freeze dried using suitable
cryoprotectants to improve the shelf life of the product in case
the drug is unstable in the aqueous phase.

Oral delivery of drugs incorporated in SLN has gained consider-
able interest since last two decades [154–156]. As they are derived
from physiologically compatible lipids, SLN represent a safe and
effective alternative in comparison to the conventional polymeric
nanoparticles [157]. In vitro studies on Pgp-overexpressing human
cancer cells using doxorubicin and paclitaxel-loaded lipid nanopar-
ticles have shown to overcome multidrug resistance via Pgp inhibi-
tion and ATP depletion [158,159] which indicate their potential in
improving the therapeutic efficacy of drugs. In vivo studies per-
formed with orally administered lipid nanoparticles containing
drugs such as cyclosporine A [160], camptothecin [161], idorubicin
[162], tobramycin [163,164], rifampicin, isoniazid and pyrazina-
mide [165] and proteins such as chitosan-coated nanoparticles
containing calcitocin [166] and lectin-modified insulin-containing
SLN [167] have shown promising results in bioavailability
enhancement. The technology for the production of SLN is well
established which include high-shear homogenization and ultra-
sound, high-pressure homogenization (hot and cold homogeniza-
tion), solvent emulsification/evaporation and microemulsion
method. SLN may be either administered as an aqueous dispersion
or after incorporation into a traditional dosage form, i.e. tablets,
pellets, capsules or powders in sachets. The aqueous SLN disper-
sion may be used as the granulation fluid in the granulation pro-
cess or can be spray-dried into a powder and mixed with the
necessary excipients before compression into tablets. SLN disper-
sion can also be used as wetting agent in the extrusion process
for the production of pellets [168]. Alternatively, SLN powders
can be filled in hard gelatin capsules or incorporated in liquid
PEG and filled into soft gelatin capsules. The spray-dried or lyoph-
ilized powders can even be filled into sachets. The physical charac-
teristics of the resultant SLN powder like flow property,
compressibility, bulk density, waxy nature and strength to with-
stand the compression force and temperature need to be carefully
addressed before production of the final dosage form.



Fig. 5. Lipolysis set-up. It consists of a thermostated double-wall reaction vessel,
the pH-stat with the auto burette for the addition of NaOH, a peristaltic pump for
the addition of CaCl2 and the computer with the software for the titration
experiments. The temperature is monitored during the experiment with a
thermocouple. The experiment is performed under continuous agitation at 37 �C.
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6. Evaluation of LBODDS

6.1. Design of in vitro dissolution testing methodology

Design of an in vitro dissolution testing methodology for a for-
mulation is necessary for the proper selection of excipients and to
access its performance during the different phases of drug develop-
ment process. It is also essential for quality control and to predict
the product’s in vivo performance post development. A meticu-
lously designed in vitro dissolution test can be effectively used
for regulation of post-approval changes and even to claim biowai-
vers and thus substitute clinical studies with in vitro dissolution
studies. In case the in vitro results are inadequate to predict the
in vivo performance of the dosage form, then clinical studies are
required to evaluate the bioavailability of the product which adds
substantial cost to the product [12]. Mimicking the complex phys-
iological environment, which dictates the release of drug from the
formulation and its absorption, is critical in the design of an in vitro
dissolution method [13]. The matter becomes still more compli-
cated when the components of the formulation join to decide the
fate of the drug in the body. Therefore, it is important to obtain
more comprehensive understanding of the physiochemical nature
of the excipients used and the implication of the components of the
dissolution medium on those excipients to establish an in vitro
in vivo correlation for assessing absorption mechanisms [169].

As lipids undergo a complex series of events on interaction of
lipid-based formulations with the GI environment, their use as car-
rier requires in-depth exploration of the dispersion properties of
the formulation in aqueous media, drug diffusion mechanism and
the impact of digestion of lipids on the solubilization and absorp-
tion of drug molecules [52,170–175]. Though no standard pharma-
copoeial testing method for lipid-based formulations is available
till date, special emphasis has been given to dispersion testing
using a standard dissolution apparatus along with digestion test
in order to design laboratory test methods capable of establishing
sufficient in vitro–in vivo correlation, as dilution in the GI fluid and
enzymatic breakdown of the lipid are potential reasons for loss of
their solvent capacity [103,176,177]. The area of in vitro dissolu-
tion testing methodologies has been well reviewed in the past
[3]; therefore, the aim of this section is not to revisit in detail many
of the reports that have been already covered, rather to focus here
on recent advances made till date.

The enzymatic hydrolysis of lipids has been studied using an
instrument known as the pH-stat set (Fig. 5). The instrument, also
known as Titra-stat or pH-stat titration system, has fully program-
mable multi-step titrations, real-time plotting and automatic doc-
umentation of entire titration data. The basic mode of operation of
the instrument is to maintain a constant pH as hydrogen ions are
released or consumed during the reaction. Any deviation in pH
from the set value is quickly compensated by reagent addition.
The speed, the volume of reagent addition and temperature of
the reaction are also monitored to maintain the pH of the medium.
The reaction medium for lipolysis should have an inherently low
buffering capacity to ensure drop in pH with the liberation of fatty
acids. The pH-stat titrates a measured volume of sodium hydroxide
solution to maintain the initial pH which is equated with the fatty
acid liberation. The activity of pancreatic lipase added for lipolysis
is normally expressed in terms of Tributyrin Units (TBU), where 1
TBU is the amount of enzyme that can liberate 1 lmole of titrable
FA from tributyrin per min in the presence of 5 mM CaCl2 and
150 mM NaCl [178]. Calcium is added as it is reported to activate
lipase and exert a significant influence on the rate of triglyceride
lipolysis in the presence of bile, and sodium chloride is added to
simulate the intestinal ionic environment [178]. The instrument
along with a temperature-controlled vessel for the buffer solution
and a stirring arrangement has been employed in many dynamic
lipolysis models to mimic the intestinal conditions in terms of
maintaining constant pH, presence of lipase/co-lipase and physio-
logical concentration of bile salts and phospholipids [8,179–182]. A
list of recent examples of the components used in the design of
in vitro lipolytic model is presented in Table 3.

An attempt of Reymond and Sucker [179] to develop an
in vitro model for cyclosporine by phase quantification method
failed to simulate the dynamics of in vivo absorption events fol-
lowing administration of a poorly water-soluble drug in a lipid
vehicle, probably due to oversimplification of the model. Zangen-
berg and co-workers [180–181] developed a dynamic in vitro
lipolysis model, which was used to investigate the dissolution
of poorly soluble lipophilic drug substances at controlled hydro-
lysis rates. In one of their studies [180], the effects of three
experimental parameters—the bile salts concentration, calcium
concentration and the lipase activity—were investigated. It was
shown that all three investigated parameters influenced the ini-
tial rate of hydrolysis, whereas only the lipase activity and the
concentration of calcium affected the subsequent stages. It was
also shown that the rate of addition of calcium can be used to
control the rate of lipolysis. In another study [181], they charac-
terized and evaluated the model by investigating the composi-
tion of the aqueous phase and the concentration of two
hydrophobic drugs in the aqueous phase. The analysis of the
aqueous phase indicated that the concentration of lipolytic prod-
ucts was dependent on the bile salt concentration, while the
concentration of the drugs was dependent on their lipophilicity.
An investigation by Sek et al., [173] related to the digestion
kinetics of TGs showed that the rate and extent of digestion of
the medium-chain TG were greater than the long-chain TG and
were independent of bile salt concentration, with complete
digestion occurring within 30 min. Christensen and co-workers
[183] have proposed an in vitro lipid digestion model which
could be used to study food effects of poorly water-soluble
drugs. This model was used to study the transfer of different
poorly water-soluble drugs from fractionated coconut oil (MCT)
and sesame oil (LCT) to the sampled aqueous micellar phase. It



Table 3
Recent examples of the components used in the design of in vitro lipolytic model.

Buffer Lipase Ions Volume Surfactants Lipid substrate Ref.

Trizma maleate (2 mM) Pancreatin 270–1340 units/
ml

Na+ 150 mM 300 ml BS 1.5–6.6 mM Soybean oil [180]
pH 6.5 Ca2+ 4–20 mM

(0.135 mM/
min)

Trizma maleate (2 mM) Pancreatin 760 units/ml Na+ 150 mM 300 ml BS 5/10/20/
30 mM

Soybean oil [181]
pH 6.5 Ca2+ 0.181 mM/

min
Oleic acid

Trizma maleate (2 mM) Pancreatic lipase Na+ 150 mM 300 ml BS 20 mM Sesame oil (S 3547) [183]
pH 6.5 800 USP units/ml Ca2+ 0.105 mM/

min
PC 4 mM Fractionated coconut oil (Miglyol 812 N)

Trizma maleate (50 mM) 1 ml of Pancreatin extract
(10,000 TBU/ml)

Na+ 150 mM 9 ml NaTDC 5 mM Soybean oil (LCT) Captex 355� (MCT) [176]
pH 7.5 Ca2+ 5 mM PC 1.25 mM
Tris maleate (50 mM) 1 ml of pancreatin extract

(10,000 TBU)
Na+ 150 mM 9 ml Low (5 mM

NaTDC/
1.25 mM PC)

Soybean oil (LCT) Captex 355� (MCT),
glyceride mixtures representing partially
digested triglycerides

[143,144]
pH 7.5 Ca2+ 5 mM

High (20 mM
NaTDC/5 mM
PC)

(Maisine 35-1 and Capmul MCM)

Tris maleate (50 mM) 3.5 ml of pancreatin extract
(1000 IU/ml)

Na+ 150 mM 35.5 ml TC 5 mM PC Peanut oil (LCT), Captex 355 (MCT), Triacetin
(SCT)

[173,182]
pH 7.4 Ca2+ 5 mM 1.25 mM
Phosphate buffer

(1.5 mM KH2PO4,
7.4 mM NaHPO4)

5–20 ll of porcine
pancreatic lipase solution
(20000 units/ml)

Na+ 150 mM 50 ml – Glycerol monooleate [8]

pH 6.5

Glycerol dioleate
Diglycerol monooleate
Glycerol monocaprinate
Diglycerol monocaprinate
Glycerol trioleate (olive oil)
Tributyrin
Cremophor

Trizma maleate (2 mM) Pancreatic lipase 800 USP
units/ml

Na+ 150 mM 300 ml BS-5 mM Sesame oil (LCT), Maisine 35-1, Mono-, di and
triacylglycerides, Cremophor RH 40

[51]
pH 6.5 Ca2+ 0.045 mM/

min
PC-1 mM

Tris maleate (50 mM)
pH 6.8

3.5 ml of pancreatin extract
(1000 IU/ml

Na+ 150 mM 35.5 ml 5 mM TC Peanut oil (LCT), Triacetin (SCT) [197]
Ca2+ 5 mM 1.25 PC Triglycerides of caprylic/capric acid (MCT)
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was found that differences in the physicochemical properties of
the drugs resulted in differences in their distribution between
the phases arising during lipolysis. Wahren and co-workers
[43] have shown that the presence of drug reduces the initial
rate of lipolysis of a self-microemulsifying formulation, com-
pared with the formulation without drug. This indicates that
the initial rate of lipolysis and hence, release of drug load from
a self-microemulsifying drug delivery system is influenced by
inclusion of drug as the drug bound in the water/emulsion inter-
face limits the substrate availability for the lipase activity. The
usefulness of in vitro lipolysis model for optimization of oral lipid
formulations in the case of presystemic metabolism in the gut has
been highlighted by Dahan and Hoffman [182]. However, the
same in vitro lipolysis data may not be predictive for actual
in vivo absorption when lymphatic transport is a significant route
of absorption as the bioavailability of vitamin D3 was found to
correlate with in vitro data only when the lymphatic transport
was blocked. Brogard and co-workers [8] have designed a lipolysis
method to study the degradation of lipids before the growing
amounts of lipolysis products cause the retardation of the process.
The study has emphasized on the use of lipase substrate in
excess, and the amount of degrading enzyme is limiting for the
degradation process. Under such conditions, as the amount of
lipase substrate is held constant, an increase in enzymatic activity
generates a proportional increase in the lipolysis rate which
would enable to compare the results obtained from different en-
zyme batches and to correct for day-to-day variability. Based on
the above findings, this model could be used for the investigation
of dissolution of drug from the formulation during lipolysis which
may be either a lipolysis of TG from the formulation or a concur-
rent TG emulsion simulating fed state.
6.2. In vivo studies

Appropriately designed in vivo studies of formulations, usually
performed in the early phases of drug development, can provide
important information about the impact of the excipients on the
overall bioavailability and pharmacokinetic profile of the drug. To-
gether with information from in vitro studies, these investigations
can be a primary basis of labeling statements (e.g. to be taken with/
without food) and can often help avoid the need for further inves-
tigations. As the lipid-based formulations are targeted to improve
bioavailability by the lymphatic uptake of the drug, therefore a
detailed investigation of the intestinal lymphatic absorption is
required. However, due to significant differences in the methods
and animal models used to study intestinal lymph drug transport
and the lack of sufficient clinical studies has made the comparison
of data very difficult [184]. Therefore, lot more work needs to be
done to establish an in vivo method and model to understand
the processes involved in the uptake of drugs via the intestinal
lymphatic system. This section presents a summary of the relevant
in vivo animal research and clinical studies of lipid-based formula-
tions conducted so far.

Invirase� containing Saquinavir mesylate in a hard gelatin cap-
sule was launched in the market in 1995. As its bioavailability was
highly variable and as low as 4%, in 1997 Fortovase�, a new formu-
lation of the free base of the drug was introduced in a lipid formu-
lation consisting of medium-chain MG and diglycerides which
displayed three times higher bioavailability than Invirase� in hu-
mans [185]. Subsequent exploration of the possible mechanisms
of improved bioavailability of saquinavir on the mesenteric lymph
duct cannulated rat model was carried out. The examination of
both lymphatic transport and systemic bioavailability showed that
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the increased bioavailability was most likely due to enhanced sol-
ubilization and/or permeability of the free base form in the lipid-
rich pre-absorptive intestinal environment, as the extent of intes-
tinal lymphatic transport of both forms was found to be similar
[186]. This success story illustrates the need to formulate highly
lipophilic drug candidates with low bioavailability in form of li-
pid-based formulations which are presently available in the con-
ventional IR dosage forms in the market.

Sandimmune Neoral is a preconcentrate of cyclosporin in
microemulsion of a surfactant, lipophilic and hydrophilic solvents
and ethanol. The influence of a high-fat diet on the pharmacokinet-
ics of the formulation was compared with Sandimmune (simple
cyclosporine emulsion in soft gelatin capsule) in healthy human
subjects [187]. The study showed that the effect of food was less
pronounced in case of the former while was significant (37%
increase in area under the curve) on the latter. This provides the
Table 4
Some lipid-based oral drug delivery systems available in market [196].

Sl
no.

Generic name Brand name/company Dosage form Use

1. Amprenavir Agenerase/
GlaxoSmithKline

Soft gelatin (SG)
cpsule

HIV antiviral

2. Bexarotene Targretin/Ligand SG capsule Anti-neoplas
3. Calcitriol Rocaltrol/Roche SG capsule,

solution
Calcium regu

4. Carvedilol
phosphate

Coreg CR/
Glaxosmithcline

Controlled-release
hard gelatin
capsule

Anti-hyperte

5. Ciprofloxacin Cipro/Bayer Microcapsules for
suspension

Antibiotic

6. Clofazimine Lamprene/Novartis SG capsules Antileprosy a

7. Cyclosporin A Neoral/Novartis SG capsule, oral
solution

Immuno-sup

8. Cyclosporin A Sandimmune/Novartis SG capsule, oral
solution

Immuno-sup

9. Dronabinol Marinol/Roxane and
Unimed

SG capsule Anorexia or n

10. Dutasteride Avodart/GSK SG capsule For benign pr
hyperplasia

11. Enalapril
maleate-
Felodipine

Lexxel/Astra Zeneca ER tablets Anti-hyperte

12. Fenofibrate Lipofen/Kowa
Pharmaceuticals
America, Inc.

Hard gelatin
capsule

Lipid regulat

13. Isotretinoin Accutane/Roche SG capsule Anti-comedo

14. Lopinavir and
Ritonavir

Kaletra/Abbott Tablet, SG capsule HIV antiviral

15. Mesalamine Pentasa/Shire US Inc Controlled-release
capsules

GI anti-inflam
agent

16. Omega-3-acid
ethyl esters

Lovaza/
GlaxoSmithKline

hard gelatin
capsule

Anti-
hypertriglyce

17. Paricalcitol Zemplar/Abbott
Laboratories

SG capsule For secondar
hyperparathy

18. Progesterone Prometrium/Cardinal
Health Encapsulation
Tech.

Capsules For endomet
hyperplasia

19. Saquinavir Fortovase/Roche SG capsule HIV antiviral
20. Sirolimus Rapamune/Wyeth-

Ayerst
Oral solution Immuno-sup

21. Tipranavir Aptivus/Boehringer/
Ingelheim

SG capsule HIV antiviral

22. Tolterodine
tartrate

Detrol LA/Pharmacia ER hard gelatin
capsule

Overactive bl
muscarinic re
antagonist

23. Tretinoin Vesanoid/Roche SG capsule Anti-neoplas

24. Valproic acid Depakene/Abbott SG capsule Anti-epileptic
patients on Sandimmune Neoral, flexibility with regards to their
dietary schedule and the formulation is, therefore, more patient
compliant.

A study of three lipid-based danazol formulations comprising of
a long-chain TG solution (LCT) and two self-microemulsifying drug
delivery systems based on long-chain (C18) (LCS) lipids and med-
ium-chain (C8–C10) (MCS) lipids was conducted on fasted beagle
dogs. The results showed significant increase in oral bioavailability
of the drug due to LCT and LCS than MCS which showed significant
drug precipitation in vitro than LCT and LCS [171]. In vivo study on
fasted greyhound dogs has shown that even small amounts of lipid
(approx. 880 mg of lipid in 1 g of microemulsion) can substantially
support intestinal lymphatic transport in the fasted state. In addi-
tion, microemulsions containing long-chain glycerides enhanced
lymphatic transport greater than those with equivalent amount
of medium-chain glycerides [188]. Recently, Wasan and his
Lipid components

d-alpha tocopheryl polyethylene glycol 1000 succinate

tic Polysorbate 80
lator Fractionated medium-chain triglycerides of coconut oil, Fractionated

triglycerides palm seed oil
nsive Hydrogenated castor oil, hydrogenated vegetable oil

Medium-chain triglycerides

gent Beeswax, butylated hydroxytoluene, citric acid, ethyl vanillin, gelatin,
glycerin, iron oxide, lecithin, p-methoxy acetophenone, parabens,
plant oils, propylene glycol.

pressant dl-a-tocopherol, corn oil-mono-di-triglycerides, polyoxyl 40
hydrogenated castor oil (Cremophor RH 40)

pressant Polyoxyethylated Linoleic glycerides (Labrafil M-2125CS)
Olive oil, Polyoxyethylated oleic glycerides (Labrafil M-1944CS)

ausea Sesame oil

ostate Mixture of mono- and diglycerides of caprylic/capric acid

nsive Polyoxyl 40 hydrogenated castor oil

ing agent Gelucire 44/14 (lauroyl macrogol glyceride type 1500)

genic Bees wax, hydrogenated soyabean oil flakes, hydrogenated vegetable
oils, soyabean oil
Sorbitan monolaurate (span 20)

Oleic acid, polyoxyl 35 castor oil (Cremophor EL)
matory Acetylated monoglyceride, castor oil

ridemia
a-tocopherol (in a carrier of partially hydrogenated vegetable oils
including soybean oil)

y
roidism

Fractionated medium-chain triglycerides of coconut oil or palm kernel
oil

rial Peanut oil

Medium-chain mono- and diglycerides, dl-a-tocopherol
pressant Phosal 50 PG (phosphatidylcholine, mono- and diglycerides, soy fatty

acids, ascorbyl palmitate), polysorbate 80
polyoxyl 35 castor oil (Cremophor EL), Medium-chain mono- and
diglycerides

adder
ceptor

Medium-chain triglycerides, Oleic acid

tic Bees wax, hydrogenated soybean oil flakes, hydrogenated vegetable
oils, soybean oil
Corn oil
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co-workers [189–191] studied the pharmacokinetics and biodistri-
bution of amphotericin B (BCS class IV) in a mono/diglyceride–
phospholipid (distearoylphosphatidylethanolamine)-based oral
formulation and reported significant intestinal absorption in rats
similar to a micellar i.v. preparation. The glyceride-based oral for-
mulation of this drug was also shown to have less renal toxicity as
compared to its micellar dosage form containing sodium deoxy-
cholate with sodium phosphate as a buffer [192,193]. In one of
these studies, the lipid-based excipients were found to signifi-
cantly improve the stability of amphotericin B in simulated gastric
fluid (relatively unstable at lower pH) which is also a contributing
factor for enhancement in oral bioavailability of the drug [189].
These investigations add a new dimension in improving the cur-
rent therapeutic treatment involving BCS class IV drugs using
LBODDS.

The association of drug with chylomicrons in the enterocyte
is an essential step in the lymphatic absorption pathway
[194,195]. This was confirmed by a study [194] conducted on
an experimental rat model with blocked chylomicrons flow to
elucidate the lymphatic transport of Vitamin D3 and the results
were compared with that of the mesenteric lymph duct cannu-
lated rat model. The results showed that 75% of the absorbed
Vitamin D3 is associated with lymphatic absorption and suggest
that the drug association with the chylomicrons occurs at an
early stage of its assembly process. The results also specify that
lymphatic absorption and portal blood absorption are separate
pathways and are independent of each other. Furthermore,
Gershkovich and Hoffman [195] observed a linear correlation
between the ex vivo uptake of lipophilic compounds by chylomi-
crons with the corresponding intestinal lymphatic bioavailability
reported in rats, whereas log P and solubility in long-chain TGs
showed only moderate correlation with lymphatic bioavailability.
Thus, they developed a simple screening model based on the
degree of association of lipophilic compounds with isolated
chylomicrons which can be used for estimation of intestinal lym-
phatic transport potential of drug molecules. Some lipid-based
oral drug delivery systems available in the market are listed in
Table 4.

6.3. In vitro–in vivo correlation (IVIVC)

A key goal in the development of in vitro models is correlating
the in vitro information of various drug formulations to the
in vivo drug profile. A model capable of correlating in vitro and
in vivo data aids in shortening the drug development period,
economize resources and lead to improved product quality. A
few studies have been carried out to evaluate the IVIVC of
lipid-based formulations. An in vitro lipolysis and ex vivo intesti-
nal permeability model was used to predict the corresponding
in vivo oral bioavailability data of two model drugs, griseofulvin
and dexamethasone. Though, the in vivo bioavailability of both
drugs was found to have good correlation with their in vitro data,
ex vivo permeation studies failed to predict the actual in vivo
condition. Among the two, only the absorption of griseofulvin
was found to be dependent on the nature of the lipid in the for-
mulation probably due their large solubility differences. Griseo-
fulvin being less soluble (5 lg/ml) than dexamethasone (100 lg/
ml) is influenced by the presence of bile salts and phospholipids
as well as the lipolytic products in the digestive media for its sol-
ubility enhancement while dexamethasone is sufficiently solubi-
lized by bile salt and phospholipids and therefore independent
of the formation of lipolytic products [197]. Another study on
the relative oral bioavailability of halofantrine using medium-
and long-chain TGs demonstrated a consistent correlation
between the in vitro solubilization and digestion data to the
in vivo data only when the in vitro studies were conducted using
lower lipid masses. The long-chain TGs were found to be superior
in improving the bioavailability of the drug. This study is indica-
tive of the fact that the solubilization capacity of the lipid diges-
tion products is highly dependent on the concentration of lipid
present, and that the quantity of lipid utilized in lipid digestion
experiments is, therefore, required to be taken into consideration
during the design of in vitro lipolysis study [176].

Studies on Caco-2 cells have revealed a strong correlation be-
tween excipient-mediated inhibition of lipoprotein secretion and
inhibition of P-glycoprotein (Pgp) efflux. Lipid excipients have
shown to attenuate the activity of Pgp protein and multidrug resis-
tance-associated protein 2 (MRP2) during treatment of Caco-2 cells
[198–200]. Although the exact mechanism is not completely
understood, the depressed activity of the efflux transporters upon
addition of the lipid-based excipients may be due to decrease in
the protein expression and an increase in cell membrane perme-
ability. In addition to lymphatic uptake, this mechanism may also
significantly contribute in the bioavailability enhancement of
drugs formulated with lipid-based excipients. Common surfactants
used in lipid-based oral drug delivery systems (Pluronic block
copolymers and Cremophor EL) reversibly inhibited intestinal lipo-
protein secretion and effects were found to be concentration
dependent [201]. Therefore, the property of the excipients to alter
the cellular process must be seriously considered during the selec-
tion of excipients for oral drug delivery system. Further studies
revealed the lymphotropic property of polysorbate 80, wherein
the excipients promoted chylomicrons secretion in Caco-2 cells
which was in agreement with the response observed in the cann-
ulated rat model [202]. As Caco-2 cells express P-glycoprotein, syn-
thesize and secrete lipoproteins with similar characteristics to
those found in vivo and also respond to FA stimuli similar to that
reported in animals, therefore, they could be employed in the ini-
tial screening of pharmaceutical vehicle’s effects on lipid metabo-
lism as well as for studying absorption mechanisms from oral
lipid-based formulations [203–206]. The different aspects of the
role of Pgp in drug transport and absorption and the different for-
mulation strategies to effectively inhibit Pgp have been well
reviewed in the literature [207]. Computational model using
molecular descriptors have been used to estimate the percentage
of the absorbed dose to be transported lymphatically upon admin-
istration with a long-chain TG [208]. Unfortunately, the literature
available for comparison of lipid formulation performance with
any in vitro test is limited and lot more investigation is required
including examination of more complex lipid-based formulations
(containing surfactants and/or co-solvents).
7. Conclusion

Lipid carriers have bright future due their inherent property
to enhance the bioavailability of lipophilic drugs with poor aque-
ous solubility. However, the limitations of these carriers like
poor physiochemical properties of lipids, lack of drug solubility
database in lipids and unavailability of standard methodologies
for in vitro analysis, need to be addressed. The issues related
to the development of LBODDS may be overcome by the applica-
tion of the adsorption technique which has the potential to
impart good flow and compressibility to the lipid-based gran-
ules. More human clinical studies are needed to be carried out
to generate in vivo data and its correlation with in vitro dissolu-
tion data, which may help in understanding the solubilization
mechanism of lipids in the formulation. All issues and important
parameters mentioned herein should be considered for LBODDS,
especially at the formulation development stage which would
result into a concomitant improvement in the quality, efficacy
and safety of drugs.
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