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“The significant problems we face cannot be solved at the same level of
thinking we were at when we created them.”

— Albert Einstein





Preface

It has been estimated that between 40% and 70% of all new chemical entities iden-
tified in drug discovery programs are insufficiently soluble in aqueous media to
allow for their adequate and reproducible absorption from the gastrointestinal
tract following oral administration. Many individuals maintain that reliance on
combinatorial chemistry is responsible for creating this solubility problem.
However, one need only review the literature to be reminded of the relationship
between pharmacophore lipophilicity and biological activity that has surfaced
repeatedly throughout the recorded history of pharmacology. So, have we not per-
haps been negligent in our failure to anticipate the biopharmaceutical properties of
contemporary drug candidates that were previously shown to be characteristic of
many highly potent pharmacophores? Our inability to efficiently develop oral
dosage forms for the majority of these poorly soluble compounds could certainly
be construed as evidence of negligence.

Oral lipid-based formulations, which are by no means a recent technologi-
cal innovation, have not only proven their utility for mitigating the poor and
variable gastrointestinal absorption of poorly soluble, lipophilic drugs, but in
many cases have shown the ability to reduce or eliminate the influence of food on
the absorption of these drugs. A cursory review of the literature will clearly under-
score not only the scientific interest in oral lipid-based formulations, but will
reinforce the promise and versatility that this technology holds for addressing the
constant and growing problems surrounding the oral delivery of many poorly
soluble drug candidates. Despite these realities, marketed oral drug products
employing lipid-based formulations are currently outnumbered 25 to 1 by
conventional formulations. As with any drug delivery technology, there are
practical limitations to the successful application of oral lipid-based formulations.
However, considerable inertia and reluctance to embrace necessary change
appears to be fueling our failure to fund the research that would allow us to push
past these limitations. 
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viii Preface

Currently, lipid-based formulations occupy a small but successful niche for
dealing with oral delivery of poorly soluble drugs. The majority of application
and manufacturing expertise for these formulations is, not surprisingly, limited to
smaller specialty companies. However, the services of these organizations are
being leveraged with increasing frequency, which bodes well for more wide-
spread acceptance of oral lipid-based formulations by the industry at large.
Greater demand for this technology should drive increased research efforts
directed at solving solubility and stability issues and refinement of in vitro and in
vivo models for more reliable projection of formulation performance in humans.
Increased regulatory acceptance of oral lipid-based formulations is expected to
follow these anticipated developments. This book seeks to provide a balanced and
comprehensive summary of both the theoretical and practical aspects of oral
lipid-based formulations to formulators wishing to employ the technology as well
as scientific and marketing executives who wish to gain a greater understanding
of a developing technology that is expected to assume increasing prominence in
the years to come.

The first two chapters provide a thorough review of currently marketed
drug products formulated with lipids and a comprehensive summary of the exci-
pients used to prepare these formulations. Next, the reader is guided through the
initial stages of lipid-based formulation development, beginning with feasibility
assessment and prototype formulation design and followed by process scale-up
and manufacturing considerations. The development and characterization of liq-
uid, semi-solid, and self-emulsifying formulations is covered in detail and many
illustrative examples are included. Subesequent chapters provide detailed treatis-
es on the in vitro and in vivo evaluation of these formulations, including an excel-
lent review on the physiology of gastrointestinal lipid absorption, which is key to
understanding the mechanisms by which lipid-based formulations enhance drug
bioavailability. Finally, two case studies detailing oral lipid-based formulation
development in an industrial pharmaceutical company setting are presented, pro-
viding an appreciation for the challenges encountered in applying this technology
as well as practical examples of how these challenges were surmounted.

The editor wishes to acknowledge the many fine women and men, all
experts in their fields, who willingly contributed their precious time and knowl-
edge to make this book possible and who persevered through the tedious, and at
times challenging, process of authorship. 

The editor also wishes to acknowledge Professor Gordon L. Amidon for his
encouragement and for valuable discussions during the conceptualization and
planning of this book.

David J. Hauss



Contents

Preface . . . . vii
Contributors . . . . xi

1. Currently Marketed Oral Lipid-Based Dosage Forms: Drug
Products and Excipients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Robert G. Strickley

2. Lipid-Based Excipients for Oral Drug
Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Lowell Gibson

3. Feasibility Assessment and Considerations for Scaling 
Initial Prototype Lipid-Based Formulations to
Phase I/II Clinical Trial Batches . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Paul Sirois

4. Materials, Process, and Manufacturing Considerations 
for Lipid-Based Hard-Capsule Formats . . . . . . . . . . . . . . . . . . . . 79
William J. Bowtle

5. Liquid Self-Microemulsifying Drug Delivery    
Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
Mette Grove and Anette Müllertz

6. Lipid-Based Isotropic Solutions: Design      
Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
Navnit H. Shah, Wantanee Phuapradit, Yu-E Zhang,
Hashim Ahmed, and A. Waseem Malick

ix



7. Lipid-Based Self-Emulsifying Solid                        
Dispersions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Madhav Vasanthavada and Abu T. M. Serajuddin

8. Oral Lipid-Based Formulations: Using Preclinical
Data to Dictate Formulation Strategies for Poorly 
Water-Soluble Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
Christopher J. H. Porter and William N. Charman

9. Physiological Processes Governing the Gastrointestinal
Absorption of Lipids and Lipophilic                   
Xenobiotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
Rachna Gajjar, Chun-Min Lo, and Patrick Tso

10. Characterizing Release from Lipid-Based                       
Formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
Jennifer Dressman, Karen Schamp, Karen Beltz, and Jochem Alsenz

11. Using In Vitro Dynamic Lipolysis Modeling as a Tool 
for Exploring IVIVC Relationships for Oral Lipid-Based 
Formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
Dimitris G. Fatouros and Anette Müllertz

12. Case Studies: Rational Development of Self-Emulsifying 
Formulations for Improving the Oral Bioavailability of Poorly 
Soluble, Lipophilic Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Ping Gao and Walter Morozowich

13. Design and Development of Supersaturatable      
Self-Emulsifying Drug Delivery Systems              
for Enhancing the Gastrointestinal Absorption of     
Poorly Soluble Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303
Ping Gao and Walter Morozowich

Index . . . . 329

x Contents



Contributors

Hashim Ahmed Pharmaceutical and Analytical Research and Development,
Roche, Nutley, New Jersey, U.S.A.

Jochem Alsenz Preformulation F. Hofmann-LaRoche Grenzacherstrasse, Basel,
Switzerland

Karen Beltz Institute of Pharmaceutical Technology, Johann Wolfgang Goethe
University, Frankfurt am Main, Germany

William J. Bowtle Department of Research and Development, Encap Drug
Delivery, Livingston, U.K.

William N. Charman Department of Pharmaceutics, Victorian College of
Pharmacy, Monash University, Parkville, Victoria, Australia

Jennifer Dressman Institute of Pharmaceutical Technology, Johann Wolfgang
Goethe University, Frankfurt am Main, Germany

Dimitris G. Fatouros Department of Pharmaceutics and Analytical Chemistry,
The Danish University of Pharmaceutical Sciences, Copenhagen, Denmark

Rachna Gajjar Department of Pathology, University of Cincinnati Medical
Center, Cincinnati, Ohio, U.S.A.

Ping Gao Small Molecule Pharmaceutics, Amgen, Inc., Thousand Oaks,
California, U.S.A.

Lowell Gibson Eli Lilly and Company, Indianapolis, Indiana, U.S.A.

Mette Grove LEO Pharma A/S, Ballerup, Denmark

A. Waseem Malick Pharmaceutical and Analytical Research and
Development, Roche, Nutley, New Jersey, U.S.A.

xi



Chun-Min Lo Department of Pathology, University of Cincinnati Medical
Center, Cincinnati, Ohio, U.S.A.

Walter Morozowich Prodrug/Formulation Consultant, Kalamazoo, Michigan,
U.S.A.

Anette Müllertz Department of Pharmaceutics and Analytical Chemistry,
The Danish University of Pharmaceutical Sciences, Copenhagen, Denmark

Wantanee Phuapradit Pharmaceutical and Analytical Research and
Development, Roche, Nutley, New Jersey, U.S.A.

Christopher J. H. Porter Department of Pharmaceutics, Victorian College
of Pharmacy, Monash University, Parkville, Victoria, Australia

Karen Schamp Institute of Pharmaceutical Technology, Johann Wolfgang
Goethe University, Frankfurt am Main, Germany

Abu T. M. Serajuddin Novartis Pharmaceuticals Corporation, East Hanover,
New Jersey, U.S.A.

Navnit H. Shah Pharmaceutical and Analytical Research and Development,
Roche, Nutley, New Jersey, U.S.A.

Paul Sirois Eli Lilly and Company, Indianapolis, Indiana, U.S.A.

Robert G. Strickley Formulation and Process Development, Gilead Sciences,
Inc., Foster City, California, U.S.A.

Patrick Tso Department of Pathology, University of Cincinnati Medical
Center, Cincinnati, Ohio, U.S.A.

Madhav Vasanthavada Novartis Pharmaceuticals Corporation, East Hanover,
New Jersey, U.S.A.

Yu-E Zhang Pharmaceutical and Analytical Research and Development,
Roche, Nutley, New Jersey, U.S.A.

xii Contributors



1

Currently Marketed Oral Lipid-Based
Dosage Forms: Drug Products

and Excipients

Robert G. Strickley
Formulation and Process Development, Gilead Sciences, Inc., 

Foster City, California, U.S.A.

1

INTRODUCTION

This chapter focuses on the commercially available lipid-based formulations for
oral delivery, along with the lipid excipients in the formulations. The geographical
focus is the United States, the United Kingdom, and Japan since formulation infor-
mation of commercial pharmaceutical products is available for these countries
(1–3), but not so readily with other locations (4). The lipid excipients employed in
lipid-based oral formulations have been reviewed (5) and include oils composed of
medium-chain triglycerides or long-chain triglycerides, lipid soluble solvents, and
surfactants. The published information on oral formulations usually includes only
the qualitative list of most excipients (1–5); thus determining the exact amounts
of excipients in a particular formulation is not possible. In certain cases, more
quantitative formulation information is provided, thus allowing for estimates of the
amount administered of a specific excipient.

A lipid-based oral formulation is used for water-insoluble drugs in
cases where typical formulation approaches (i.e., solid wet granulation, solid dry
granulation, water-soluble liquid in a capsule) do not provide the required bioavail-
ability, or when the drug itself is an oil (i.e., dronabinol, ethyl icosapentate,



indometacin farnesil, teprenone, and tocopherol nicotinate). Tables 1 to 3 are lists
of selected commercially available lipid-based oral formulations in the United
States, the United Kingdom and Japan, respectively, arranged alphabetically by
drug name and also showing the drug’s chemical structure, indication, dose, the
marketed formulation, list of excipients, and storage conditions. Tables 2 and 3
also have the year that the commercial drug product was first introduced into the
marketplace in Japan or the United Kingdom.

The majority of commercially available oral formulations are solid
dosage forms such as tablets or capsules, but there are also many solubilized
oral formulations including bulk oral solutions, syrups, elixirs, or solutions filled
into soft or hard capsules. The commercially available lipid-based oral formula-
tions are either in capsules or bulk oral solutions. Although the estimates that
follow are approximate (2,3), for exact accounting is difficult, it appears that
lipid-based oral products account for at least 2% to 4% of the commercially
available drugs products in each market surveyed, with approximately 2% in the
United Kingdom (total marketed drug products include 864 tablets, 303 capsules,
87 oral solutions, of which at least 21 are lipid based), 3% in the United States
(total marketed drug products include 556 tablets, 264 capsules, and 19 oral
solutions, of which at least 27 are lipid-based), and 4% in Japan (total marketed
drug products include 157 tablets, and 43 capsules, of which 8 at least are
lipid based).

Table 4 is a list of the lipid and surfactant excipients used in lipid-based oral
formulations, and these excipients include oils composed of medium-chain
triglycerides (coconut oil and palm seed oil) or long-chain triglycerides (e.g.,
corn oil, olive oil, peanut oil, rapseed oil, sesame oil, soybean oil, hydrogenated
soybean oil, and hydrogenated vegetable oil), beeswax, oleic acid, soy fatty
acids, d-�-tocopherol, corn oil mono-di-triglycerides, medium-chain mono-
and diglycerides, and many surfactants (e.g., cremophor EL, cremophor RH40,
cremophor RH60, Polysorbate 20, Polysorbate 80, d-�-tocopherol polyethylene
glycol 1000 succinate (TPGS), Span 20, Labrafils®, Labrasol®, and Gelucires®).
The lipid excipient d-�-tocopherol also has antioxidant properties, and is in such
products as indometacin farnesil 100 mg hard gelatin capsules, and teprenone
hard gelatin capsules and fine granules.

This chapter is organized into two main sections, comprising either
capsule or oral solution formulations, with each section beginning with simple
one-excipient formulations and progressing to more complex formulations.

CAPSULES: SOFT AND HARD

Both soft and hard gelatin capsules are used for lipid-based oral formulations.
Liquid formulations can be filled into either soft or hard capsules, whereas
semisolids or solid formulations are filled into hard capsules.

2 Strickley
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One-Lipid Excipient Formulations

The simplest lipid-based formulations contain only one excipient such as oleic
acid, �-tocopherol, corn oil, peanut oil, sesame oil, medium-chain triglyceride, or
medium-chain mono- and diglycerides. There are at least 10 commercially avail-
able (by prescription) one-lipid excipient oral formulations, and all are marketed
in soft capsules. Many of the over-the-counter soft gelatin capsules use polyethy-
lene glycol or medium-chain triglycerides as the solubilizing excipient.

16 Strickley

Table 4 Solubilizing Excipients Used in Commercially Available Lipid-Based Oral
Formulations

Water-insoluble 
excipients Triglycerides Surfactants

Beeswax Long-chain triglycerides Glyceryl monooleate
Oleic acid Corn oil Polyoxyl 35 castor oil
Soy fatty acids Olive oil (cremophor EL)
d-�-tocopherol Peanut oil Polyoxyl 40

(vitamin E) Rapseed oil hydrogenated castor
Corn oil mono-di- Sesame oil oil (cremophor RH40)

triglycerides Soybean oil Polyoxyl 60
Medium-chain Hydrogenated hydrogenated castor

(C8/C10) mono- and soybean oil oil (cremophor RH60)
diglycerides Hydrogenated Polysorbate 20 

Propylene vegetable oils (tween 20)
glycol esters of Polysorbate 80
fatty acids (tween 80)

Medium-chain triglycerides d-�-tocopheryl
Caprylic/capric polyethylene glycol 

triglycerides derived 1000 succinate (TPGS)
from coconut oil or Sorbitan monolaurate 
palm seed oil (Span 20)

PEG 300 oleic
glycerides (Labrafil®

M-1944CS)
PEG 300 linoleic 

glycerides (Labrafil®

M-2125CS)
PEG 400 

caprylic/capric
glycerides 
(Labrasol®)

PEG 1500 lauric 
glycerides
(Gelucire® 44/14)

Abbreviations: PEG, polyethyelene glycol; TPGS, tocopherol polyethylenenglycol succinate.



1. Clomethiazole edisilate is the ethanedisulfonate salt of clomethiazole,
which is an oily viscous liquid as the free base, but the edisilate salt
is a solid with a melting point of 124°C (6) and is the commercial
form in Heminevrin® capsules, with 192 mg (60 mg equivalent of
clomethiazole) dissolved in medium-chain triglycerides and filled
into soft gelatin capsules. Clomethiazole is a short acting hypnotic
and sedative with anticonvulsant effects, and Heminevrin is indicated
for treatment of the restlessness and insomnia that accompany alco-
hol withdrawal. Clomethiazole has a short half-life and low bioavail-
ability due to extensive hepatic first-pass metabolism (3). The dose of
Heminevrin is one to four capsules as needed, and the capsules are
stored at room temperature. Heminevrin capsules have been available
in the United Kingdom since 1998.

2. Dronabinol, also known as �-9-tetrahydrocannabinol, is the principal
psychoactive component of cannabis and finds therapeutic application
as an antiemetic for treatment of the nausea and vomiting associated
with cancer chemotherapy or as an appetite stimulant to treat AIDS
wasting syndrome. Dronabinol is highly hydrophobic oil at ambient
room temperature and after oral administration, is almost completely
absorbed (90% to 95%). However, the bioavailability is only about 10%
to 20% due to extensive hepatic first-pass hepatic metabolism (2).
Dronabinol is formulated as a solution in sesame oil in 2.5 mg, 5 mg,
and 10 mg Marinol® soft gelatin capsules. The dose is 2.5 to 10 mg (one
capsule) twice daily. Marinol should be stored at 8 to 15°C and must be
protected from freezing. Marinol is available in the United States.

3. Ethyl icosapentate exists as a liquid at ambient room temperature and
is formulated as a solution in �-tocopherol in 300 mg Epadel® soft
gelatin capsules. Ethyl icosapentate is used in the treatment of hyper-
lipidemia and arteriosclerosis obliterans. The dose of ethyl icosapen-
tate is 600 mg (two capsules) three times daily and the product should
be stored at controlled room temperature in moisture-proof containers
protected from light. Epadel has been available in Japan since 1990.

4. Progesterone is a water-insoluble steroid that is sparingly soluble in
vegetable oils. Progesterone is formulated as a partially solubilized,
micronized suspension in peanut oil in 100 mg Prometrium® soft
gelatin capsules, which is available in the United States. The absolute
oral bioavailability of progesterone has not been determined, but the
systemic exposure is increased following micronization (2). The dose
of progesterone is 200 to 400 mg (two to four capsules) once daily and
Prometrium® should be stored at controlled room temperature in
moisture-proof containers protected from light. Progesterone, formu-
lated in vegetable fat, is available in the United Kingdom as
Cyclogest® 200 mg and 400 mg pessaries and is indicated for the
treatment of premenstrual syndrome.

Currently Marketed Oral Lipid-Based Dosage Forms 17



5. Testosterone undecanoate is an ester prodrug of testosterone intended for
oral administration in hormone replacement therapy. Free testosterone is
inactive following oral administration due to virtually complete hepatic
first-pass extraction. However, the undecanoate ester prodrug is transport-
ed via the intestinal lymphatic system, thereby circumventing the hepat-
ic portal circulation and the associated presystemic first pass metabolism
(3). Testosterone undecanoate is solubilized in oleic acid in Restandol®

40 mg soft gelatin capsules that contain 61 mg of testosterone unde-
canoate, which is equivalent to 40 mg of testosterone. The oral daily dose
of testosterone undecanoate (one to four capsules) is equivalent to 40 to
160 mg of free testosterone. Restandol must be stored refrigerated prior
to dispensing, after which it may be stored at controlled room tempera-
ture. Restandol has been available in the United Kingdom since 1981.

6. Valproic acid, an anticonvulsant with an intrinsic water solubility of
1.3 mg/mL (2), is formulated as a solution in corn oil and is available
in the United States as 250 mg Depakene® soft gelatin capsules. In the
United Kingdom, valproic acid is formulated as a solution in medium-
chain triglycerides as 100 mg, 200 mg and 500 mg Convulex® enteric
coated soft gelatin capsules, where it has been available since 1991.
The dose of valproic acid is 600 to 2500 mg daily, and both products
should be stored at controlled room temperature.

7. Calcitriol is a nonionizable and water-insoluble synthetic vitamin D
analog which is active in the regulation of the absorption of calcium and
its utilization in the body and is intended for the treatment of hypocal-
cemia. Calcitriol is formulated as a solution in a fractionated medium-
chain triglyceride of coconut oil, along with the antioxidants butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), as 0.25
and 0.5 �g Rocaltrol® soft gelatin capsules, which have been available
in the United Kingdom since 1996, and are also available in the United
States. Rocaltrol is also available (U.S. only) as a 1 �g/mL oral solution
formulated in a fractionated triglyceride of palm seed oil. Calcitriol is
not available in Japan but a similar molecule, falecalcitriol, is available
and marketed as a conventional solid tablet formulation. The dose of
calcitriol is 0.25 to 0.5 �g (one capsule) and Rocaltrol should be stored
at controlled room temperature.

8. Dutasteride, a water-insoluble steroid derivative used in the treatment
of benign prostatic hyperplasia, is formulated as a solution in capric
and caprylic mono- and diglycerides (medium-chain mono- and
diglycerides) as 0.5 mg Avodart® soft gelatin capsules. The average
bioavailability of dutasteride from Avodart is 60%, with a range of
40% to 94% (2,3). The dose of dutasteride is 0.5 mg (one capsule)
once daily and the product should be stored at controlled room
temperature. Avodart has been available in the United Kingdom since
2003, and is also available in the United States.
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9. Various nutritional supplements available by prescription are
formulated in soft gelatin capsules using, as solubilizing excipients,
linoleic acid, vitamin E (dl-alpha-tocopherol acetate), or soybean oil.
Encora® is a nutritional supplement with essential fatty acids and is
available in a blister package with two tablets and two capsules on each
blister card designated for AM and PM oral administration. The Encora
capsules are pink, liquid-filled soft gelatin containing 650 mg of
omega-3 fatty acid (equivalent to approximately 180 mg of docosa-
hexaenoic acid and 360 mg of eicosapentaenoic), 10 mg of linoleic acid,
and 50 IU of vitamin E. Chromagen® soft gelatin capsules, indicated in
the treatment of anemia, contain 70 mg of iron and 150 mg of calcium
ascorbate dissolved in soybean oil.

Two-Excipient Formulations

The next level of complexity in lipid-based formulations is those that contain two
excipients. Some typical combinations are sesame oil with �-tocopherol, medi-
um-chain triglyceride with ethanol, and propylene glycol esters of fatty acids with
glyceryl mono-oleate. There are at least three commercially available two-lipid
excipient oral formulations, all of which are delivered in soft gelatin capsules.

1. Alfacalcidol, a dehydroxy derivative of calcitriol, is formulated as a
solution in a mixture of sesame oil and �-tocopherol in 0.25�g, 0.5�g,
and 1.0 �g One-Alpha®soft gelatin capsules which have been available
in the United Kingdom since 2000. The dose of alfacalcidol is 0.25 to
1.0 �g (one capsule) daily and One-Alpha soft gelatin capsules should
be stored at controlled room temperature. In Japan, alfacalcidol
(Alfarol®) is available in capsule, solution, and powder formulations
that employ potassium sorbate as the major excipient.

2. Doxercalciferol is similar to calcitriol and alfacalcidol in chemical
structure, clinical application, and formulation, and is formulated as a
solution in ethanol and a fractionated medium-chain triglyceride of
coconut oil as 2.5 �g Hectorol® soft gelatin capsules. The dose of
doxercalciferol is 10 to 20 �g (four to eight capsules) three times
weekly and Hectorol should be stored at controlled room temperature.
Hectorol is available in the United States.

3. Menatetrenone (also known as vitamin K2), a practically water insol-
uble prenylated napththoquinone used in the treatment of osteoporo-
sis, is formulated as a solution in propylene glycol esters of fatty acids
and glyceryl mono-oleate as 15 mg Glakay® soft gelatin capsules. The
bioavailability of menatetrenone is highly dependent on the dietary
status of the patient at the time of dosing, with an approximate
seven-fold increase in the systemic exposure (as determined from the
plasma concentration area-under-the-curve) being observed following
postprandial dosing as compared to the fasted state (3). The influence
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of dietary fat on the bioavailability of menatetrenone is dependent
upon the quantity of fat consumed at the time of dosing, with a three-
fold increase in exposure occurring when the amount of ingested fat
was increased from 9 g to 35–54 g. The dose of menatetrenone is
45 mg (three capsules) three times daily after meals and Glakay
should be stored at ambient room temperature protected from light.
Glakay has been available in Japan since 1995.

Three-Excipient Formulations

Ascending the scale of complexity of lipid-based formulations are those that con-
tain mixtures of three excipients. Typical examples of such combinations include:
(i) TPGS, polyethylene glycol (PEG) 400, and PG; (ii) oleic acid, cremophor EL,
and ethanol or PG; (iii) polysorbate 20, PEG 400, and povidone; (iv) medium-
chain mono- and diglycerides, �-tocopherol, and povidone; (v) medium-chain
triglycerides, glycol esters of fatty acids, and aspartic acid. There are at least five
commercially available, three-excipient lipid-based oral formulations, and all are
delivered in soft gelatin capsules.

1. Amprenavir, a poorly water-soluble HIV protease inhibitor, is formulat-
ed as a solution in a combination of (approximate proportions) 23%
TPGS, 60% PEG 400 and 5% propylene glycol as 50 mg and 150 mg
Agenerase® soft gelatin capsules. The micelle-forming excipient, TPGS,
was first synthesized in 1950 by the Eastman Chemical Company as a
water-dispersible form of vitamin E with improved gastrointestinal
absorption (7). TPGS is currently recognized by formulators as “an
effective oral absorption enhancer for improving the bioavailability of
poorly absorbed drugs and as a vehicle for lipid-based drug delivery”
(8). TPGS forms micelles at concentrations �0.2 mg/mL in water and
improves the aqueous solubility of amprenavir from 36 to 720 �g/mL
(8). It was also shown, by directional transport studies employing caco-
2 cell monolayers, that TPGS is a potent inhibitor of active efflux even
at concentrations 10-fold below the critical micelle concentration (9),
suggesting that monomeric TPGS is capable of inhibiting the efflux
mechanism. Therefore, TPGS not only improves the gastrointestinal
absorption of amprenavir by improving its aqueous solubility but also by
increasing its permeability through inhibition of intestinal efflux. The
bioavailability of amprenavir in conventional capsule or tablet formula-
tions is near zero, but has been shown to increase to 69% 	 8% follow-
ing oral administration of 25 mg/kg to beagle dogs in formulations con-
taining 20% TPGS, with a further increase in bioavailability to
80% 	 16% occurring when the content of TPGS was increased to 50%
(9). The dose of amprenavir is 1200 mg (eight capsules) twice daily and
Agenerase® soft gelatin capsules should be stored at controlled room
temperature. Agenerase soft gelatin capsules and oral solution have been
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available in the United Kingdom since 2000 and are also available in the
United States.

2. Bexarotene, a benzoic acid derivative, is a selective activator of the
retinoid X receptor indicated for the treatment of T-cell lymphoma.
The free acid form of bexarotene is solubilized in a mixture of
polysorbate 20 and PEG 400 in combination with povidone and BHA
as an antioxidant in 75 mg Targretin® soft gelatin capsules. The dose
of bexarotene is 300 to 750 mg (4 to 10 capsules) once daily and
Targretin soft gelatin capsules should be stored at controlled room
temperature. Targretin has been available in the United Kingdom
since 2001, and is also available in the United States.

3. Ritonavir, an HIV protease inhibitor with a peptide-like structure, has
an intrinsic water solubility of 1.0 �g/mL and two weakly basic thia-
zole groups with pKa’s of 1.8 and 2.6, which preclude the possibility of
solubilization through manipulation of the formulation pH (10). The
initial hard gelatin capsule formulation of ritonavir (Norvir®) was mar-
keted as an amorphous, semi-solid dispersion containing 100 mg of
ritonavir solubilized in a mixture of caprylic/capric medium-chain
triglycerides, polyoxyl 35 castor oil, citric acid, ethanol, polygly-
colyzed glycerides, polysorbate 80 and propylene glycol (11).
However, unexpected precipitation of amorphous ritonavir as a less
soluble crystalline form in the excipient matrix negatively impacted both
the drug dissolution rate and bioavailability, leading to a temporary
withdrawal of the product from the market in 1998 (12,13). Norvir was
reintroduced in 1999 after reformulation as a thermodynamically stable
solution containing 100 mg of ritonavir solubilized in a mixture of oleic
acid, cremophor EL, ethanol and the antioxidant, BHT, delivered in soft
gelatin capsules. The dose of ritonavir is 600 mg (six capsules) twice
daily and Norvir soft gelatin capsules must be stored refrigerated at 2
to 8°C, or at room temperature for no more than one month. Norvir is
available in the United Kingdom and the United States, and also in the
fixed-dose combination product, Kaletra® (see next paragraph).

4. Lopinavir and ritonavir are water-insoluble HIV protease inhibitors
used in the treatment of HIV infection. Kaletra, the combination formu-
lation of lopinavir and ritonavir is replacing Norvir (ritonavir; see pre-
vious paragraph). Kaletra soft gelatin capsules are a fixed-dose combi-
nation product containing 133.3 mg of lopinavir and 33.3 mg ritonavir,
solubilized in a mixture of oleic acid, cremophor EL, and propylene
glycol. The dose of Kaletra is three capsules twice daily and Kaletra
soft gelatin must be stored refrigerated at 2 to 8°C or at controlled room
temperature for no more than two months. In part due to this storage
restriction, in 2005/2006 a lipid-containing solid tablet of kaletra was
introduced that is stored at room temperature and is made by a melt
extrusion process. Kaletra tablets contain 200 mg lopinavir and 50 mg
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ritonavir in a matrix of sorbitan monolaurate (Span 20), povidone,
sodium stearyl fumarate and silicon dioxide. The dose of Kaletra tablets
is 2 tablets twice daily or 4 tablets once daily. Ritonavir inhibits hepatic
cytochrome P450 3A (CYP3A) and the intestinal P-glycoprotein (P-gp)
efflux pump and increases the oral bioavailability of lopinavir. The oral
bioavailability of lopinavir is increased when coadministered with
ritonavir. Kaletra has been available in the United Kingdom since 2001,
and is also available in the United States.

5. Saquinavir is a water-insoluble HIV protease inhibitor that was first
introduced in 1996 as a solid oral dosage form (Invirase®) and subse-
quently, as a lipid-based formulation in a soft gelatin capsule
(Fortovase®) containing 200 mg of saquinavir solubilized in a mixture
of �-tocopherol and medium-chain mono- and diglycerides in combi-
nation with povidone. However, in 2006 Fortovase was removed from
the market due to lack of demand (14); however, but saquinavir is still
available as 200 mg and 500 mg Invirase hard gelatin capsules. The
dose of Fortovase was 1200 mg (six capsules) three times daily or, if
taken in combination with ritonavir (which is known to increase the
bioavailability of saquinavir), 1000 mg (five capsules) twice daily.
Fortovase capsules were stored refrigerated at 2 to 8°C, or at room
temperature for no more than three months.

6. Tocopherol nicotinate is the nicotinic acid ester of �-tocopherol and is
indicated in the treatment of hypertension, hyperlipidemia, and periph-
eral circulatory disturbances. The bioavailability of tocopherol nicoti-
nate is subject to considerable food effect, increasing approximately
30-fold following postprandial administration, as compared to the fast-
ed state. Tocopherol nicotinate, which exists as an orange-yellow
liquid or solid that is practically insoluble in water, is formulated as a
viscous suspension or semisolid in a mixture of medium-chain triglyc-
erides and glycol esters of fatty acids, in combination with aspartic
acid, in 200 mg Juvela®N soft gelatin capsules. The dose of tocopherol
nicotinate is 200 mg (one capsule) three times daily and Juvela N may
be stored at controlled room temperature. Juvela N has been available
in Japan since 1984.

Four-Excipient Formulations

The most complex lipid-based formulations currently marketed contain mixtures
of four excipients such as (i) ethanol, cremophor EL, propylene glycol, and
mono/diglycerides of caprylic/capric acid; (ii) rapeseed oil, beeswax, hydrogenated
soybean oil, and partially hydrogenated plant oils; and (iii) cremophor RH 60,
hydrogenated oil, and glyceryl mono-oleate in combination with aspartic acid.
There are at least five commercially available four-excipient lipid-based oral
formulations and all are delivered in soft gelatin capsules.
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1. Tipranavir is a water-insoluble HIV protease inhibitor that was
approved in 2005 and is formulated as a solution in a combination of
ethanol (7% w/w or 0.1 g per capsule), cremophor EL, propylene gly-
col, and mono/diglycerides of caprylic/capric acid as 250 mg
Aptivus® soft gelatin capsules (15). The dose of Aptivus is two cap-
sules per day coadministered with 200 mg of ritonavir, twice daily.
Tipranavir has limited absorption in humans because it is a substrate
and a potent inducer of the intestinal P-gp efflux pump, as well as a
substrate for CYP3A4 metabolism. The oral bioavailability of
tipranavir is not published, but coadministration with ritonavir is
essential in order to achieve effective tipranavir plasma concentra-
tions since ritonavir inhibits the intestinal P-gp efflux pump and
CYP3A. There was a 29-fold increase in the trough plasma concen-
trations of tipranavir when 500 mg was coadministered with 200 mg
of ritonavir in healthy adults (15). Aptivus capsules coadministered
with ritonavir should be give with food since the bioavailability of
tipranavir was increased approximately 30% by a high fat diet.
Aptivus capsules must be stored refrigerated at 2 to 8°C prior to open-
ing the bottle and after opening the bottle, at room temperature for
less than 60 days.

2. Clofazimine, used in the treatment of leprosy, is practically insoluble
in water. It is formulated as a suspension in an oil-wax matrix com-
posed of rapeseed oil, beeswax, hydrogenated soybean oil, and par-
tially hydrogenated plant oils in 100 mg Lamprene® soft gelatin cap-
sules. The oral bioavailability of clofazimine from Lamprene is 70%,
increasing substantially when administered with food (3). The dose of
clofazimine is up to 300 mg (three capsules) daily and Lamprene must
be stored below 25°C and protected from moisture. Clofazimine has
been available in the United Kingdom since 1998.

3. Indometacin farnesil is an ester prodrug of the active moiety,
indometacin, which finds therapeutic application as an anti-
inflammatory and analgesic. Indometacin farnesil exists as an oily
liquid that is practically insoluble in water. Indometacin farnesil is
formulated as a viscous solution in a mixture of cremophor RH 60,
hydrogenated oil, and glyceryl mono-oleate in combination
with aspartic acid in 200 mg Infree® soft gelatin capsules. The oral
bioavailability of indometacin farnesil is decreased when adminis-
tered in the fasted state, but absorption is improved following a stan-
dard meal containing only 10 g of fat (3). The dose of indometacin
farnesil is 200 mg (one capsule) twice daily and Infree may be stored
at controlled room temperature. Indometacin farnesil has been
available in the Japan since 1991.

4. Isotretinoin, an isomer of tretinoin, is an anticomedogenic indicated
in the treatment of severe cystic acne. Isotretinoin demonstrates rapid



but erratic absorption that is approximately doubled following post-
prandial administration, as compared to the fasted state (2). The
absolute bioavailability of isotretinoin has not been reported.
Isotretinoin is formulated as a solution in a combination of beeswax,
soybean oil, hydrogenated vegetable oils, and hydrogenated soybean
oil as 10, 20, and 40 mg Accutane® soft gelatin capsules. The dose of
isotretinoin is 0.5 to 1.0 mg/kg/day (one to two capsules) and
Accutane should be stored at controlled room temperature protected
from light. Isotretinoin is available in the United States, and has been
available in the United Kingdom since 1983. There are currently
available two generic versions of this product, both having formula-
tions nearly identical to that of Accutane.

5. Tretinoin is a water-insoluble antineoplastic agent that is formulated
as a solution in a combination of beeswax, soybean oil, and hydro-
genated vegetable and soybean oils as 10 mg Vesanoid® soft gelatin
capsules. The oral bioavailability of tretinoin has been reported to be
�60% based on recovery of approximately two-third of an adminis-
tered dose in the urine (2). The dose of tretinoin is 45 mg/m2/day
(eight capsules twice daily) and Vesanoid should be stored at room
temperature protected from light. Tretinoin is available in the United
States, and has been available in the United Kingdom since 2001.

Extended Release Formulations

There are at least three commercially available extended release formulations that
contain lipid excipient(s), and all are delivered in hard gelatin capsules.

1. Ibudilast is used in the treatment of asthma and cerebrovascular dis-
orders. Ibudilast is very slightly soluble in water and is formulated in
a controlled release matrix with the surfactant, cremophor RH60, in
combination with several other excipients to prepare sustained release
granules and enteric coated sustained release granules that are filled
into hard gelatin capsules and marketed as Ketas® 10 mg capsules.
The usual dose of Ketas is one capsule (10 mg) three times daily and
the product should be stored at room temperature. Ketas has been
available in Japan since 1989.

2. Tolterodine tartrate is indicated in the treatment of overactive urinary
bladder, is soluble in water to the extent of 12 mg/mL and is available
as both immediate-release tablets and prolonged-release capsules (2)
in which the compound is formulated with the lipid excipients, oleic
acid, and medium-chain triglycerides, in combination with sucrose
spheres, hydroxymethylcellulose, and ethylcellulose as 2 mg and
4 mg Detrol® LA (Detrusitol® XL in the United Kingdom) hard gela-
tin capsules. The systemic exposures from the immediate-release
tablets and prolonged-release capsules are bioequivalent in terms of
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areas under the plasma concentration versus time profiles (AUC).
However, the rates of exposure differ, with the prolonged-release cap-
sules producing a tmax of four hours, as compared to one to two hours
for the immediate-release tablets, and Cmax and Cmin values that are
respectively, 75% and 150% that of the immediate-release tablets (2).
There is no effect of food on the pharmacokinetics of either formula-
tion of tolterodine tartrate. The dose of Detrol LA is 2 to 4 mg (one
capsule) daily and the product should be stored at controlled room
temperature. Tolterodine tartrate immediate -release tablets have been
available in the United Kingdom since 1998 with the prolonged-
release capsules being introduced in 2001. The products are also
available in the United States.

3. Morphine sulfate is a water-soluble analgesic that is available in many
dosage forms, including one lipid-containing, extended release for-
mulation. MXL® hard gelatin capsules contain 30, 60, or 90 mg of
morphine sulfate in a semi-solid matrix of hydrogenated vegetable oil
in combination with PEG6000, talc, and magnesium stearate. The
oral bioavailability of morphine, delivered from a solution or other
immediate-release formulation, is approximately 40% and patient-
dependent due to extensive glucuronidation (2), but increases to
100% when delivered from the MXL extended-release formulation
(3). The dose of morphine ranges from 30 to 200 mg once a day,
which is one to two capsules. The MXL hard gelatin capsules can be
swallowed whole or the capsule opened and the contents sprinkled
onto soft, cold food, and the product should be stored at controlled
room temperature. MXL hard gelatin capsules have been available in
the United Kingdom since 1996.

Microemulsion Formulations

Microemulsions (discussed in greater detail elsewhere in this book) are thermody-
namically stable, isotropically clear dispersions composed of a polar solvent, an oil,
a surfactant, and a cosurfactant. Microemulsions have demonstrated considerable
potential for drug delivery due to their ability to solubilize highly hydrophobic
drugs in both oral (16) and parenteral intravenous formulations (17–20). A
microemulsion preconcentrate is a formulation in which the polar solvent, which is
normally water, is replaced by one with greater solubilizing power. Ethanol is a typ-
ical example of such a solvent as it is frequently capable of solubilizing many drugs
to concentrations in excess of 100 mg/mL. Upon contact with aqueous media (e.g.,
gastrointestinal fluids), microemulsion preconcentrates spontaneously form oil-in-
water microemulsions. There are currently at least three marketed microemulsion
preconcentrate formulations, all of which are cyclosporin A products. 

Cyclosporin A is a sparingly water-soluble, lipophilic, cyclic peptide with
a molecular weight of 1201 Da indicated for the prevention of organ transplant
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rejection that was originally formulated in a mixture of 12.7% ethanol (12.7%),
corn oil, glycerol, and Labrafil M-2125CS as 25 mg, 50 mg, and 100 mg
Sandimmune® soft gelatin capsules. The absolute oral bioavailability of
cyclosporin A as Sandimmune is erratic, being �10% in liver transplant patients
or as high as 89% in some renal transplant patients (2). To improve and normal-
ize the oral bioavailability of cyclosporin A, a microemulsion preconcentrate was
developed that contains ethanol (11.9%), dl-�-tocopherol, corn oil-mono-di-
triglycerides, polyoxyl 40 hydrogenated castor oil (cremophor RH 40), and
propylene glycol in 10 mg, 25 mg, 50 mg, and 100 mg Neoral® soft gelatin cap-
sules. The bioavailability of cyclosporine from the Neoral formulation is 20% to
50% greater than that of the original Sandimmune formulation (2). In addition,
the Neoral cyclosporine A peak plasma concentrations are 40% to 106% higher
than those of the Sandimmune formulation. The dose of cyclosporin A is 2 to
10 mg/kg/day (one to seven capsules) and Neoral capsules are to be stored at
room temperature. Neoral has been available in the United Kingdom since 1995,
and is also available in the United States.

Cyclosporin A is also available in another proprietary formulation that upon
dilution with water forms a dispersion similar to a microemulsion (2). This hard
gelatin capsule product, marketed in the United States under the trade name of
Gengraf®, is composed of a solution of cyclosporin A in ethanol (12.8%), poly-
ethylene glycol, polyoxyl 35 castor oil (cremophor EL), polysorbate 80, and
propylene glycol and is available in 25 mg or 100 mg dosage strengths. Gengraf
and Neoral are bioequivalent, with virtually identical pharmacokinetic profiles.
Gengraf capsules should be stored at room temperature.

Labrasol and Gelucire 44/14 are spontaneously self-emulsifying surfactants
contained in many oral drug products throughout the world. Solufen®-Gé cap-
sules, marketed in Europe, contain 200 mg of ibuprofen solubilized in 244 mg of
Gelucire 44/14. Up to six capsules per day may be administered, which corre-
sponds to a maximum daily intake of 1464 mg of Gelucire 44/14 (Table 5). The
lipid-lowering agent fenofibrate, which is a water insoluble prodrug of fenofibric
acid, is available in Europe as hard gelatin capsules containing 200 mg of the
fenofibrate solubilized in Gelucire 44/14 and PEG 20,000 and is marketed as
Fenogal®, Lipirex®, CiL® Kapselin, and Fenofibrat AZU® Kapselin. Cyclosporin
A is marketed by Sidmak as soft gelatin capsules containing 100 mg of the drug
solubilized in a mixture of medium-chain triglycerides (Labrafac®), dl-�-
tocopherol, Labrasol, and cremophor EL. Each capsule contains approximately
250 mg of Labrasol and up to seven capsules per day are administered, which
corresponds to an estimated maximum daily intake of approximately 1.8 grams
of Labrasol (Table 5).

ORAL SOLUTIONS

Oral solutions are normally intended for pediatric patients or for those patients
who cannot swallow a tablet or capsule. Most oral solutions contain coloring or
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flavoring agents and are dispensed in multi-dose containers which must either be
preserved or demonstrated incapable of supporting microbial proliferation. Some
lipid-containing oral solutions are relatively simple formulations, containing a
single excipient (e.g., medium-chain triglycerides), while others are complex
mixtures of surfactants, solvents, flavors, sweeteners, and salts. While the major-
ity of oral solutions are aqueous based, at least seven are lipid-based or contain a
significant amount of a lipid as a critical formulation component.

1. Calcitriol, in addition to being available as Rocaltrol soft gelatin cap-
sules, is available in the United States as a 1 �g/mL oral solution in a 
fractionated triglyceride of palm seed oil to which have been added
the antioxidants, BHA, and BHT. The pediatric dose in patients over
three years of age is 0.25 to 0.5 �g (0.25 to 0.5 mL) daily. For chil-
dren less than three years of age, the dose is 10 to 15 ng/kg (0.01 to
0.15 mL/kg) daily. Rocaltrol oral solution is dispensed in a 15 mL
multi-dose container and is supplied with 20 single-use graduated oral
dispensers. Rocaltrol oral solution should be stored at controlled
room temperature protected from light.

2. Efavirenz is a water-insoluble non-nucleoside reverse transcriptase
inhibitor widely used in the treatment of HIV infection. Efavirenz is
available as Sustiva® 600 mg tablets in the United Kingdom and the
United States but has also been available in the United Kingdom since
1999 as a 30 mg/mL oral solution in medium-chain triglycerides in

Table 5 Estimated Maximum Amount of Selected Excipients Administered from 
Oral Formulations

Estimated maximum 
Excipient amount administered orally Product (drug)

Ethanol 3.2 mL, b.i.d. Norvir® oral solution 
(ritonavir)

Gelucire 44/14 1464 mg/day Solufen 200 mg 
(ibuprofen)

Labrasol® 1800 mg/day Cyclosporin A (generic)
Medium-chain 20 mL, q.d. Sustiva 30 mg/mL oral 

triglyceride solution (efavirenz)
PEG 400 15,640 mg, b.i.d. Agenerase® oral 

solution (amprenavir)
Propylene glycol 50,600 mg, b.i.d. Agenerase® oral 

solution (amprenavir)
TPGS 11,000 mg, b.i.d. Agenerase® oral 

solution (amprenavir)

Abbreviations: b.i.d., twice daily; PEG, polyethyelene glycol; q.d., once daily; TPGS, tocopherol
polyethylenenglycol succinate.



combination with benzoic acid and strawberry/mint flavor. The daily
dose of efavirenz is 600 mg (20 mL) for adults and for children is 270
to 600 mg (9 to 20 mL). These dosing regimens deliver the maximum
amount of medium-chain triglycerides per unit dose of any currently
marketed oral lipid-based formulation (Table 5). The colorless Sustiva
oral solution is packaged in a 180 mL multi-dose container that
should be stored at controlled room temperature.

3. Sirolimus is a nonionizable and water-insoluble immunosuppressant
that is formulated in Rapamune® as a 1 mg/mL solution in polysorbate
80 and the proprietary excipient combination, Phosal 50 PG®, which is
composed of phosphatidylcholine, propylene glycol, mono- and diglyc-
erides, 1.5% to 2.5% ethanol, soy fatty acids and ascorbyl palmitate.
The oral bioavailability of sirolimus from Rapamune oral solution is
approximately 14% when dosed in the fasted state, increasing to
approximately 20% when given with a high-fat meal (2). Rapamune is
also available in a nanoparticulate tablet formulation from which the
highest bioavailability of 27% is achieved (2). The loading dose of
sirolimus is 6 mg (6 mL) followed by a maintenance dose of 2 mg
(2 mL) daily. Rapamune is supplied in a 60 mL multi-dose container
and should be stored refrigerated at 2 to 8°C and used within 30 days
of opening. Alternatively, Rapamune may be stored at controlled room
temperature for up to 15 days. Rapamune is available in the United
States and has been available in the United Kingdom since 2001.

4. Amprenavir is available as both Agenerase® soft gelatin capsules (see
previously) or as Agenerase oral solution. As an oral solution, ampre-
navir is solubilized to the extent of 15 mg/mL in a combination of
(approximate percentages) 12% TPGS, approximately 17% PEG 400
and approximately 55% propylene glycol and flavored with grape,
bubblegum, and peppermint. In children over four years of age, the
dose of amprenavir is 17 mg/kg (1.1 mL/kg) three times daily, which
delivers a total daily amount of 8 g of TPGS, 36 g of propylene gly-
col, and 11 g of PEG 400 assuming a total patient body weight of
20 kg. Due to the potential toxicity of the large dose of coadminis-
tered propylene glycol (approximately 1650 mg/kg per day),
Agenerase oral solution is contraindicated in infants and children
below the age of four years. The oral bioavailability of amprenavir
from the oral solution is approximately 14% less than that from the
capsule formulation (2), thus requiring the maximum adult dose of
the oral solution to be adjusted to 1400 mg, which is approximately
92 mL, twice daily. The total excipient amounts coadministered in
conjunction with a daily adult dose of amprenavir is 22 g of TPGS,
102 g of propylene glycol, and 32 g of PEG 400, representing the
estimated highest amounts of TPGS, PEG 400, and propylene 
glycol given orally (Table 5). Agenerase oral solution is packaged in
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a 240 mL multi-dose container and should be stored at room 
temperature. The product has been available in the United Kingdom
since 2000, and is also available in the United States.

5. Ritonavir is formulated as both Norvir® soft gelatin capsules (see
previously) and Norvir oral solution, which contains 80 mg/mL of
ritonavir solubilized in a mixture of cremophor EL, propylene glycol,
43% ethanol, water, and peppermint oil. The pediatric dose of riton-
avir is 250 to 450 mg/m2, or up to a maximum of 600 mg (7.5 mL)
twice daily. The total amount of ethanol administered in conjunction
with a daily adult dose of ritonavir as the oral solution is 3.2 mL twice
daily, representing the estimated highest amount of ethanol given
orally (Table 5). The Norvir oral solution is packaged in a 240 mL
multi-dose container and should be stored at room temperature.
Although it is being replaced by Kaletra, Norvir oral solution has
been available in the United Kingdom since 1996 and is also available
in the United States.

6. Lopinavir and ritonavir are coformulated as both Kaletra tablets (see
previously) and Kaletra oral solution. This fixed-dose combination
product contains 80 mg/mL of lopinavir and 20 mg/mL of ritonavir
solubilized in propylene glycol, 42% ethanol, water, glycerin, the
surfactant cremophor RH 40, and peppermint oil. The dose of Kaletra
oral solution is 5 mL twice daily. Kaletra oral solution is packaged in
a 160 mL multi-dose container and should be stored refrigerated at 2
to 8°C or at room temperature for no more than two months. Kaletra
oral solution has been available in the United Kingdom since 2001
and is also available in the United States.

7. Cyclosporin A is available as Neoral and Sandimmune oral solutions,
as well as Neoral, Sandimmune, and Gengraf soft gelatin capsules
(see previously). Sandimmune solution contains 100 mg/mL of
cyclosporin A dissolved in ethanol (12.5%), olive oil, and Labrafil
M-1944CS. The dose of Sandimmune oral solution ranges from 1 to
7 mL daily and is to be administered after dilution with milk or orange
juice. Sandimmune oral solution is packaged in a 50 mL multi-dose
container and should be stored at room temperature. Neoral oral
solution is a microemulsion preconcentrate containing 100 mg/mL
of cyclosporin A dissolved in ethanol (11.9%), dl-�-tocopherol,
corn oil-mono-di-triglycerides, polyoxyl 40 hydrogenated castor oil
(cremophor RH 40), and propylene glycol. The dose of Neoral oral
solution ranges from 1 to 7 mL daily and should be further diluted
with orange or apple juice at room temperature and administered
immediately. Neoral oral solution is packaged in a 50 mL multi-dose
container and should be stored at room temperature. Neoral has been
available in the United Kingdom since 1995, and both Neoral and
Sandimmune oral solutions are available in the United States.
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ORAL SUSPENSIONS

Similar to oral solutions, oral suspensions are normally intended for pediatric
patients or for those patients who cannot swallow a tablet or capsule. Most oral
suspensions contain coloring or flavoring agents and are dispensed in multi-dose
containers. There is at least one lipid-based oral suspension commercially avail-
able. Ciprofloxacin is available as Cipro™ Oral Suspension that is packaged with
two bottles. One bottle contains 5% or 10% w/w ciprofloxacin that is encapsulat-
ed into solid microcapsules containing povidone, methacrylic acid copolymer,
hypromellose, magnesium stearate, and polysorbate 20. The second bottle
contains the diluent composed of medium-chain triglycerides, sucrose, lecithin,
water, and strawberry flavor. The contents of the two bottles are mixed to gener-
ate suspensions of 50 or 100 mg/mL ciprofloxacin. The dose of ciprofloxacin is
15 mg/kg, but not to exceed the adult dose of 500 mg. Cipro oral suspension
should be stored below 30°C, and not frozen.

CONCLUSIONS

As of 2005, at least 31 drugs in 41 lipid-based formulations intended for
oral delivery are commercially available in the United States, the United
Kingdom, and Japan. Oral lipid-based products began entering the marketplace
in 1981 and currently account for at approximately 3% of the commercially
available oral formulations. The total daily dose of active drug substance admin-
istered in these formulations ranges from 0.25 �g to 2000 mg. For capsule prod-
ucts, the amount of active drug substance contained in a unit dose ranges from
0.25 �g to 500 mg, and for oral solution products from 1 �g/mL to 100 mg/mL.
The total amount of lipid excipient administered in a single dose of a capsule
formulation ranges from 0.5 to 5 g, but can range from as low as 0.1 mL to as
high as 20 mL for oral solution products. Lipid-based formulations range in
complexity from simple, one-excipient solutions (e.g., sesame or corn oil) to
multi-excipient, self-emulsifying drug delivery systems (SEDDS). The excipi-
ents in lipid-based oral formulations include water-insoluble triglycerides (e.g.,
corn oil, olive oil, peanut oil, rapeseed oil, sesame oil, soybean oil, hydrogenated
vegetable oils, hydrogenated soybean oil, and medium-chain triglycerides of
coconut oil and palm seed oil), organic liquids/semi-solids (e.g., beeswax,
DL-�-tocopherol, oleic acid, medium-chain mono- and diglycerides, propylene
glycol esters of fatty acids), nonionic surfactants (e.g., cremophor EL, cre-
mophor RH 40, cremophor RH 60, d-�-tocopherol polyethylene glycol 1000
succinate, glyceryl monooleate, polysorbate 20, polysorbate 80, sorbitan mono-
laurate, Labrafil M-1944CS, Labrafil M-2125CS, and Labrasol), a phospholipid
(phosphatidylcholine), and water-miscible organic solvents (e.g., polyethylene
glycol 400, ethanol, propylene glycol, glycerin). Some oral lipid-based products
tolerate room temperature storage for only brief periods of time and require
long-term storage at 2 to 8°C due to chemical and/or physical stability issues.
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Lipid-Based Excipients for Oral
Drug Delivery

Lowell Gibson
Eli Lilly and Company, Indianapolis, Indiana, U.S.A.

2

INTRODUCTION

The goal of an oral lipid based formulation is to improve the bioavailability of a
poorly water soluble drug to an extent greater than that achievable with a conven-
tional oral solid dosage form. The primary mechanism by which lipid-based for-
mulations enhance bioavailability is through solubilization of the drug, although
other mechanisms of absorption enhancement have been implicated and include
reduction of P-glycoprotein-mediated efflux, mitigation of hepatic first pass
metabolism through enhanced lymphatic transport (1–3), prolongation of gas-
trointestinal (GI) transit time, or protection from degradation in the GI tract.

The formulator has hundreds of potential excipients from which to choose for
the preparation of lipid-based formulations and the number of possibilities can seem
overwhelming. In addition, it is not uncommon for a given excipient to be marketed
by multiple suppliers, each of whom assigns their own unique trade name, thereby
adding to the confusion. Despite the number of possibilities, only a relatively small
subset of lipids has found application in clinical formulation development due to a
limited or nonexistent history of pharmaceutical application or, more commonly, a
lack of regulatory approval. This chapter will describe the pharmaceutically relevant
properties of the following, currently marketed classes of lipid excipients:

■ Fatty acids
■ Natural oils and fats



■ Semi-synthetic mono-, di-,and triglycerides
■ Semi-synthetic polyethylene glycol (PEG) derivatives of glycerides and

fatty acids
■ Polyglyceryl fatty acid esters
■ Cholesterol and phospholipids

In addition, the product trade names and suppliers of these excipients will be 
provided.

FATTY ACIDS

Fatty acids are monocarboxylic acid derivatives of saturated or unsaturated
aliphatic hydrocarbons (Fig. 1) (4,5). The individual carbon atoms comprising the
hydrocarbon chains are numbered sequentially, beginning with the carboxyl 
carbon, which is assigned the number “1.” However, less frequently applied 
numbering conventions have been described in the literature (6). Since the molec-
ular structures of fatty acids are often large and potentially complex, various
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Figure 1 Examples illustrating the nomenclature used to describe the positions of unsat-
urated carbon–carbon double bonds in long chain fatty acids.
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Figure 2 Examples of cis and trans configurations encountered in unsaturated fatty
acids.

abbreviated forms of nomenclature have been developed. One common method
for describing the hydrocarbon chain length and the number and relative positions
of unsaturated carbon–carbon double bonds is illustrated using linoleic acid as an
example (Fig. 1) (6). The abbreviated name for linoleic acid is 18:2 (9,12), which
describes a fatty acid of 18 carbons in chain length, which possesses two car-
bon–carbon double bonds at positions 9 and 12 on the chain (i.e., there are car-
bon–carbon double bonds between carbons numbered 9 and 10 and also between
carbons 12 and 13). The letter “c” preceding the name of a fatty acid is used to
denote the “cis” configuration of the molecule, and indicates that the hydrogen
atoms attached to the nonrotatable double-bonded carbons of an unsaturated fatty
acid lie on the same side of the double bond while the hydrocarbon chains com-
prising the remainder of the molecule occupy similar positions on the opposite
side of the molecule (Fig. 2). The majority of naturally-occurring fatty acids pos-
sess the cis configuration (7). The “trans” (abbreviated ‘t’) designation describes
the molecular configuration in which two hydrogen atoms occupy positions on
opposite sides of the carbon–carbon double bond of an unsaturated fatty acid; the
two hydrocarbon chains comprising the remainder of the molecule are similarly
opposed in their positions of attachment about the point of unsaturation (Fig. 2).
Trans fatty acids are more linear in shape than their corresponding cis forms,
which allows closer alignment of, and greater attractive interaction between, the
individual fatty acid molecules. This in turn results in higher melting points for
the trans form of the fatty acid as compared to its cis form. Naturally occurring
cis fatty acids are partially converted to trans fatty acids during purification of the
natural product sources and subsequent to hydrogenation processes. As such, the
typical western diet contains a significant amount of trans fatty acids.



Table 1 lists some common saturated and unsaturated fatty acids that may
be used in pharmaceutical lipid formulations (4–6,8–11). Saturated fatty acids
with eight or fewer carbons are flowable liquids at room temperature; those fatty
acids of 10 or more carbons in chain length are semi-solids at room temperature
and possess melting points that increase in proportion to the hydrocarbon chain
length but decrease with increasing degree of unsaturation. As an example, the
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Table 1 Common and Systematic Names, Shorthand, Melting Points, and Water
Solubility for Some Saturated and Unsaturated Fatty Acids

Melting Water
Common name Systematic name Shorthand point (°C) solubility

Formic Methanoic 1:0 8.3 Miscible
Acetic Ethanoic 2:0 16.6 Miscible
Propionic Propanoic 3:0 �21.5 Miscible
Butyric Butanoic 4:0 �7.9 Miscible
Valeric Pentanoic 5:0 �34.5 37 mg/g
Caproic Hexanoic 6:0 �3.4 10 mg/g
Caprylic Octanoic 8:0 16 7 mg/g
Capric Decanoic 10:0 31.5 2 mg/g
Lauric Dodecanoic 12:0 44.2 Insoluble
Myristic Tetradecanoic 14:0 53.9 Insoluble
Myristoleic c-9-Tetradecenoic 14:1 (9) �4 Insoluble
— Pentadecanoic 15:0 52.3 Insoluble
Palmitic Hexadecanoic 16:0 63.1 Insoluble
Palmitoleic c-9-Hexadecenoic 16:1 (9) �0.5 Insoluble
Margaric Heptadecanoic 17:0 61 Insoluble
Margaroleic c-10-Heptadecenoic 17:1 (10) 12.5 Insoluble
Stearic Octadecanoic 18:0 69.6 Insoluble
Oleic c-9-Octadecenoic 18:1 (9) 13.4 Insoluble
Ricinoleic 12-Hydroxy- 18:1 (9) 5.5 Insoluble

c-9-octadecenoic OH (12)a

Linoleic c-9, c-12- 18:2 (9,12) �5 Insoluble
Octadecadienoic

Linolenic c-9, c-12, c-15- 18:3 (9,12,15) �11 Insoluble
Octadecatrienoic 

Arachidic Eicosanoic 20:0 76.5 Insoluble
Gadoleic c-9-Eicosenoic 20:1 (9) 23 Insoluble
Gondoic c-11-Eicosenoic 20:1 (11) 24 Insoluble
— c-11, c-14- 20:2 (11,14) — Insoluble

Eicosadienoic 
Behenic Docosanoic 22:0 79.9 Insoluble
Erucic c-13-Docosenoic 22:1 (13) 33.8 Insoluble
Lignoceric Tetracosanoic 24:0 86 Insoluble

aDoes not follow shorthand rules.



fatty acids stearic, oleic, linoleic, and linolenic, are all 18 carbons in chain length,
differing only in the number of unsaturated carbon–carbon double bonds. Stearic
acid, which is fully saturated, possesses a melting point of 69.6°C; oleic acid,
which possesses a single unsaturated carbon–carbon double bond, possesses a
significantly lower melting point of 13.4°C; linoleic acid, which has two unsatu-
rated bonds, melts at �5°C and linolenic acid, which has three unsaturated bonds,
melts at �11°C. Saturated fatty acids of four or fewer carbons in chain length are
water-miscible; water miscibility declines rapidly as the hydrocarbon chain
increases in length, with fatty acids comprised of 12 or more carbons being prac-
tically insoluble in water.

Fatty acids find pharmaceutical application primarily as solubilizing vehi-
cles for poorly water-soluble drugs whereas the semi-synthetic PEG fatty acid
esters (discussed later) find application not only as solubilizers, but as surfactants
and emulsifiers, as well (Table 2) (12–18). Excipients from both of these classes
are compatible with either soft or hard gelatin capsules.

Hydrophile–Lipophile Balance

The “hydrophile–lipophile balance” (HLB) is a measure of the relative
hydrophilicity and lipophilicity of amphiphilic molecules (e.g., surfactants and
emulsifiers), which possess both a hydrophilic and a lipophilic region. HLB val-
ues can be calculated from the relative size and strength of hydrophilic and
lipophilic portions of the molecule or determined experimentally by various
methods (12,19). Relative hydrophilicity increases with increasing HLB value;
excipients with HLB values �9 are considered to be hydrophobic, whereas those
with values �11 are considered hydrophilic (19).

Preparation of an oil-in-water emulsion of a particular lipophilic excipient
requires that the HLB value of the surfactant be matched to the requirements of
the excipient. Table 3 shows the required surfactant HLB values for several lipid
excipients commonly used to prepare oil-in-water emulsion formulations of poor-
ly water-soluble drugs (12,19,20). The required surfactant HLB value for emulsi-
fying a particular excipient can be determined empirically by preparing several
emulsions of the excipient over a range of surfactant HLB values produced by
mixtures of various proportions of a hydrophobic and a hydrophilic surfactant of
the same chemical type [e.g., hydrophobic SPAN 80 (HLB � 4.3) and
hydrophilic TWEEN 80 (HLB � 15), both of which are oleates]. The required
HLB is that producing the best quality emulsion (e.g., resistance to phase separa-
tion and high degree of dispersion) (19). The relative proportions of the surfac-
tants required to prepare a two-component mixture of a specific HLB may be 
calculated from the following relationships:
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Percentage of surfactant A �
100(Desired HLB�HLB of surfactant B) 

HLB of surfactant A�HLB of surfactant B 

Percentage of surfactant B � 100 � Percentage of surfactant A
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Note that the chosen surfactant pair must include one surfactant with an HLB higher,
and the other with an HLB lower, than the desired HLB of the surfactant blend (19).

The chemical type of the surfactants used to make an emulsion also affects
the quality of the emulsion. After the required HLB for emulsification of the
excipient is determined, emulsions of the excipient are prepared with several
binary mixtures of hydrophobic and hydrophilic surfactants mixed in the ratio
which produces the required HLB. Each surfactant of a given pair is of the same
chemical type, but each pair of surfactants should be of different chemical types.
The surfactant pair that produces the best quality emulsion (as defined previous-
ly) is identified and used to prepare the final emulsion formulation (19). For
example, if the required HLB for emulsification of an excipient is 12, emulsions
containing mixtures of the surfactants, SPAN 20 and TWEEN 20 (laurates),
SPAN 40 and TWEEN 40 (palmitates), SPAN 60 and TWEEN 60 (stearates), or
SPAN 80 and TWEEN 80 (oleates), in proportions yielding an HLB of 12, can be
prepared and the best emulsion selected as the final formulation. Screening for
the ideal surfactant pair is empiric, with the ultimate selection being determined
by the quality of the resulting emulsion (12,19).
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Table 3 Required Surfactant Hydrophile–Lipophile Balance for
Oil-in-Water Emulsification of Various Lipids

Required hydrophile–lipophile 
Material balance

Caprylic/capric triglycerides 5 (11a)
(medium chain triglycerides)

Castor oil 14
Cholesterol 10–11
Coconut oil 5
Corn oil 8
Cottonseed oil 6
Ethyl oleate 11
Hydrogenated castor oil 8
Isopropyl myristate 12
Isopropyl palmitate 12
Isostearic acid 15–16
Lauric acid 16
Linoleic acid 16
Oleic acid 17
Olive oil 7–8
Palm oil 7
Rapeseed oil 7
Ricinoleic acid 16
Safflower oil 7
Sesame oil 7–8
Soybean oil 6

aRequired hydrophile–lipophile balance for Croda, Inc., Crodamol GTCC PN.



Oxidation

Fatty acids and lipids containing fatty acids (fatty acid esters, mono-, di-, and
triglycerides, phospholipids) can undergo autocatalytic chain reaction oxidation
(autoxidation). In addition, any oxygen-sensitive drug formulated in the lipid may
oxidize as well. Lipid oxidation is catalyzed by impurities including peroxides,
metal ions, and photochemical sensitizers, such as chlorophyll and riboflavin,
which interact with light to produce triplet or singlet oxygen. These highly reac-
tive oxygen species catalyze the peroxidation of many types of lipids resulting in
subsequent degradation to alcohols, furans, aldehydes, ketones, and acids, which
give oxidized or “rancid” lipids their unpleasant tastes and odors (6).

The rate of oxidative degradation is proportional to the degree of unsatura-
tion or number of carbon–carbon double bonds in the fatty acid molecule and
since oxidation is an autocatalytic reaction, the rate of oxidation increases as the
reaction progresses (6).

Oxidation of lipids can usually be controlled by various methods, including
reduction of oxygen in the lipid and in the container head space, protection from
light and purification to remove peroxides and metal ions. Addition of free radi-
cal quenching agents such as �-tocopherol, �-carotene, ascorbic acid, butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate or
nordihydroguaiaretic acid (NDGA), or the addition of metal chelators such as
diethylenetriaminepentaacetate (DTPA) or ethylenediaminetetraacetate (EDTA)
have also been proven effective for controlling lipid oxidation (21–23).

NATURAL OILS AND FATS

Naturally occurring oils and fats are comprised of mixtures of various triglyc-
erides (TG) which are more correctly (but rarely) referred to as triacylglycerols,
since chemically they are fatty acid tri-esters of glycerol (Fig. 3). Table 4 lists
trade names and suppliers of several common natural oils, including some that
have been hydrogenated to decrease the number of double bonds, thereby confer-
ring resistance to oxidative degradation (4,13–15,24,25).

Naturally occurring triglycerides contain fatty acids of varying chain lengths
and degrees of unsaturation (Tables 5 and 6). Based on the hydrocarbon chain
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Figure 3 Structural components of a triglyceride (e.g., glyceryl tristearate).
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Table 4 Natural and Hydrogenated Oils

Physical state 
at 25°C or 

Excipient Trade name/supplier melting point

Canola oil Pureco Canola/Abitec Liquid

Coconut oil Pureco 76/Abitec Liquid
Coconut Oil EP/Karlshamns

Corn oil Super Refined Corn Oil NF/Croda Liquid
Super Refined Corn Oil NF-NP/Croda
Corn oil/Karlshamns

Cottonseed oil Super Refined Cottonseed Oil NF/Croda Liquid
Super Refined Cottonseed Oil NF-NP/Croda

Olive oil Super Refined Olive Oil NF/Croda Liquid
Super Refined Olive Oil NF-NP/Croda

Palm oil Palm oil/Welch, Holme & Clark Liquid

Peanut Super Refined Peanut Oil NF/Croda Liquid
(Arachis) oil Super Refined Peanut Oil NF-NP/Croda

Lipex 101 Arachis Oil/Karlshamns

Rapeseed oil Rapeseed oil/Welch, Holme & Clark Liquid
Rapeseed Oil Refined EP/Karlshamns

Safflower oil Super Refined Safflower Oil USP/Croda Liquid
Super Refined Safflower Oil USP-NP/Croda

Sesame oil Super Refined Sesame Oil NF/Croda Liquid
Super Refined Sesame Oil NF-BB/Croda
Super Refined Sesame Oil NF-NP/Croda

Soybean oil Pureco Soybean/Abitec Liquid
Super Refined Soybean Oil USP/Croda
Super Refined Soybean Oil USP-NP/Croda
Soybean Oil Refined EP/Karlshamns

Hydrogenated Akosol 405/Karlshamns Solid
soybean oil

Sunflower oil Sunflower Oil Refined EP/Karlshamns Liquid

High oleic Pureco HOS/Abitec Liquid
sunflower oil

Hydrogenated Wecobee M/Stepan 35
vegetable oil Wecobee FS/Stepan 39.8

Wecobee S/Stepan 44

Partially Pureco HSC-1/Abitec Solid
hydrogenated
vegetable oil

Note: Croda oils designated NP contain no preservatives.

length of their component fatty acids, triglycerides can be classified as short (less
than five carbons), medium (6 to 12 carbons), or long chain (more than 12 carbons).



SEMI-SYNTHETIC MONO-, DI-, AND TRIGLYCERIDES

In addition to the naturally occurring triglycerides, there are several commercially
available semi-synthetic glycerides that offer more uniform compositions (Table 7)
(4,14–18,24,25). These excipients which are compatible with both soft and hard
gelatin capsules, find application as solubilizing vehicles, emulsifiers, suspend-
ing, and wetting agents and in various controlled release dosage forms.

Lipid Heterogeneity

Although the fatty acid content and composition of the semi-synthetic glycerides
are more uniform than that of naturally occurring glycerides, a certain amount of
variability in these parameters, as well as in the relative positions on the glycerol
backbone to which the individual fatty acids are esterified, can be expected.
This compositional variability is a function of the excipient brand as well as the
particular manufacturing lot of a given excipient, for which the composition will
vary within ranges defined by the manufacturer. For example, Table 8 shows the
fatty acid compositions for different brands of medium chain triglycerides,
which are comprised of a mixture of glyceryl tricaprylate and tricaprate. The
manufacturers (Abitec®, Sasol®, and Stepan®) each produce two different brands,
distinguished by the relative content of caprylic and capric acids, as well as by the
acceptable ranges for each of these fatty acids and the content of caproic, lauric,
and myristic acids (15,16,18).

Similarly, mono- or diglyceride excipients are not single component materials
and often contain several different fatty acids as well as varying amounts of higher
or lower order glycerides. For example, the product data sheet for the Capmul
GMO-50, EP brand of glyceryl monooleate (Abitec), describes the following fatty
acid composition of this excipient: palmitic acid (12% maximum), stearic acid (6%
maximum), oleic acid (60% minimum), linoleic acid (2% maximum), arachidic acid
(2% maximum), and eicosenoic acid (2% maximum). In addition, it states that the
mono-, di-, and triglyceride contents are 55% to 65%, 15% to 35%, and 2% to 10%,
respectively. Therefore, although this excipient is considered to be glyceryl mono-
oleate, its content of fatty acids other than oleic may range as high as 40% and the
content of di- and triglycerides may range as high as 45% (16). Variable composi-
tion is typical of most lipid excipients and has the potential to cause differences in
formulation performance, both in vitro and in vivo.

From the foregoing discussion, it should be apparent that the formulator
must recognize the potential for compositional variability of lipid excipients
between different brands of the “same” excipient as well as between different lots
of the same brand. Fortunately, this information is readily available from the
excipient manufacturer in the form of product data sheets and certificates of
analysis. In particular, it must never be assumed that different brands of a partic-
ular excipient are equivalent. Finally, the formulator must gain an understanding
of which excipient properties or compositional characteristics are critical to the
formulation’s performance and ensure that each excipient lot falls within the
specified range of acceptability.
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Melting point (°C)

Caproic

Caprylic

Capric

Lauric

Myristic

Myristoleic

Pentadecanoic

Palmitic

Palmitoleic

Margaric

Margaroleic

Stearic

Oleic

Ricinoleica

Linoleic

Linolenic

Eicosanoic

Eicosenoic

Eicosadienoic

Behenic

Erucic

Tetracosanoic



SEMI-SYNTHETIC POLYETHYLENE GLYCOL (PEG) DERIVATIVES
OF GLYCERIDES AND FATTY ACIDS

Table 9 lists several excipients that are mixtures of mono-, di-, and triglycerides with
fatty acid esters of PEG, along with their respective trade names and suppliers, key
physical properties and common pharmaceutical applications (4,13,16–18,26).
These excipients find application as fluid or thermo-softening semi-solid solubiliz-
ing vehicles, surfactants and wetting agents, and as emulsifiers and coemulsifiers in
self-emulsifying drug delivery systems (SEDDS) and self-microemulsifying drug
delivery systems (SMEDDS). These excipients are compatible with both soft and
hard gelatin capsules, can be inherently self-emulsifying and span the range of HLB
values, from highly lipophilic (PEG-6 glyceryl oleate, HLB 3-4) to water soluble
(PEG-40 hydrogenated castor oil, HLB 14–16) (17–19).
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Table 6 Distributions of Fatty Acids on the Three Positions of Glycerol in Selected Oils

Positional distributions of fatty acids (mol. %) in triacyl-sn-glycerols of seed oils

Fatty acids (no. of carbons:no. of double bonds)

Oil Position 16:0 18:0 18:1 18:2 18:3 C20-C24

Peanut 1 14 5 59 19 4
2 2 tr 59 39 1
3 11 5 57 10 15

Rapeseeda 1 4 2 23 11 6 53
2 1 37 36 20 6
3 4 3 17 4 3 70

Soybean 1 14 6 23 48 9
2 1 tr 22 70 7
3 13 6 28 45 9

Linseed 1 10 6 15 16 53
2 2 1 16 21 60
3 6 4 17 13 59

Maize 1 8 3 28 50 1
2 2 tr 27 70 1
3 14 3 31 52 1

Olive 1 13 3 72 10 1
2 1 83 14 1
3 17 4 74 5

Cocoa butter 1 34 50 12 1 1 1
2 2 2 87 9
3 37 53 9 tr 2

aHigh erucic acid rapeseed oil.
Abbreviation: tr, trace (�0.5%).

(Text continues on page 51.)
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The thermo-softening excipients, such as the Gelucire product line
(Gattefosse S.A.), must be melted in order to (preferably) solubilize or, alternati-
vely, suspend the drug in the excipient matrix which is subsequently filled into hard
gelatin capsules in the molten state; the relatively low melting temperature of soft
gelatin capsules (40°C) usually precludes the use of these capsules with thermo-
softening excipients. Additional excipients, such as glyceryl monostearate and PEG
esters, may be incorporated into the molten excipient matrix to prevent uncontrolled
polymorphic changes subsequent to congealing of the matrix, which can adversely
affect the dissolution profile and potentially reduce drug absorption in vivo (27).

It should also be noted that colloidal silicon dioxide may be added to fluid
lipid excipients to yield thixotropic formulations useful for preparing lipid suspen-
sions of solid drug substances. For this purpose, hydrophilic colloidal silicon diox-
ide is used for preparing immediate release formulations, whereas the hydrophobic
form finds application in the preparation of controlled release formulations (27).

POLYGLYCERYL FATTY ACID ESTERS

The polyglyceryl fatty acid esters are composed of a chain of glycerol molecules,
linked together by ether linkages, which are esterified with one or more fatty acid
molecules (Table 10). For example, polyglyceryl-6 dioleate is a chain of six glyc-
erol molecules esterified with two molecules of oleic acid. Hydrophilicity
increases as the polyglycerol chain length and number of free hydroxyl groups
increases and decreases with increasing number or chain length of the esterified
fatty acids. Therefore, the hydrophilicity can range from low, approaching that of
the triglycerides (polyglyceryl-6 octastearate, HLB 2.5) to high (polyglyceryl-10
mono, dioleate, HLB 11). These excipients find application as surfactants, solu-
bilizers, vehicles, emulsifiers, and drug crystallization inhibitors (4,16,17).

Lipid-Based Excipients for Oral Drug Delivery 51

Table 8 Composition of Some Medium Chain Triglycerides

Captex Captex Miglyol Miglyol Neobee Neobee
Fatty 300 355 810 812 N 1053a M5a

acid (Abitec) (Abitec) (Sasol) (Sasol) (Stepan) (Stepan)

Caproic Max. 4 Max. 6 Max. 2 Max. 2 0 2
(C6:0)

Caprylic 60–70 50–75 65–80 50–65 56 68
(C8:0)

Capric 25–35 22–45 20–35 30–45 44 29
(C10:0)

Lauric Max. 1 Max. 4 Max. 2 Max. 2 0 1
(C12:0)

Myristic — — Max. 1 Max. 1 — —
(C14:0)

aTypical composition.

(Text continues on page 55.)



52 Gibson

Ta
bl

e 
9

M
ix

tu
re

s 
of

 M
on

o-
,D

i-
,a

nd
 T

ri
gl

yc
er

id
es

 w
ith

 F
at

ty
 A

ci
d 

E
st

er
s 

of
 P

ol
ye

th
yl

en
e 

G
ly

co
ls

Ph
ys

ic
al

 s
ta

te
H

yd
ro

ph
ile

–
C

he
m

ic
al

 n
am

e 
at

 2
5°

C
 o

r
lip

op
hi

le
 

E
xc

ip
ie

nt
or

 c
om

po
si

tio
n

T
ra

de
 n

am
e/

su
pp

lie
r

m
el

tin
g 

po
in

t
ba

la
nc

e
U

se
s

PE
G

-4
 g

ly
ce

ry
l

C
ap

ry
lic

 a
ci

d 
(C

8:
0)

 a
nd

 c
ap

ri
c

L
ab

ra
fa

c 
H

yd
ro

 W
L

 
L

iq
ui

d
5

V
eh

ic
le

,s
ur

fa
ct

an
t,

ca
pr

yl
at

e/
ca

pr
at

e
ac

id
 (

C
10

:0
) 

es
te

rs
 o

f 
gl

yc
er

ol
12

19
/G

at
te

fo
ss

e
so

lu
bi

liz
er

an
d 

PE
G

 2
00

PE
G

-6
 g

ly
ce

ry
l

C
ap

ry
lic

 a
ci

d 
(C

8:
0)

 a
nd

 c
ap

ri
c

So
ft

ig
en

 7
67

/S
as

ol
L

iq
ui

d
18

V
eh

ic
le

,w
at

er
 s

ol
ub

le
ca

pr
yl

at
e/

ca
pr

at
e

ac
id

 (
C

10
:0

) 
es

te
rs

 o
f 

gl
yc

er
ol

A
cc

on
on

 C
C

-6
/A

bi
te

c 
su

rf
ac

ta
nt

,s
ol

ub
ili

ze
r,

an
d 

PE
G

 3
00

 
co

em
ul

si
fi

er

PE
G

-6
 g

ly
ce

ry
l

M
on

o-
,d

i-
,a

nd
 tr

ili
no

le
ic

 a
ci

d 
L

ab
ra

fi
l M

 2
12

5 
C

S/
L

iq
ui

d
3–

4
V

eh
ic

le
,s

ol
ub

ili
ze

r,
lin

ol
ea

te
(C

18
:2

) 
es

te
rs

 o
f 

gl
yc

er
ol

 a
nd

 
G

at
te

fo
ss

e
ve

hi
cl

e 
fo

r 
so

ft
ge

ls
,

m
on

o 
an

d 
di

es
te

rs
 o

f 
PE

G
 3

00
co

em
ul

si
fi

er
,l

ip
id

 
ph

as
e 

or
 c

os
ur

fa
ct

an
t 

in
 m

ic
ro

em
ul

si
on

s.

PE
G

-6
 g

ly
ce

ry
l 

M
on

o-
,d

i-
,a

nd
 tr

io
le

ic
 a

ci
d

L
ab

ra
fi

l M
 1

94
4 

C
S/

L
iq

ui
d

3–
4

V
eh

ic
le

,s
ol

ub
ili

ze
r,

ol
ea

te
(C

18
:1

) 
es

te
rs

 o
f 

gl
yc

er
ol

 a
nd

 
G

at
te

fo
ss

e
ve

hi
cl

e 
fo

r 
so

ft
ge

ls
,

m
on

o-
 a

nd
 d

ie
st

er
s 

of
 P

E
G

 3
00

co
em

ul
si

fi
er

,l
ip

id
 

ph
as

e 
or

 c
os

ur
fa

ct
an

t 
in

 m
ic

ro
em

ul
si

on
s.

PE
G

-8
 g

ly
ce

ry
l 

M
on

o-
,d

i-
,a

nd
 tr

ic
ap

ry
lic

 a
ci

d
L

ab
ra

so
l/G

at
te

fo
ss

e
L

iq
ui

d
14

V
eh

ic
le

,s
ol

ub
ili

ze
r,

ca
pr

yl
at

e/
ca

pr
at

e
(C

8:
0)

 a
nd

 c
ap

ri
c 

ac
id

 (
C

10
:0

) 
A

cc
on

on
 M

C
-8

/A
bi

te
c

su
rf

ac
ta

nt
 f

or
 

es
te

rs
 o

f 
gl

yc
er

ol
 a

nd
 m

on
o-

 
m

ic
ro

em
ul

si
on

s
an

d 
di

es
te

rs
 o

f 
PE

G
 4

00



Lipid-Based Excipients for Oral Drug Delivery 53
PE

G
-3

2 
gl

yc
er

yl
 

M
on

o-
,d

i-
,a

nd
 tr

ila
ur

ic
 a

ci
d

G
el

uc
ir

e 
44

/1
4/

G
at

te
fo

ss
e

42
–4

8
14

So
lu

bi
liz

er
,s

em
is

ol
id

la
ur

at
e

(C
12

:0
) 

es
te

rs
 o

f 
gl

yc
er

ol
 p

lu
s

A
cc

on
on

 C
-4

4/
A

bi
te

c
m

at
ri

x 
ca

ps
ul

e 
m

on
o-

 a
nd

 d
if

at
ty

 a
ci

d 
es

te
rs

ve
hi

cl
e,

em
ul

si
fi

er
 f

or
 

of
 P

E
G

-1
50

0.
 M

ay
 c

on
ta

in
se

m
is

ol
id

 S
M

E
D

D
S

so
m

e 
fr

ee
 P

E
G

 a
nd

 g
ly

ce
ro

l.

PE
G

-3
2 

gl
yc

er
yl

 
M

on
o-

,d
i-

,a
nd

 tr
ip

al
m

iti
c 

ac
id

G
el

uc
ir

e 
50

/1
3/

46
–5

1
13

So
lu

bi
liz

er
,s

em
is

ol
id

 
pa

lm
ito

st
ea

ra
te

(C
16

:0
) 

an
d 

st
ea

ri
c 

ac
id

 (
C

18
:0

)
G

at
te

fo
ss

e
m

at
ri

x 
ca

ps
ul

e 
es

te
rs

 o
f 

gl
yc

er
ol

 p
lu

s 
m

on
o-

ve
hi

cl
e,

em
ul

si
fi

er
 f

or
an

d 
di

fa
tty

 a
ci

d 
es

te
rs

 o
f 

PE
G

-
se

m
is

ol
id

 S
M

E
D

D
S

15
00

. M
ay

 c
on

ta
in

 s
om

e 
fr

ee
PE

G
 a

nd
 g

ly
ce

ro
l.

PE
G

-3
5 

ca
st

or
 o

il 
M

ix
tu

re
 o

f 
gl

yc
er

yl
 P

E
G

C
re

m
op

ho
r 

E
L

/B
A

SF
 

L
iq

ui
d

12
–1

4
W

at
er

 s
ol

ub
le

 n
on

io
ni

c
(p

ol
yo

xy
l 3

5 
ri

ci
no

le
at

e 
(3

5 
m

ol
es

 o
f 

et
hy

le
ne

 
E

to
ca

s 
35

 N
F/

C
ro

da
su

rf
ac

ta
nt

,v
eh

ic
le

,
ca

st
or

 o
il,

U
SP

/N
F)

ox
id

e 
pe

r 
m

ol
e 

of
 c

as
to

r 
oi

l)
 

so
lu

bi
liz

er
,e

m
ul

si
fi

er
w

ith
 f

at
ty

 a
ci

d 
es

te
rs

 o
f 

PE
G

,f
re

e 
PE

G
s 

an
d 

et
ho

xy
la

te
d 

gl
yc

er
ol

. 

PE
G

-4
0 

ca
st

or
 o

il
G

ly
ce

ry
l P

E
G

 r
ic

in
ol

ea
te

 w
ith

 
M

ar
lo

w
et

 R
 4

0/
Sa

so
l

L
iq

ui
d

13
V

eh
ic

le
,s

ol
ub

ili
ze

r,
40

 m
ol

es
 o

f 
et

hy
le

ne
 o

xi
de

 
em

ul
si

fi
er

pe
r 

m
ol

e 
of

 c
as

to
r 

oi
l

PE
G

-4
0 

H
yd

ro
ge

na
te

d 
gl

yc
er

yl
 P

E
G

C
re

m
op

ho
r 

R
H

-4
0/

B
A

SF
16

–2
6

14
–1

6
So

lu
bi

liz
er

,w
at

er
 s

ol
ub

le
 

hy
dr

og
en

at
ed

 
ri

ci
no

le
at

e 
w

ith
 4

0 
m

ol
es

 o
f

no
ni

on
ic

 s
ur

fa
ct

an
t,

ca
st

or
 o

il
et

hy
le

ne
 o

xi
de

 p
er

 m
ol

e 
em

ul
si

fi
er

,w
et

tin
g 

ag
en

t
of

 c
as

to
r 

oi
l

A
bb

re
vi

at
io

ns
:P

E
G

,p
ol

ye
th

yl
en

e 
gl

yc
ol

; S
M

E
D

D
S,

se
lf

-m
ic

ro
em

ul
si

fy
in

g 
dr

ug
 d

el
iv

er
y 

sy
st

em
s.



54 Gibson
Ta

bl
e 

10
Po

ly
gl

yc
er

ol
 F

at
ty

 A
ci

d 
E

st
er

s

Ph
ys

ic
al

 s
ta

te
H

yd
ro

ph
ile

–
C

he
m

ic
al

 n
am

e 
or

 
at

 2
5°

C
 o

r 
lip

op
hi

le
E

xc
ip

ie
nt

co
m

po
si

tio
n

T
ra

de
 n

am
e/

su
pp

lie
r

m
el

tin
g 

po
in

t
ba

la
nc

e
U

se
s

Po
ly

gl
yc

er
yl

-3
 o

le
at

e
M

on
oo

le
ic

 a
ci

d 
[1

8:
1 

(9
)]

 
C

ap
ro

l 3
G

O
/A

bi
te

c
L

iq
ui

d
6.

5
Su

rf
ac

ta
nt

,
es

te
r 

of
 a

 3
 g

ly
ce

ro
l 

so
lu

bi
liz

er
,

un
it 

ch
ai

n
ve

hi
cl

e,
em

ul
si

fi
er

Po
ly

gl
yc

er
yl

-3
 d

io
le

at
e

D
io

le
ic

 a
ci

d 
[1

8:
1 

(9
)]

 e
st

er
 

Pl
ur

ol
 O

le
iq

ue
L

iq
ui

d
6

Su
rf

ac
ta

nt
,s

ol
ub

ili
ze

r,
of

 a
 3

 g
ly

ce
ro

l u
ni

t c
ha

in
C

C
49

7/
G

at
te

fo
ss

e
ve

hi
cl

e,
em

ul
si

fi
er

,
ve

hi
cl

e 
fo

r 
ca

ps
ul

es

Po
ly

gl
yc

er
yl

-3
 s

te
ar

at
e

M
on

os
te

ar
ic

 a
ci

d 
(1

8:
0)

 e
st

er
 

C
ap

ro
l 3

G
S/

A
bi

te
c

So
lid

7
Su

rf
ac

ta
nt

,s
ol

ub
ili

ze
r,

of
 a

 3
 g

ly
ce

ro
l u

ni
t c

ha
in

em
ul

si
fie

r

Po
ly

gl
yc

er
yl

-3
 

D
iis

os
te

ar
ic

 a
ci

d 
(1

8:
0)

 e
st

er
Pl

ur
ol

 D
iis

os
te

ar
iq

ue
/

L
iq

ui
d

6
–7

Su
rf

ac
ta

nt
,s

ol
ub

ili
ze

r,
di

is
os

te
ar

at
e

of
 a

 3
 g

ly
ce

ro
l u

ni
t c

ha
in

G
at

te
fo

ss
e

ve
hi

cl
e,

em
ul

si
fi

er

Po
ly

gl
yc

er
yl

-6
 d

io
le

at
e

D
io

le
ic

 a
ci

d 
[1

8:
1 

(9
)]

 e
st

er
 

C
ap

ro
l M

PG
O

/A
bi

te
c

L
iq

ui
d

10
Su

rf
ac

ta
nt

,
of

 a
 6

 g
ly

ce
ro

l u
ni

t c
ha

in
Pl

ur
ol

 O
le

iq
ue

/
so

lu
bi

liz
er

,v
eh

ic
le

,
G

at
te

fo
ss

e
em

ul
si

fi
er

,l
ub

ri
ca

nt
,

cr
ys

ta
lli

za
tio

n 
in

hi
bi

to
r

Po
ly

gl
yc

er
yl

-6
 

O
ct

as
te

ar
ic

 a
ci

d 
(1

8:
0)

 e
st

er
C

ap
ro

l E
T

/A
bi

te
c

38
2.

5
Su

rf
ac

ta
nt

,s
ol

ub
ili

ze
r,

oc
ta

st
ea

ra
te

of
 a

 6
 g

ly
ce

ro
l u

ni
t c

ha
in

cr
ys

ta
lli

za
tio

n 
in

hi
bi

to
r

Po
ly

gl
yc

er
yl

-1
0 

M
on

o-
 a

nd
 d

io
le

ic
 a

ci
d 

C
ap

ro
l P

G
E

 8
60

/
L

iq
ui

d
11

Su
rf

ac
ta

nt
,s

ol
ub

ili
ze

r,
m

on
o,

di
ol

ea
te

[1
8:

1 
(9

)]
 e

st
er

s 
of

 a
 

A
bi

te
c

ve
hi

cl
e,

em
ul

si
fi

er
10

 g
ly

ce
ry

l u
ni

t c
ha

in

Po
ly

gl
yc

er
yl

-1
0 

D
ec

ao
le

ic
 a

ci
d 

[1
8:

1 
(9

)]
 

C
ap

ro
l 1

0G
10

O
/

L
iq

ui
d

3
Su

rf
ac

ta
nt

,s
ol

ub
ili

ze
r,

de
ca

ol
ea

te
es

te
r 

of
 a

 1
0 

gl
yc

er
ol

 u
ni

t
A

bi
te

c
ve

hi
cl

e,
em

ul
si

fi
er

,
ch

ai
n

lu
br

ic
an

t,
cr

ys
ta

lli
za

tio
n 

in
hi

bi
to

r



CHOLESTEROL AND THE PHOSPHOLIPIDS

Cholesterol and phospholipids find pharmaceutical application as solubilizers,
surfactants, and emulsifiers in mixed micelles and emulsions (Fig. 4, Table 11)
(28,29). In addition, phospholipids have been used as antioxidants for triglyc-
erides (6) and are the primary constituents of liposomes, which have found 
only limited application in oral drug delivery due to instability in the GI tract.
However, liposomes composed of a 7:2 molar ratio of distearoylphosphatidyl-
choline/cholesterol were found to be stable to pancreatic lipase and bile salts 
in vitro, suggesting potential application of these formulations in oral drug 
delivery (30).

Oxidation and Hydrolysis

As previously discussed for free fatty acids and glycerides, the fatty acids of
phospholipids are also prone to oxidation (21–23). In addition, phospholipids are
subject to hydrolysis. Phosphatidylcholine, a phospholipid commonly used in
formulations, has four hydrolyzable ester bonds, specifically, two fatty acid esters
of glycerol, a glycerophosphate ester and a phosphocholine ester (Fig. 4).

Lipid-Based Excipients for Oral Drug Delivery 55

Figure 4 Chemical structures of cholesterol and some phospholipids commonly
employed in pharmaceutical formulations.

(Text continues on page 59.)



56 Gibson
Ta

bl
e 

11
C

ho
le

st
er

ol
 a

nd
 P

ho
sp

ho
lip

id
s

C
he

m
ic

al
 n

am
e

E
xc

ip
ie

nt
or

 c
om

po
si

tio
n

T
ra

de
 n

am
e/

su
pp

lie
r

C
ha

rg
e

C
ho

le
st

er
ol

 
C

ho
le

st
-5

-e
n-

3�
-o

l
A

va
nt

i P
ol

ar
 L

ip
id

s
N

eu
tr

al
So

di
um

 c
ho

le
st

er
yl

 s
ul

fa
te

C
ho

le
st

-5
-e

n-
3 �

-o
l

Si
gm

a-
A

ld
ri

ch
N

eg
at

iv
e

su
lf

at
e 

so
di

um
 s

al
t

L
-�

-L
ec

ith
in

M
ix

tu
re

 o
f 

ph
os

ph
at

id
yl

ch
ol

in
e,

A
va

nt
i P

ol
ar

 L
ip

id
s

M
ix

tu
re

 o
f

ph
os

ph
at

id
yl

et
ha

no
la

m
in

e,
ne

ga
tiv

e 
an

d 
ph

os
ph

at
id

yl
in

os
ito

l,
ph

os
ph

at
id

ic
 a

ci
d,

zw
itt

er
io

ni
c

an
d 

ly
so

ph
at

id
yl

ch
ol

in
e.

 M
ay

 a
ls

o 
co

nt
ai

n 
 tr

ig
ly

ce
ri

de
s,

st
er

ol
s,

fa
tty

 a
ci

ds
,

ca
rb

oh
yd

ra
te

s,
an

d 
sp

hi
ng

ol
ip

id
s

E
gg

 le
ci

th
in

Si
m

ila
r 

to
 L

-�
-l

ec
ith

in
.

A
va

nt
i P

ol
ar

 L
ip

id
s

M
ix

tu
re

 o
f 

ne
ga

tiv
e 

an
d

zw
itt

er
io

ni
c

Ph
os

ph
at

id
ic

 a
ci

d
M

ix
tu

re
 o

f 
fa

tty
 a

ci
d 

di
es

te
rs

 o
f

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
gl

yc
er

op
ho

sp
ho

ri
c 

ac
id

 
D

io
le

oy
lp

ho
sp

ha
tid

ic
 a

ci
d

1,
2-

D
io

le
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ha
te

 (
D

O
PA

)
A

va
nt

i P
ol

ar
 L

ip
id

s
N

eg
at

iv
e

D
ip

al
m

ito
yl

ph
os

ph
at

id
ic

 a
ci

d
1,

2-
Pa

lm
ito

yl
-s

n-
gl

yc
er

o-
3-

ph
os

ph
at

e 
(D

PP
A

)
A

va
nt

i P
ol

ar
 L

ip
id

s
N

eg
at

iv
e

Ph
os

ph
at

id
yl

ch
ol

in
e

A
 m

ix
tu

re
 o

f 
1,

2-
di

ac
yl

-s
n-

gl
yc

er
o-

3-
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
ph

os
ph

oc
ho

lin
es

 w
ith

 th
e 

co
m

po
si

tio
n

Ph
os

ph
ol

ip
on

 9
0G

/
va

ry
in

g 
w

ith
 th

e 
so

ur
ce

.
A

m
er

ic
an

 L
ec

ith
in

 
Ph

os
ph

ol
ip

on
 8

0/
A

m
er

ic
an

 L
ec

ith
in

D
ie

ru
co

yl
ph

os
ph

at
id

yl
ch

ol
in

e
1,

2-
D

ie
ru

co
yl

-s
n-

gl
yc

er
o-

3-
ph

os
ph

oc
ho

lin
e

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

D
ila

ur
oy

lp
ho

sp
ha

tid
yl

ch
ol

in
e

1,
2-

D
ila

ur
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
ch

ol
in

e 
(D

L
PC

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
D

ili
no

le
oy

lp
ho

sp
ha

tid
yl

ch
ol

in
e

1,
2-

D
ili

no
le

oy
l-

sn
-g

ly
ce

ro
-3

-p
ho

sp
ho

ch
ol

in
e 

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

D
im

yr
is

to
yl

ph
os

ph
at

id
yl

ch
ol

in
e

1,
2-

D
im

yr
is

to
yl

-s
n-

gl
yc

er
o-

3-
ph

os
ph

oc
ho

lin
e 

(D
M

PC
)

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

D
io

le
oy

lp
ho

sp
ha

tid
yl

ch
ol

in
e

1,
2-

D
io

le
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
ch

ol
in

e 
(D

O
PC

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
D

ip
al

m
ito

yl
ph

os
ph

at
id

yl
ch

ol
in

e
1,

2-
D

ip
al

m
ito

yl
-s

n-
gl

yc
er

o-
3-

ph
os

ph
oc

ho
lin

e 
(D

PP
C

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n



Lipid-Based Excipients for Oral Drug Delivery 57
Pa

lm
ito

yl
-o

le
oy

lp
ho

sp
ha

tid
yl

ch
ol

in
e

1-
Pa

lm
ito

yl
-2

-o
le

oy
l-

sn
-g

ly
ce

ro
-3

-
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
ph

os
ph

oc
ho

lin
e 

(P
O

PC
)

D
is

te
ro

yl
ph

os
ph

at
id

yl
ch

ol
in

e
1,

2-
D

is
te

ar
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
ch

ol
in

e 
(D

SP
C

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
H

yd
ro

ge
na

te
d 

eg
g 

A
 m

ix
tu

re
 o

f 
1,

2-
hy

dr
og

en
at

ed
 d

ia
cy

l-
sn

-g
ly

ce
ro

-
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
ph

os
ph

at
id

yl
ch

ol
in

e
3-

ph
os

ph
oc

ho
lin

es
 f

ro
m

 e
gg

s.
H

yd
ro

ge
na

te
d 

so
y 

A
 m

ix
tu

re
 o

f 
1,

2-
hy

dr
og

en
at

ed
 

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

ph
os

ph
at

id
yl

ch
ol

in
e

di
ac

yl
-s

n-
gl

yc
er

o-
3-

ph
os

ph
oc

ho
lin

es
 f

ro
m

 s
oy

be
an

s.
Ph

os
ph

ol
ip

on
 1

00
H

/
A

m
er

ic
an

 L
ec

ith
in

 
Ph

os
ph

ol
ip

on
 9

0H
/

A
m

er
ic

an
 L

ec
ith

in
 

Ph
os

ph
ol

ip
on

 8
0H

/
A

m
er

ic
an

 L
ec

ith
in

 
Ph

os
ph

at
id

yl
ch

ol
in

e 
an

d 
Ph

os
ph

at
id

yl
ch

ol
in

e 
68

–8
4%

 a
nd

 
N

A
T

 8
72

9/
A

m
er

ic
an

N
eg

at
iv

e
ly

so
-p

ho
sp

ha
tid

yl
ch

ol
in

e
ly

so
-p

ho
sp

ha
tid

yl
ch

ol
in

e 
N

M
T

 1
5%

 w
ith

 
L

ec
ith

in
ne

ga
tiv

el
y 

ch
ar

ge
d 

lip
id

s.
Ph

os
ph

at
id

yl
et

ha
no

la
m

in
e

A
 m

ix
tu

re
 o

f 
1,

2-
di

ac
yl

-s
n-

gl
yc

er
o-

3-
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
ph

os
ph

oe
th

an
ol

am
in

es
 w

ith
 th

e 
co

m
po

si
tio

n 
 

va
ry

in
g 

w
ith

 th
e 

so
ur

ce
.

D
io

le
oy

lp
ho

sp
ha

tid
yl

et
ha

no
la

m
in

e
1,

2-
D

io
le

oy
l-

sn
-g

ly
ce

ro
-3

-p
ho

sp
ho

et
ha

no
la

m
in

e 
(D

O
PE

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
D

is
te

ar
oy

lp
ho

sp
ha

tid
yl

et
ha

no
la

m
in

e
1,

2-
D

is
te

ar
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
et

ha
no

la
m

in
e 

(D
SP

E
)

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

Ph
os

ph
at

id
yl

gl
yc

er
ol

A
 m

ix
tu

re
 o

f 
1,

2-
di

ac
yl

-s
n-

gl
yc

er
o-

3-
[p

ho
sp

ho
-r

ac
-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
(1

-g
ly

ce
ro

l)
]s

 w
ith

 th
e 

co
m

po
si

tio
n 

va
ry

in
g 

w
ith

 th
e 

so
ur

ce
.

D
im

yr
is

to
yl

ph
os

ph
at

id
yl

gl
yc

er
ol

1,
2-

D
im

yr
is

to
yl

-s
n-

gl
yc

er
o-

3-
[p

ho
sp

ho
-r

ac
-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
(1

-g
ly

ce
ro

l)
] 

(D
M

PG
)

D
io

le
oy

lp
ho

sp
ha

tid
yl

gl
yc

er
ol

1,
2-

D
io

le
oy

l-
sn

-g
ly

ce
ro

-3
-[

ph
os

ph
o-

ra
c-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
(1

-g
ly

ce
ro

l)
] 

(D
O

PG
)

D
ip

al
m

ito
yl

ph
os

ph
at

id
yl

gl
yc

er
ol

1,
2-

D
ip

al
m

ito
yl

-s
n-

gl
yc

er
o-

3-
[p

ho
sp

ho
-r

ac
-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
(1

-g
ly

ce
ro

l)
] 

(D
PP

G
)

D
is

te
ar

oy
lp

ho
sp

ha
tid

yl
gl

yc
er

ol
1,

2-
D

is
te

ar
oy

l-
sn

-g
ly

ce
ro

-3
-[

ph
os

ph
o-

ra
c-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
(1

-g
ly

ce
ro

l)
] 

(D
SP

G
)

(C
on

ti
nu

ed
)



58 Gibson
Ta

bl
e 

11
C

ho
le

st
er

ol
 a

nd
 P

ho
sp

ho
lip

id
s 

(C
on

ti
nu

ed
)

C
he

m
ic

al
 n

am
e

E
xc

ip
ie

nt
or

 c
om

po
si

tio
n

T
ra

de
 n

am
e/

su
pp

lie
r

C
ha

rg
e

Pa
lm

ito
yl

-
1-

Pa
lm

ito
yl

-2
-o

le
oy

l-
sn

-g
ly

ce
ro

-3
-[

ph
os

ph
o-

ra
c-

A
va

nt
i P

ol
ar

 L
ip

id
s

N
eg

at
iv

e
ol

eo
yl

ph
os

ph
at

id
yl

gl
yc

er
ol

(1
-g

ly
ce

ro
l)

] 
(P

O
PG

)
Ph

os
ph

at
id

yl
in

os
ito

l
A

 m
ix

tu
re

 o
f 

1,
2-

di
ac

yl
-s

n-
gl

yc
er

o-
3-

ph
os

ph
oi

no
si

to
ls

  
A

va
nt

i P
ol

ar
 L

ip
id

s
N

eg
at

iv
e

w
ith

 th
e 

co
m

po
si

tio
n 

va
ry

in
g 

w
ith

 th
e 

so
ur

ce
.

Ph
os

ph
at

id
yl

se
ri

ne
A

 m
ix

tu
re

 o
f 

1,
2-

di
ac

yl
-s

n-
gl

yc
er

o-
3-

ph
os

ph
o-

L
-s

er
in

es
 

A
va

nt
i P

ol
ar

 L
ip

id
s 

Z
w

itt
er

io
n

w
ith

 th
e 

co
m

po
si

tio
n 

va
ry

in
g 

w
ith

 th
e 

so
ur

ce
.

A
lc

ol
ec

 P
S 

90
P/

 
A

m
er

ic
an

 L
ec

ith
in

D
io

le
oy

lp
ho

sp
ha

tid
yl

se
ri

ne
1,

2-
D

io
le

oy
l-

sn
-g

ly
ce

ro
-3

-p
ho

sp
ho

- L
-s

er
in

e 
(D

O
PS

)
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
Pa

lm
ito

yl
-o

le
oy

lp
ho

sp
ha

tid
yl

se
ri

ne
1-

Pa
lm

ito
yl

-2
-o

le
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
- L

-s
er

in
e 

(P
O

PS
)

A
va

nt
i P

ol
ar

 L
ip

id
s

Z
w

itt
er

io
n

Sp
hi

ng
om

ye
lin

(2
S,

3R
,4

E
)-

2-
A

cy
la

m
in

oo
ct

ad
ec

-4
-e

ne
-3

-h
yd

ro
xy

-
A

va
nt

i P
ol

ar
 L

ip
id

s
Z

w
itt

er
io

n
1-

ph
os

ph
oc

ho
lin

e.
 A

ls
o 

ca
lle

d 
ce

ra
m

id
e-

1-
ph

os
ph

oc
ho

lin
e.

Pr
op

ri
et

ar
y 

ve
hi

cl
e

E
m

pt
y 

lip
os

om
es

 f
or

 a
dd

iti
on

 o
f 

dr
ug

s 
co

nt
ai

ni
ng

:
N

at
ip

id
e 

II
/A

m
er

ic
an

N
LT

 2
0%

 p
ho

sp
ho

lip
id

s 
fr

om
 s

oy
be

an
s 

(p
ri

m
ar

ily
 

L
ec

ith
in

ph
os

ph
at

id
yl

ch
ol

in
e)

,1
4–

18
%

 e
th

an
ol

,w
at

er
 to

 1
00

%
Pr

op
ri

et
ar

y 
ve

hi
cl

e
N

LT
 3

4%
 p

ho
sp

ha
tid

yl
ch

ol
in

e 
an

d 
ot

he
r 

ph
os

ph
ol

ip
id

s 
Ph

os
al

 3
5 

SB
/A

m
er

ic
an

 
in

 s
un

fl
ow

er
 o

il
L

ec
ith

in
Pr

op
ri

et
ar

y 
ve

hi
cl

e
N

LT
 5

0%
 p

ho
sp

ha
tid

yl
ch

ol
in

e 
N

M
T

 6
%

 
Ph

os
al

 5
0 

PG
/A

m
er

ic
an

ly
so

ph
os

ph
at

id
yl

ch
ol

in
e 

33
.8

– 
41

.2
%

 p
ro

py
le

ne
 g

ly
co

l 
L

ec
ith

in
Pr

op
ri

et
ar

y 
ve

hi
cl

e
N

LT
 5

0%
 p

ho
sp

ha
tid

yl
ch

ol
in

e 
N

M
T

 6
%

 
Ph

os
al

 5
0 

SA
�

/A
m

er
ic

an
ly

so
ph

os
ph

at
id

yl
ch

ol
in

e 
in

 s
af

fl
ow

er
 o

il,
gl

yc
er

in
,

L
ec

ith
in

ca
pr

yl
ic

/c
ap

ri
c 

tr
ig

ly
ce

ri
de

s,
al

co
ho

l,
gl

yc
er

yl
 s

te
ar

at
e,

an
d 

as
co

rb
yl

 p
al

m
ita

te
Pr

op
ri

et
ar

y 
ve

hi
cl

e
N

LT
 5

3%
 p

ho
sp

ha
tid

yl
ch

ol
in

e,
N

M
T

 6
%

 ly
so

ph
os

ph
at

i-
Ph

os
al

 5
3 

M
C

T
/A

m
er

ic
an

dy
lc

ho
lin

e,
3–

6%
 e

th
an

ol
 in

 c
ap

ry
lic

/c
ap

ri
c 

tr
ig

ly
ce

ri
de

s,
L

ec
ith

in
gl

yc
er

yl
 s

te
ar

at
e,

ol
ei

c 
ac

id
,a

nd
 a

sc
or

by
l p

al
m

ita
te

Pr
op

ri
et

ar
y 

ve
hi

cl
e

72
–7

8%
 P

ho
sp

ha
tid

yl
ch

ol
in

e,
N

M
T

 6
%

 ly
so

ph
os

ph
a-

Ph
os

al
 7

5 
SA

/A
m

er
ic

an
tid

yl
ch

ol
in

e 
in

 a
lc

oh
ol

,s
af

fl
ow

er
 o

il,
gl

yc
er

yl
 s

te
ar

at
e,

L
ec

ith
in

co
co

nu
t o

il,
an

d 
as

co
rb

yl
 p

al
m

ita
te



However, the fatty acid ester bonds are the most labile (30). Studies of soybean
phosphatidylcholine, hydrogenated phosphatidylcholine, partially saturated egg
phosphatidylcholine, and phosphatidylglycerol have shown the rate of hydrolysis
to be pseudo first order and to depend strongly on pH and temperature. For each
of these phospholipids, the rate of hydrolysis reached a nadir at pH 6.5 and accel-
erated as pH either decreased or increased around this value (30,31). Also, some
buffer species showed relatively smaller increases in the rate of hydrolysis 
related to catalytic effects (30,31). Hydrolytic cleavage of one of the two fatty
acids associated with a phospholipid molecule results in the production of 
one molecule of the corresponding lyso-phospholipid and one molecule of the
free fatty acid. Studies have shown that the permeability of liposomes to leakage
of calcein was minimal until about 10% of the phosphatidylcholine 
had hydrolyzed to lysophosphatidylcholine and free fatty acid, after which 
additional hydrolysis resulted in an increase in the permeability and rate of 
leakage (30).

To minimize instability due to oxidation, formulators can choose phospho-
lipids comprised only of saturated fatty acids or may consider the addition of
antioxidants to formulations containing phospholipids comprised of oxidation-
prone unsaturated fatty acids. In addition, maintaining an approximate pH of 6.5
during processing and in the final formulation, as well as avoidance of exposure
to excessive heat, will help to minimize oxidation and hydrolysis.

It should also be noted that the use of charged phospholipids, such as the
phosphatidylglycerols or phosphatidic acids, may prevent liposome aggregation
and fusion. Incorporation of cholesterol into the formulation tends to decrease the
fluidity and permeability of the liposomal bilayer membrane and promotes for-
mation of smaller, more stable and more uniformly sized vesicles (31,32).

CONCLUSIONS

Lipids are perhaps one of the most versatile excipient classes currently available,
providing the formulator with many potential options for improving and control-
ling the absorption of poorly water-soluble drugs. These formulation options
include lipid suspensions, solutions, emulsions, microemulsions, mixed micelles,
SEDDS, SMEDDS, thixotropic vehicles, thermo-softening matrices, and 
liposomes. The formulator should be aware of the factors that determine the suit-
ability of the various lipids for the intended formulation, such as stability to oxi-
dation, hydrolysis, and polymorphic changes as well as digestibility and stability
in the GI environment.

Selected subsets of commercially available lipids and considerations perti-
nent to their pharmaceutical applications have been summarized in this chapter.
The formulator is advised to consult the literature and contact the excipient 
manufacturers for more detailed information on the properties of any lipid being
considered for use in formulations.
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INTRODUCTION

The preferred method for the administration of most drugs is via the oral route as
conventional compressed tablet or dry-filled capsule formulations. However,
there are a growing number of drugs and candidate drug compounds whose
inherent solubility and permeability characteristics result in unacceptably low
bioavailability when delivered from conventional oral formulations. Many times,
standard manipulations aimed at enhancing bioavailability through improvements
in the drug solubility or dissolution rate, such as particle size-reduction, or salt or
crystal form selection, are either ineffective or do not enhance absorption
sufficiently to make these traditional approaches viable options. In such
instances, lipid-based formulations may offer an opportunity to enhance bio-
availability through processes that impact physicochemical, and occasionally
physiologic, mechanisms controlling drug absorption. Efforts to develop tablet
formulations containing sufficient quantities of lipid and surfactant excipients
to solubilize a poorly water-soluble drug have met with limited success due to
the tendency for these excipients to compromise the physical integrity



and mechanical strength of conventional compressed tablets. However, most
lipid-based formulations are compatible with either hard gelatin capsule (HGC)
or soft gelatin capsule (SGC) shells, which allow the development of commercial-
ly viable oral dosage forms. The dynamic nature of fully or partially-solubilized
drugs in lipid formulations, however, requires careful control of manufacturing,
packaging, and handling conditions to maintain the physical and chemical
stability of drug and excipients alike, thereby ensuring consistent product
performance.

EXCIPIENT SELECTION: GENERAL CONSIDERATIONS

The relationship between in vitro solubility in aqueous media and in vivo
drug absorption is well established (1) and the most common reason that lipid
excipients are considered for use in an oral formulation is to enhance drug
bioavailability resulting from low aqueous solubility (2,3). However, lipid-
based formulations can also improve drug absorption through inhibition of 
P-glycoprotein-mediated efflux (4,5), enhanced lymphatic drug transport and con-
comitant reduction of hepatic first pass metabolism (6–8), or through prolongation
of gastrointestinal transit time, thereby allowing greater time for drug dissolution
and absorption to occur (9). Lipid-based formulations have also proven useful in
preparing stable formulations of moisture sensitive drugs (10).

The initial objective in excipient screening is to identify excipients or
excipient combinations in which the drug has maximal solubility, with the objec-
tive of finding a formulation in which the entire drug dose can be solubilized in
the fill volume of a single oral capsule of acceptable size. The selected drug con-
centration for the final formulation should be somewhat less than the maximum
solubility in the chosen excipient mixture over the anticipated range of process-
ing and storage temperatures to safeguard against precipitation of the drug. In
instances where the drug dose cannot be fully solubilized in the fill volume of
a single capsule, the formulator may choose to deliver the drug as a partially
solubilized lipid suspension. In addition to simple lipid solution formulations,
emulsions (11), self-emulsifying drug delivery systems (SEDDS) and self micro-
emulsifying drug delivery systems (SMEDDS) (discussed in detail in Chapter 5),
are combinations of lipids, surfactants, and cosurfactants, that have found appli-
cation for enhancing and normalizing drug absorption (12–14).

Developing a viable lipid based oral drug formulation with acceptable per-
formance characteristics requires the formulator to maintain the solubility and
stability of the drug in an excipient blend that does not adversely interact with the
capsule (15). Unexpected precipitation of the drug in the dosage form may result
from a number of factors, including insufficient solubility in the excipient matrix,
loss of a volatile solubilizing excipient (e.g., ethanol), changes in storage
temperature, or migration of water into the formulation from the capsule shell or
the environment. In addition, the potential dehydrating effects of some excipients
on HGCs can lead to loss of moisture and brittleness or fracture of the capsule
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shell, which can sometimes be remedied by using SGC, which contain higher lev-
els of plasticizers (propylene glycol, sorbitol, and glycerol) and water.

Thermo-softening Excipients

The low hygroscopicity of the thermo-softening excipients not only makes them
particularly compatible with HGC, but also frequently yields final products that are
relatively resistant to moisture-induced drug precipitation (16). These excipients are
available within a range of melting points and hydrophile–lipophile balance (HLB)
values and provide the formulator with latitude for creating specific drug release
characteristics in the final product. Examples of these excipients include the
Gelucire® and Capmul® lines of derivatized glyceride excipients from Gattefosse
and Abitec respectively, and the Cremophor® or Solutol® lines of polyoxyl castor oil
and polyethylene glycol derivatives, respectively, from BASF Corporation. These
excipients exist as waxy solids or semisolids at typical ambient temperatures and
require melting prior to capsule filling; this limits their use to HGC that tolerate tem-
peratures up to 70°C. In addition to being relatively nonhygroscopic, and therefore
compatible with HGC shells, the high viscosity of thermo-softening excipients
obviates the need for capsule sealing operations, which are required to prevent
leakage when using formulations that are liquid at ambient temperatures. For those
compounds intended to remain completely solubilized (in the semi solid matrix) at
ambient temperatures it is important to develop a quantitative sense of the potential
for in situ precipitation or crystallization upon cooling and storage. Direct determi-
nation of drug solubility in the congealed excipient matrix is challenging for obvi-
ous reasons; however, a solubility estimate may be obtained by back-extrapolation
from drug solubility values determined at a series of temperatures at which the
excipient is molten. Alternatively, the physical state of the drug in the congealed
matrix can be confirmed by using a combination of analytical techniques, including
X-ray diffraction, microscopy (polarized light or hot stage) and thermal analysis
[Differential Scanning Calorimetry (DSC) or modulated DSC], which together can
identify eutectic mixtures, two phase systems, and glassy states of a drug substance
(17). For example, correlating the visual changes in the crystalline form of a formu-
lated drug observed during hot stage microscopy with the quantitative thermal
events recorded during DSC analysis can be useful for defining the drug solubility
range and physical state in the excipient matrix. In addition to physical characteri-
zation, the chemical stability of the drug in the molten excipient matrix should be
determined over the time and temperature ranges to which the drug will be exposed
during manufacturing operations.

When developing formulations using thermo-softening excipients, it is essen-
tial to characterize and control the physical state of the excipient matrix, which can
crystallize upon congealing. In order to destroy any preformed crystalline structure
and to ensure homogeneous dispersion of the multiple components contained in
these excipients (e.g., the lauryl macrogolglycerides), the excipient manufacturers
recommend liquefying the entire contents of the bulk container by heating to 10°C
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above the nominal melting temperature followed by thorough mixing prior to use
in formulating. Removal and use of portions of bulk containers prior to the melting
and mixing step is not recommended and may produce final products, which vary
in physical and performance characteristics. Most manufacturers recommend that a
given batch of excipient be exposed to no more than three or four melting/cooling
cycles to minimize thermally-induced accumulation of peroxides or free fatty acids,
which can catalyze drug degradation. For this reason, it is a good practice for the
scientist to divide the melted and mixed bulk excipient material into a number of
smaller aliquots to support formulation development activities.

The crystalline forms of these excipients that control drug solubilization
and release characteristics, are influenced by the thermal history acquired during
the product handling and processing procedures (18,19), which if not adequately
controlled, will lead to variation in the product in vitro dissolution profile and
possibly, in vivo performance. The crystalline form of the excipient matrix can be
controlled through postmanufacturing annealing or by careful and consistent con-
trol of the congealing process (20). Annealing that involves holding the final
product at a controlled, elevated temperature for a predetermined period of time,
is used to accelerate conversion of a thermo-softening excipient to its most stable
crystalline form. The annealing time may range from a period of several hours
to several days, with the duration inversely related to the annealing temperature.
For example, the conversion of Gelucire 50/13 to its stable β� crystalline form,
requires several months at 25°C, but can be driven to completion in less than two
days by annealing at 40°C (21).

LIPID-BASED HARD GELATIN CAPSULE 
FORMULATION DEVELOPMENT

As typical fill volumes for HGC fall in the range of 0.2 to 0.9 mL, the formula-
tor may initially target a maximum fill volume of 0.5 to 0.7 mL for estimating the
required solubility of the drug in the excipient matrix intended for the prototype
formulations (Table 1).
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Table 1 Capsule Size and Approximate Volumes (Licaps)

Capsule size Approximate body volume (cc)

00el 0.89
0el 0.7
00 0.82
0 0.59
1 0.43
2 0.33
3 0.26
4 0.18



HGC are physically incompatible with some of the lower molecular weight
solubilizing excipients such as polyethylene glycol (PEG) 400, ethanol, water,
and glycerol at concentrations greater than a few percent as higher concentrations
of these excipients can result in capsule brittleness or softening (22).

The aqueous dissolution rate of HGC is temperature dependent, requiring a
minimum of 35°C to occur at an appreciable rate. The dissolution profile of HGC
drug products are also subject to change upon aging, particularly following expo-
sure to a combination of elevated heat and humidity (23), certain chemicals (24),
or trace levels of volatile substances contained in various packaging components
(25,26). The chemical compatibility of the formulation with the capsule shell may
be assessed, by dissolution testing following storage of the encapsulated formu-
lation, placebo, and empty capsule shells for approximately one to two months
under conditions of elevated temperature and humidity (50°C, 25°C/60%/RH,
and 40°C/75% RH). A formulation that is incompatible with the capsule shell
may show evidence of changes in appearance, physical integrity, and in vitro dis-
solution profile. It is helpful to videotape or photograph the dissolution process
and scrutinize the visual appearance of the capsule shell as it dissolves. Careful
observation of the difference between a poorly dissolving capsule shell contain-
ing formulation versus placepo and empty capsule shell stored under the same
environmental conditions, may provide insight into whether the formulation or
the storage condition has impaired dissolution.

Decreases in the in vitro dissolution performance are often attributed to
“gelatin crosslinking,” although physicochemical evidence of crosslinking may
be difficult to provide. Despite this deficiency, the terms “internal” and “exter-
nal” crosslinking are frequently used to describe the subjective visual appear-
ance of an insoluble pellicle. Internal crosslinking describes the situation, where
the inner surface of the dissolving capsule shell appears to be less soluble than
the outer surface, suggesting incompatibility between gelatin and formulation.
Changes in capsule dissolution that appear to originate on the external surface of
the capsule shell may suggest that environmental factors (e.g., excessive heat,
humidity, or exposure to packaging components) are responsible for the change.
Interaction between the formulation and capsule gelatin can be confirmed by
replacing the capsule contents with a rapidly dissolving formulation and repeat-
ing the dissolution test; an altered dissolution profile is confirmatory of this type
of interaction (27). Alternatively, empty capsules that were stored for equivalent
time periods under identical conditions of temperature and humidity can be used
for this test.

The water content of a HGC is critical for maintaining gelatin plasticity and
overall capsule shell integrity, and must be kept within a narrow range (13–16%
w/w). Inadequate control of HGC moisture content during processing can result in
capsule swelling, shrinkage, turned edges, or accumulation of a static charge, all of
which can lead to compromised handling on automated filling and sealing equip-
ment and result in batch failures. These deficiencies may go unnoticed during hand-
filling of small test batches and can lead a formulator to incorrectly conclude that
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problems encountered during scale-up are due to a faulty formulation or improper
set-up of processing equipment. Hence, it is wise to confirm that the initial mois-
ture content of the HGC shell is within the limits specified by the manufacturer 
and is maintained within that range during every step of product manufacture and
packaging.

Capsule shell moisture content can be estimated by comparing the average
weight of a sample of empty capsules to the acceptance range supplied by the
manufacturer or by assessing the weight loss on drying at 105°C for 17 hours
(28). A useful, shorter screening test may be developed by correlating the 17-hour
“loss on drying” results with those generated at slightly elevated temperatures
(29) (between 105°C and 120°C) for shorter time periods (e.g., 5–10 minutes)
using a gravimetric analyzer such as the Computrac® 2000 (Arizona Instruments,
Phoenix, Arizona, U.S.A.). The relationship between HGC brittleness and mois-
ture content is shown in Figure 1 (30). These data were generated by spreading
100 capsules on a 4-inch diameter circular sample test pan, which was
subsequently compressed with a platen and held at 1500 psi for 5 to 15 seconds. 
The number of capsules broken under these conditions represents the percent
brittleness of the sample. Empty capsule shells that have remained outside of
controlled environmental conditions (between 68°F and 77°F, and 40% and 60%
RH), either in the laboratory or in the manufacturing environment, should be 
discarded prior to resumption of filling operations. During manufacturing opera-
tions, empty capsule shells should not remain in the hopper overnight, during
lunch breaks, or over other extended periods of work stoppage.

Since excipients can also significantly influence capsule moisture content and
physical integrity, formulations need to be selected with regard to their relative
humectant properties. Hygroscopic materials such as glycerol, low molecular
weight polyethylene glycols (�1000 molecular weight), and propylene glycol are
generally unsuitable for HGC products in appreciable levels since they tend to draw
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moisture into the capsule shell from humid environments, leading to capsule soft-
ening. Conversely, under conditions of low environmental humidity, these excipi-
ents can dehydrate the capsule shell leading to brittleness. A variety of simple
screening tests can be performed during formulation development to evaluate the
moisture affinity profiles of various excipients and their respective compatibilities
with the HGC shell (31). One method that requires relatively long periods of time
(several weeks), involves evaluating differences in weight gain or loss between
small groups or 10 to 20 filled or empty control capsule shells stored under a range
of humidity conditions (2.5–65%). Those formulations that maintain their weight
within a range of �2%, relative to the empty capsule control, are considered to be
hygroscopically compatible with the capsule.

LIPID-BASED SOFT GELATIN CAPSULE 
FORMULATION DEVELOPMENT

A combination of economic, proprietary, and technical considerations limit the
development and manufacture of SGC drug products to a small group of third-
party specialist companies. On a relative basis, development and manufacturing
costs for SGC products are substantially higher than those for tablets or HGC
products, and economic considerations for SGC products usually necessitate
round-the-clock manufacturing operations. Consequently, the associated formu-
lations and manufacturing processes must be designed to maintain a continuous
supply of capsule fill material that is physically and chemically stable for exten-
ded periods of time. SGC that are filled and hermetically sealed in a single oper-
ation, find greatest application for low-viscosity (�100 cP), liquid formulation
products. A decision to pursue a SGC product is most often driven by a lack of
alternative formulation options coupled with a significant commercial opport-
unity. This decision should also consider the additional costs and potential
intellectual property issues associated with any third-party collaboration.
Although the average formulator will never be solely responsible for the develop-
ment of a SGC product, he/she may be required to generate or interpret drug
physicochemical, solubility, and excipient compatibility data to facilitate SGC
product development by a third-party specialist company.

During the early stages of formulation and drug stability screening, it is
possible to obtain strips of SGC gelatin from the capsule manufacturer for use in
excipient compatibility screening. This allows the formulator to screen potential
incompatibility between the formulation and the gelatin (and its plasticizers and
colorants) without committing time and resources to the development of a proto-
type SGC product. SGC come in a variety of shapes and sizes, but not all can be
conveniently delivered by the oral route. The capsule sizes that are acceptable for
oral administration are the 20 minim oblong, 16 minim oval, and the 9 minim
round shapes, which correspond to volumes of 1.23 mL, 0.99 mL, and 0.55 mL
respectively (32). Maximum fill volumes should not exceed 90% of the capsule
capacity to guard against rupture or leakage from osmotic or thermally-mediated
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expansion or from mechanical perturbations of the capsule shell. Filling temper-
atures must be maintained below 40°C to prevent melting of the capsule shell,
which precludes SGC use with most thermo-softening formulations. Compared to
HGC, capsule brittleness due to dehydration is less of a problem, since relatively
high amounts of plasticizer (40–80% w/w) can be incorporated into the capsule
gelatin (32). However, screening of SGC formulations for moisture transfer
between the capsule gelatin and formulation nevertheless remains an important
criterion during product development.

Immediately after filling, the moisture content of the capsule gelatin is
approximately 50% w/w, which necessitates a drying period of several days, dur-
ing which the formulated drug must be tolerant of the elevated moisture and 21°C
to 24°C drying temperature. The potential for drug or excipient to migrate into
the shell during the drying period will be dictated by the relative hydrophilicity
of these components. Storage or handling of capsules at greater than 60% relative
humidity, even for short periods of time, can result in capsule swelling, tackiness,
irreversible agglomeration, or cosmetic defects.

While both SGC and HGC possess lower oxygen permeability than conven-
tional film-coated tablets, SGC have higher oxygen permeability than sealed
HGC. Achieving a degree of protection from oxygen equivalent to that of a sealed
HGC may require inclusion of antioxidants or exclusion of certain oxygen sensi-
tive excipients from the formulation. For example, formulations of oxygen-labile
drugs should exclude unsaturated lipid excipients to minimize peroxide forma-
tion, which occurs subsequent to fatty acid degradation. In addition, the formula-
tion and excipient screen should consider the use of lipid soluble antioxidants
such as butylated hydroxy anisole (BHA) and butylated hydroxy toluene (BHT)
(33). The effectiveness of an antioxidant may be assessed by comparing formula-
tions stored in oxygen-enriched atmospheres to those stored under nitrogen or
with oxygen-consuming packaging components (34).

The compatible pH range for SGC is between 2.5 and 7.5 (32). Strongly
acidic formulations can result in hydrolysis of the capsule gelatin and leakage of
the contents. Similarly, basic formulations (including basic salts of weak acid
drugs) outside of the compatible pH range can cause gelatin tanning, with subse-
quent changes in the capsule dissolution profile (32). The ability to buffer basic
drugs to an acceptable pH range while maintaining the desired level of solubility
should be evaluated by screening pharmaceutically acceptable weak acids,
including citric, lactic, and tartaric. Alternatively, consideration of less soluble
salts of strongly basic or acidic drug or formulating these drugs as lipid suspen-
sions may provide solutions to SGC incompatibility problems.

Aldehyde impurities that are formed during oxidative degradation of
aliphatic alcohols and phenols are frequently present in several excipients includ-
ing polyethylene glycols, polysorbates, and polyoxyethylenated glycerides. The
quantities of these oxidative byproduct impurities generally increase during man-
ufacturing processes involving prolonged exposure to elevated temperatures used
during filling of HGC with thermo-softening excipient formulations and have
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been implicated in capsule shell gelatin crosslinking and changes in the in vitro
dissolution rate of the drug product. Although the processing temperatures com-
monly associated with SGC formulation manufacture are below those typically
associated with excipient oxidative degradation, it is still wise to evaluate chem-
ical stability of the pharmaceutical active at temperatures in excess of 30°C for
extended periods of time in order to address potential differences in processing
times between lab scale and manufacturing batch processing.

When low molecular weight PEG is used for solubility enhancement in
a SGC formulation, incorporation of 5% to 10% (w/w) of propylene glycol or
glycerin will reduce the migration of these plasticizers from the capsule gelatin
into the fill, and decrease the likelihood of capsule brittleness. Inclusion of
volatile solubilizing excipients, such as ethanol, should be at concentrations of
less than 5% since loss of these excipients may occur during the gelatin drying
cycle conducted at 21°C to 24°C and 20% to 30% RH (35).

LIPID SUSPENSION FORMULATIONS

Although fully-solubilized lipid-based formulations generally provide optimal
absorption, drugs that cannot be completely solubilized in the lipid excipient
matrix may be formulated as partially-solubilized lipid suspensions. Maintaining
the physical stability of the dispersed drug in the lipid phase requires control of
factors including formulation viscosity, drug particle size, and total solids content,
all of which are interdependent with processing times and temperatures.

The physical stability of the dispersion of a solid in a liquid is dependent
on the relationship between fluid viscosity and particle diameter, which governs
the particle settling rate and in dilute suspensions, and is described by the Stokes
Einstein equation:

V � [d2(ρ � ρ�)g)�18η]

where, d is the particle diameter, η is fluid viscosity, ρ and ρ0 are the densities of
the particle and fluid respectively, g is the gravity constant, and V is the settling
velocity. Although this relationship best applies to dilute suspensions with less
than 2% solids content, it illustrates the fundamental concept that settling veloc-
ity is proportional to the square of particle diameter and inversely proportional to
fluid viscosity. Using this relationship as a guide, the formulator can assess the
potential impact of these parameters on a formulation’s physical stability or con-
tent uniformity and institute controls during development and scale-up of mixing,
pumping, and hold time operations.

Predicting the physical and chemical shelf life of suspension formulations
from accelerated storage conditions is more challenging than for traditional 
solid dosage forms, since changes in formulation viscosity and drug solubility
induced by elevated testing temperatures may create conditions not reflective 
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of those encountered during product use and storage, thereby leading to 
erroneous conclusions.

Formulation viscosity, a critical parameter governing the physical stability
of suspension formulations, will increase in a nonlinear manner with solids con-
tent and will be affected by particle shape and size distribution. The drug particle
size, relative crystallinity, and specific crystalline form can all be influenced by
changes in the chemical synthetic process, the batch size, or when scaling the
milling procedure from bench top to production batches. Since most low solubi-
lity drugs will be milled, it is important to understand the impact of different
particle size distributions or amorphous content on product performance so that
an appropriate control strategy can be established.

From a manufacturing perspective, viscosity has a significant influence on
the ease and accuracy of capsule filling and should be closely controlled.
Differences in processing temperature, mixing time, shear rate, mixer design and
capacity will influence formulation viscosity and can lead to variation in the rate
and extent of size attrition of suspended drug particles leading to dosing inaccu-
racy during filling operations. The mixing rate and shear force required to dis-
perse the solid drug material in the suspending vehicle can be influenced by the
formulation batch size, the drug physical properties, the drug loading in the sus-
pending vehicle and the rate of addition of the drug to the vehicle. The formula-
tion scientist should also be aware that the hydrophobic drug particles might
aggregate to a greater extent during process scale-up if the rate of addition to the
suspending vehicle changes relative to the shear force of the mixer. In this situ-
ation, attempting to disrupt the aggregates by mixing at a higher rate of speed
may not achieve the intended result if the geometry of the mixing vessel and
placement of the mixing blade relative to the surface of the fluid phase are
improperly selected. For example, placement of the blade too near the surface
could result in incorporation of air into the suspension leading to chemical insta-
bility or drug particle aggregation. An increased exposure to heat resulting from
longer mixing times with larger batch size, may potentially result in degradation
of heat sensitive drug substances. Drug particle size and loading in the suspend-
ing vehicle are other factors that can impact required mixing time or shear force
necessary to prepare an adequate dispersion. For example, the viscosity of a
PEG6000 suspending vehicle at 68°C is typically 300 to 500 centipoise in the
absence of suspended drug particles. Introduction of drug particles with a mean
diameter of 10 �m at 30% loading may produce a viscosity of approximately
8,000 centipoise, while equivalent loading at an average particle size of 40
microns may increase the viscosity to approximately 10,000 centipoise. Process
scale-up of suspensions, particularly from bench scale to first time manufacture,
should take into account processing parameter values that are outside of the
anticipated manufacturing ranges for time, temperature, and shear rate. This will
allow the formulator to compensate for unexpected changes in chemical stabili-
ty and product performance as the formulation evolves during the development
process (36).

72 Sirois



ENCAPSULATION OF LIPID-BASED FORMULATIONS

The choice of excipients, the stability of the drug, and the need for heating 
during the manufacturing process (e.g., to enable filling of thermo-softening
formulations) will initially dictate the suitability of a particular capsule format
(SGC vs. HGC) for the final product. SGCs and HGCs differ in their excipient
compatibility profiles, moisture content, thermal resistance, permeability to oxygen
and moisture, and need for special sealing operations.

The potential impact of elevated processing temperatures on formulation
stability should be determined over the time intervals corresponding to the typi-
cal exposures anticipated during manufacturing. In the case of thermo-softening
suspension formulations, the lower viscosities associated with elevated
processing temperatures can accelerate the rate of drug particle settling, during
cooling of the filled capsules and lead to nonuniform distribution of the drug
within the excipient matrix, which can adversely impact in vitro release
characteristics (37). It is sometimes possible to compensate for this temperature
sensitivity by selecting a drug particle size, small enough to reduce the settling
rate to a degree sufficient to maintain a uniform dispersion in the excipient
matrix, during the congealing process. Some of the thermal requirements that
limit the use of certain excipients with SGC are addressed by the use of HGC,
which are less permeable to water and oxygen and tolerate higher filling temper-
atures than SGC (38). In contrast to SGC, production of liquid-filled HGC prod-
ucts can be routinely handled in most pharmaceutical development organizations
with standard processing equipment, provided by manufacturers such as IMA,
MG2, Hofliger and Karg, Capsugel, Zanassi, and others. For bench scale prepa-
ration of small quantities of prototype capsule formulations, the formulator may
choose from the HiBar® Model S0291 (Hibar Systems LTD., Toronto, Canada) or
the Liquid Encapsulated Microspray System (LEMS®) CFS 1000 (Capsugel
Division of Pfizer, Morris Plains, New Jersey, U.S.A.).

Hard Gelatin Capsule Sealing

The need for postfilling sealing of HGC is determined by the viscosity of 
the encapsulated formulation. Fluid formulations with viscosities of �100 cP 
will require sealing, whereas thermo-softening formulations that congeal at 
ambient temperatures, are inherently leak-proof and, may not require sealing
during the prototype assessment stage if kept below 30	C.

Sealing of HGC can be accomplished at bench top scale by either manual
or automated means using gelatin banding or solvent fusion. The STI capsule
sealer (Schaefer Technologies, Incorporated, Indianapolis, Indiana, U.S.A.) is a
typical gelatin banding device useful for sealing small batches of HGC. This
device functions by transferring a thin band of molten gelatin to the junction of
the capsule body and cap by passing a manually loaded template of 10 capsules
across a circular steel plate that gathers gelatin as it rotates through a reservoir of
molten gelatin. The model is capable of sealing 100 or 200 capsules per hour and
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simulates the sealing process of larger production sealing machines (STI S-15
and the Shionogi HICAPSEAL 40/100).

A more recently developed method for sealing HGC is by gelatin fusion,
which functions by spraying an aqueous ethanol solution into the junction of the
cap and body to fuse the gelatin surfaces together. Following fusion, the capsules
are partially dried by momentary application of heated air and subsequently, by
overnight tray-drying. This proprietary LEMS technology was developed by the
Capsugel Division of Pfizer (Morris Plains, New Jersey, U.S.A.), and requires the
use of proprietary, unvented capsules (Licaps®) with a tight cap/body locking ring
that prevents liquid seepage into the seal area during the drying process. The
Capsugel CFS 1000 is a gelatin fusion sealer, which affords sufficient flexibility
of scale and ease of use for both low and high viscosity liquid filling and has a
maximum output of 1000 filled and sealed capsules per hour, making it suitable
for experimental as well as initial clinical trial batch sizes. The unit is relatively
small, weighing approximately 100 kg with physical dimensions of
720 
 380 
 520 mm (L 
 W 
 H). A 700 mL capacity heated liquid fill reser-
voir with optional heating suitable for filling thermo-softening formulations is
available along with a smaller (30 mL) unheated reservoir, intended for filling
small prototype batches of liquid formulations.

SUMMARY

Oral lipid-based formulations provide the formulation scientist with a significant
opportunity to address the poor and variable gastrointestinal absorption typically
associated with poorly water soluble drugs. In some instances, these formulations
may be of benefit for increasing drug exposure resulting from low intestinal per-
meability or for delivering drugs subject to certain forms of chemical instability.
Most lipid-based formulations would preferably deliver the drug in solubilized
form. A number of physical and chemical factors including moisture, drug solu-
bility in the excipient matrix, and the crystalline forms of both the excipient and
the drug can potentially influence product performance and should be identified
and controlled by the formulator. While both HGCs and SGCs can be used to
deliver oral lipid-based formulations, a thorough understanding of differences in
processing requirements and excipient compatibilities with the capsule shell is
required to ensure successful development of a drug product. The mechanical
properties and physical integrity of the capsule gelatin are dependent upon estab-
lishing a proper balance between water or other plasticizing agents within the
gelatin film, controlling the heat and moisture to which the capsule is exposed
during processing, and proper selection of the packaging components used to
protect the product from the environment. In particular, the equilibrium
established between environmental moisture and the pharmaceutical active or
excipients contained in the formulation can have a significant impact on the phys-
ical and chemical properties of the drug, and the in vitro and in vivo performance
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of the dosage form. It is important for the formulation scientist to understand,
anticipate, and screen for potential differences in equipment performance and
processing parameters when scaling from bench top to production size batches.
A number of suggestions have been presented in this chapter to enable the formu-
lation scientist to screen for potential changes in drug solubility, physical form,
content uniformity, and product performance during the earliest stages of product
development. By developing a fundamental understanding of the differences,
both subtle and obvious, between bench-top scale and manufacturing equipment
and processes, the scientist should be able to develop oral lipid-based drug
products that perform effectively and consistently between scales.
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INTRODUCTION

The recognition of the potential of lipid-based formulations for improving the
gastrointestinal absorption of poorly water-soluble drugs has been a major driver
for the development of liquid-filled capsule technology (1–4). Lipid excipients
possess a wide range of desirable characteristics, such as broad chemical compat-
ibility, low melting points, surfactant or self-emulsifying properties, and suit-
ability for large-scale manufacture. The increasing application of lipid-based
formulations has prompted the production equipment and capsule manufacturers
to develop new materials, processing systems, and product formats. Lipid-based
capsule formulations are encountered not only in ethical pharmaceutical products
but in consumer and “high-end” nutriceutical products as well. The market is
therefore diverse and presents numerous technical challenges for the formulation
and manufacture of these dosage forms.

This chapter will describe the material-selection and process issues for oral
lipid-based formulations with an emphasis on their use in hard-capsule format.
It reflects specialist development and manufacturing experience acquired over
15 years and in over 1500 batches of lipid-based capsule products ranging from
simple nutriceutical oil formulations to cytotoxics. In order to provide a basis for
the successful manufacture of a novel lipid-based oral dosage form, options in



formulation excipients and capsule shell selection will be discussed along with
the main processing routes employed.

THE CONCEPT

The most basic lipid-based formulations are simple fluids (e.g., low-viscosity oils,
�50 cps) or suspensions with drug solids content varying from �0.04% to 40.0%
and with viscosities ranging from 20 to over 25,000 cps. They may be thermo-
softening products or self-emulsifying formulations. Additionally, they may include
multi-phase formats designed to meet more complex and specific technical needs
such as multi-step release-profiles. Certain products, specifically the multi-phase or
thermo-softening formulations with high melting-points, are better suited to the
hard gelatin capsule format as dictated by the processing needs. A limited number
are better suited to soft gelatin capsule encapsulation due to the embrittling or plas-
ticizing effects of the formulation excipients. Lipid-based formulations are well
suited to processing in capsule format, especially as one-piece soft gelatin capsules
or as the more commonly used two-piece hard gelatin capsules. A further type con-
sists of spherical capsules containing an oil/active, which are formed by coextrusion
of the core content and a gelatin/plasticizer solution through submerged nozzles,
forming the so-called “seamless capsule” (5). While the soft gelatin capsule has
been available for liquid-filled products for over 150 years, the liquid-filled, two-
piece hard gelatin capsule has become well established only in the last 5 to 10 years.
This has been due largely to the time required to generate sufficient stability and in
vivo performance data and to gain regulatory approval for these formulations as
well as recent technological developments, which allow for efficient, large-scale
encapsulation of lipid-based products. Figure 1 shows the concept for liquid-filled
two-piece capsules. The active component, as a liquid or as a solid, may be formu-
lated with a liquid, thixotropic, or thermo-softening carrier to form a fluid, which is
filled into hard capsules using capsule filling equipment in which a fluid-filling
pump replaces the powder head. Certain products may require a further process of
capsule sealing, while others require no further processing. Sealing may be required
due to the physical nature of the fill material (e.g., low viscosity liquid), to improve
stability or for regulatory or marketing reasons. The production process therefore is
essentially a mix/fill/seal sequence, which can be simplified for particular products,
for example, by the elimination of the need to seal.

MATERIALS

Capsule Shells

Animal Gelatin

Animal gelatin represents the historical major material for two-piece capsules. Its
properties and most recent issue, transmissible spongiform encephalopathy (TSE),
are well understood (6,7). The major gelatin capsule manufacturers can provide
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variants designed specifically for liquid-filling. While these can offer certain
advantages, they are not necessary to all products, according to the nature of the
fill material and the processing system being used. Issues of TSE, specific techni-
cal properties and consumer preference/religion-based market requirements drive
a continuing effort to find substitutes (8). The current alternative material of choice
to animal gelatin capsules are those prepared from hydroxypropyl methylcellulose
(HPMC). Another recently introduced but less frequently applied alternative to
animal gelatin is fish-skin-derived gelatin.

Hydroxypropyl Methylcellulose

Recent advances in capsule sealing technology have improved the commercial
attractiveness of HPMC capsules. Many major pharmaceutical companies are
proactively including them in their development programs. Their technical prop-
erties are compared with those for gelatin in Table 1. HPMC is a mixed-ether of
cellulose containing variable proportions of methoxy- and 2-hydroxypropoxy
groups. Various grades are suitable for preparing hard capsules and are accepted
by the pharmacopoeia in the United States, Europe, and Japan (9). The grades
used for capsule manufacture provide shells whose water solubility characteris-
tics compare with those of gelatin. HPMC capsules compare closely in physical
size and dimensions to gelatin capsules, allowing them to be processed on stan-
dard capsule-filling equipment. However, the various capsule shell manufacturers
employ a variety of additives and production techniques, which influence the 
capsule physical properties and suitability for specific products, particularly 
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Figure 1 Unit operations involved in the production of liquid filled, two-piece gelatin or
HPMC capsules. The active component, as a liquid or as a solid, may be formulated with
a liquid, thixotropic, or thermo-softening carrier which is filled into hard capsules using
capsule filling equipment in which a fluid-filling pump replaces the powder head. Certain
products may require a further process of capsule sealing to ensure against leakage.
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liquid-filled products (10). While HPMC capsules are generally suitable for most
nutriceutical products, limitations may be encountered in pharmaceutical applica-
tion due to specific technical issues such as poor solubility at low pH or high oxy-
gen permeability. In addition, costs are much higher than for gelatin capsules.
Technical comparisons of gelatin and HPMC capsules are listed in Table 1.

Fish Gelatin

Fish gelatin is derived from the collagen of fish skin and is chemically and struc-
turally similar to mammalian gelatin. Its main commercial attractiveness lies in
avoidance of the various health and personal preference issues associated with
mammalian gelatin. Commercially available fish gelatin is prepared from species
residing in either cold water (CFG) or warm water (WFG), with the two varieties
differing in the relative content of the amino acids proline and hydroxyproline.
WFG is the only form suitable for the preparation of capsule shells or for band-
sealing capsules as the banding process is critically dependent on the occurrence

Table 1 Comparison of Gelatin and HPMC Capsule Shells

Selection factor Gelatin capsule HPMC capsule

International capsule Widespread Widespread for 
acceptability nutriceuticals; restrictions

for ethical pharmaceuticals
Transmissible spongiform Required Not required

encephalopathy certification
Manufacturer Capsugel, Qualicaps, Capsugel, Qualicaps,

Roxlor, and Su Hueng
Cardinal Health

Liquid-fill variant Licaps, double ring None
Moisture content 13–16% 4–6%
Solubility characteristics Dissolves in acid and Varies according to

neutral condition manufacturer
Working temperature Up to 75°C Up to 75°C
Susceptibility to High Low moisture content 
embrittlement confers resistance to 

embrittlement
Susceptibility to static High Low
Susceptibility to Yes No
Maillard reaction
Permeability to oxygen Very low High
Suitability for liquid-filling Yes Yes
Suitability for sealing Yes Wet-strength of HPMC 

requires specialized 
approach

Suitability for coating Yes Yes

Abbreviation: HPMC, hydroxypropyl methylcellulose.



of gelling at temperatures of approximately �35°C. The low proportion of
proline and hydroxyproline found in CFG requires temperatures of less than
8°C to 10°C for gelling to occur, thus rendering this form of fish gelatin
unsuitable for capsule manufacture or as a banding material.

The application of fish gelatin to capsule manufacture is limited primarily by
availability, high cost, and lack of inclusion in the various pharmacopoeias, which
currently refer to mammalian-derived gelatin exclusively. The safety profile of fish
gelatin with regard to persons with fish allergy has not yet been determined.
Experience at Encap Drug Delivery in trial manufacturing for nutriceutical oils has
shown that these capsules, such as those manufactured by Roxlor (France), are
well suited to use in standard manufacture of liquid-filled capsules, although their
cost currently precludes their use for commercial liquid-fill products.

Lipid Excipients

Description

Lipid excipients may be used as simple, single-component oily solutions of the
drug substance or in more complex systems such as suspensions, microemulsions
or self-emulsifying drug delivery systems. For the purposes of this report,
they are herewith described as fluids (remaining fluid at or below 25°C) or as
thermo-softening materials. Tables 2 and 3 provide summary information, collat-
ed from standard texts, manufacturers’ literature, and from extensive experience
at Encap. A range of related surface-active materials is also described. The
simple oil excipients are composed of mono-, di-, or triglycerides or their deriv-
atives, and differ on the content of medium (6 to 12 carbon atoms in chain length)
or long-chain (12 or more carbons in chain length) fatty acids. These excipients
are water-immiscible and their solvent characteristics for drug substances vary
according to the chain length of the fatty acid content. Certain of these excipients,
such as the medium chain monoglycerides, have surfactant or self-emulsifying
characteristics. Lipid excipients may be selected for some specific purpose, such
as product stability improvement or absorption enhancement. Their extensive
origination and derivation provide for a wide range of properties suited to liquid-
filled formulation and manufacture.

Nomenclature

Nomenclature for the components of fatty oils can be confusing with respect to
fatty acid content. When reference is made in the pharmacopoeia to “the fatty-acid
fraction of the oil,” it pertains to the fatty acid components of the glycerides, as
opposed to the free fatty acid content of the oil, which is usually minimal (typical
acid values are �1). For example, the European Pharmacopoeia (Ph. Eur.) mono-
graph for “medium-chain triglycerides” includes a listing of five fatty acids under
“composition of fatty acids” but makes no reference to “triglyceride” other than in
the defining title and description. A parent material, coconut oil, refers to 12 fatty
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acids under “fatty acid fraction of the oil” but also makes no reference to “triglyc-
eride.” Conversely, the Ph. Eur. monograph for sesame oil does refer to triglyceride
content (as determined by fatty acid radicals) in defining limits for particular com-
ponents (e.g., “a glyceride with two oleic acid and one linoleic acid chains”).

Fluid Excipients

Fluid excipients, defined as those that are flowable liquids at ambient room temper-
ature, are comprised of three primary classes based on their derivation: (i) natural
and fractionated oils, (ii) semi-synthetic liquids, and (iii) fully synthetic liquids.

Natural and Fractionated Oils

A wide range of natural product oils are available and suitable for use in encap-
sulated oral formulation products. The majority of these oils are derived from
plant sources, which have been subjected to various degrees of refining, includ-
ing solvent extraction, deodorizing, and bleaching. Chemically, these oils are
glyceride esters of a wide range of saturated and unsaturated fatty acids, the exact
composition being characteristic of the specific oil itself and subject to variation
based on such factors as source and growing season. Certain natural product oils,
such as evening primrose oil and the marine oils, find application primarily for
their nutritive or health benefits, although they could technically be used as lipid
excipients.

Plant Oils

Plant oils are composed primarily of unsaturated fatty acid glycerides containing
oleic acid (C-18:1), linoleic acid (C-18:2) and in certain cases, linolenic acid
(C-18:3). These oils also contain varying proportions of saturated fatty acid glyc-
erides composed of various medium and long-chain fatty acids, as previously
mentioned. The exact mixture of glycerides present in a given plant oil is deter-
mined by the particular plant species and can vary with the source or growing sea-
son. The particular glyceride mixture dictates the pharmaceutically-important
properties of melting point and susceptibility to oxidative degradation. The melt-
ing point of a plant oil is controlled by both the glyceride fatty acid chain length
and degree of unsaturation, with shorter chain length and higher degree of
unsaturation favoring a lower melting point. For instance, soybean oil, a popular
pharmaceutical excipient, is fluid at ambient room temperature, whereas its
hydrogenated derivative melts at 66°C to 72°C. Fluidity at ambient room temper-
ature is generally considered desirable from a processing standpoint as it obviates
the need for capsule filling at elevated temperatures, which can result in varying
degrees of degradation of both drug and excipient alike. The relative suscep-
tibility to oxidation is controlled largely by the degree of fatty acid unsaturation,
with resistance to oxidation being favored by saturated fatty acid glycerides. The
unsaturated glycerides are chemically reactive to oxygen and light, forming per-
oxides, which can impact the stability of drug substances and affect the integrity
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of gelatin capsules, necessitating capsule filling in an inert atmosphere (e.g.,
nitrogen) to prevent in-process oxidation. In addition, the final products may also
require protection from oxygen and light during storage and prior to use.

Canola oil (low erucic acid rapeseed oil) is of increasing interest, due to its
aggressive marketing and low (�7.1%) level of saturated fatty acids, which is
half the level of corn, olive, and soybean oils and one-quarter of the level in
cotton seed oil (11). It is derived from rapeseed plant strains, with low levels of
erucic acid developed through traditional hybridization and from gene-modifica-
tion programs. Native rapeseed oil was previously considered unsuitable for use
in humans due to its erucic acid content, which has been implicated in muscle
wasting. The Ph. Eur. limits the erucic acid content of rapeseed oils to not more
than 2% of the total fatty acids present in the oil. Canola oil also contains
tocopherol as a natural antioxidant and this contributes to its stability.

Other vegetable oils contain higher levels of saturated fatty acids and glyc-
erides along with varying high levels of (unsaturated) C-18:1 and C-18:2 fatty acids
and are vulnerable to oxidation. Various nutriceutical oils (e.g., borage) also contain
glycerides of C-18:3 fatty acids and possess similar oxidative lability. However,
the (C-18:1 and C-18:2) oils commonly used in pharmaceuticals (Table 2) are
regarded as stable, when protected from oxygen and light. Soy bean oil also con-
tains 5% to 10% C-18:3 fatty acid, which makes it somewhat more vulnerable to
oxidation. In practice, the pharmacopeias permit inclusion of an antioxidant and
these grades are regarded as stable, when protected from atmospheric oxygen.

Fractionated Glycerides

Separation of particular plant oils into their component glyceride fractions, as is
carried out commercially for coconut oil and to a lesser extent, palm kernel oil,
has been used to prepare excipients that maximize desirable physical and drug
absorption-promoting properties, while minimizing such issues as susceptibility
to oxidation. Coconut oil, for example, is composed of saturated medium (MCT)
(C6:0 to C-12:0) and long-chain (LCT) fatty acid triglycerides (C-12:0 to C-18:0)
and is semi-solid at ambient room temperature. Its fluid derivative, fractionated
coconut oil (FCO) [e.g., Miglyol 812 (Condea, Witten, Germany) and Captex 300
(Abitec Corporation, Ohio, U.S.A.), which contain �95% medium-chain (C-8:0
and C-10:0) saturated fatty acids] finds greater application as a pharmaceutical
excipient in soft gelatin encapsulated products such as Advil® (ibuprofen),
Robitussin® (guiafenisin), and “Lemsip.” MCT have proven particularly suitable
as oily excipients for oral drug administration. These products, by virtue of their
shorter fatty acid chain length, are liquids at ambient room temperature and, when
prepared from natural product oils composed primarily of saturated triglycerides,
confer resistance to oxidative degradation. MCT are also more readily hydrolyzed
during gastrointestinal lipid digestion than are LCTs (12) and are also less
dependent on bile salts for preabsorptive emulsification. For example, lingual
lipases continue to hydrolyze di- and triglycerides in the upper small intestine and
are unaffected by luminal amphiphiles, including the bile salts (13).
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Marine oils: Marine oils are rich in long-chain (�20 carbon atoms in chain
length) fatty acids and are distinguished from terrestrial animal oils by their rela-
tively high content of polyvalent unsaturated fatty acids [e.g., C-20:5 omega-3
or eicosapentaenoic acid (EPA), and C-22:6 omega-3 or docosahexaenoic acid
(DHA)]. Marine oils are particularly susceptible to oxidation and require protection
from oxygen and light, which generally precludes their use as pharmaceutical
excipients. Rather, these oils find application primarily for their nutritive benefits
due to their content of EPA and DHA as well as various fat-soluble vitamins.

Semi-synthetic Fluids

Several semi-synthetic fluid excipients are currently available as pharmaceutical
excipients for oral formulation development. They are derived from plant sources
and are comprised primarily of medium-chain (C-8/C-10) saturated fatty acids
that have been chemically combined with one or more chemical entities to con-
fer dispersing or self-emulsifying properties on the final product, which may
enhance drug absorption (e.g., Labrafil M 2125 CS, Imwitor 780K). These pro-
ducts consist of specific mixtures of propylene glycol esters of mono-, di-, and
triglycerides and are generally resistant to oxidative degradation.

In general, the semi-synthetic fluids are well suited for filling into both soft
and hard gelatin or HPMC capsules. They are self-emulsifying or dispersible in
water and are relatively hydrophilic. Experience in our laboratories has shown that
certain materials (e.g., Labrafil M 2125®) may require the addition of a more
hydrophobic component, such as a hard fat, to prevent embrittlement of hard gelatin
capsules. Such problems, however, may be solved more simply by the use of HPMC
capsule shells, since they do not become brittle, even at low moisture content.

Exceptions arise for those excipients containing glycerol, which possesses
humectant and gelatin plasticizing properties. Although compatible with soft
gelatin capsules that incorporate glycerol as a plasticizing agent, hard gelatin
capsules are subject to softening and deformation in the presence of glycerol.
Particular proprietary products (e.g., Capmul MCM) may contain glycerol as a
secondary component, which thereby precludes use of such excipients for the
hard gelatin capsule formats.

Phospholipids: Lecithin is an emulsifying agent derived from soy and con-
sisting of phospholipids, which are similar to triglycerides except that the first hydrox-
yl of the glycerol molecule has a polar phosphate-containing group in place of a fatty
acid. Pharmaceutical grades of lecithin are readily available and this excipient, which
is a common ingredient in soft gelatin capsule formulations, is compatible with both
hard and soft gelatin capsules. For example, the proprietary products, “capsule filling
masses ‘SPL’and ‘PPL,’”manufactured by Lipoid GMBH (Ludwigshafen, Germany)
are viscous fluids that are described as polyunsaturated phospholipids derived from
soybean lecithin. The development use of a particular lecithin (“galactolecithin,”
mixed galactolipids and phospholipids, 70:30) has been described for delivery of
insoluble drugs, such as cyclosporin and acyclovir, in soft gelatin capsules (14).
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Synthetic Fluids

There are available a number of fully-synthetic monomeric and polymeric liquids
that possess sufficient solubilizing power for hydrophobic substances to render
them useful as excipients for formulating poorly water-soluble drugs. These excip-
ients, most of which are glycolic in nature, can be used alone or in combination
with lipid excipients to improve the overall solubilizing power of the formulation.
As they are water-miscible, these excipients can exhibit dose-dependent bioavail-
ability enhancement following dilution in the primarily aqueous contents of the
gastrointestinal tract and loss of solubilizing capability, resulting in uncontrolled
precipitation of the drug substance.

Propylene glycol: Propylene glycol is a useful solvent for compounds that
are either unstable or insoluble in water. Its humectant and plasticizing properties
make it a suitable excipient for soft gelatin capsule formulations but prevent its use
in hard gelatin capsules, in which it causes softening and deformation.

Poloxamers: Poloxamers are block copolymers consisting of poly-
oxyethylene-polyoxypropylene glycol. Specific grades are defined in a three-digit
format, where the first two digits multiplied by 100, is the approximate average
molecular weight of the polyoxypropylene portion, and the third digit, multiplied
by 10, is the percentage by weight of the polyoxyethylene portion. For example,
the liquid grade “Poloxamer 124” has a polyoxypropylene portion of molecular
weight of 1200 and a polyoxyethylene portion comprising 40% of the molecule.
This amphiphilic excipient is fluid at room temperature, has wide chemical com-
patibility, surfactant properties, and may increase the absorption of lipophilic
drugs. Formulators should note that the commercial availability development-
scale quantities of Poloxamer 124 USNF is very limited in Europe; larger, pro-
duction-size batches can, however, be obtained. Other technical liquid grades are
available but are not suited to use in humans [see section on “Thermo-Softening
(Semi-Solid) Excipients” for solid grades and current use].

Macrogols: The macrogols, also known as polyoxyethylene glycols or
“PEGs,” are available as both liquids and thermo-softening semi-solids, possess
molecular weights in the range of 300 to 600 and find wide application as pharma-
ceutical excipients due to their high solubilizing capacity for many hydrophobic
drugs. Similar to propylene glycol, PEGs are widely used in soft gelatin capsule
formulations, but find limited use in conjunction with hard gelatin capsules, due to
their dehydrating or softening effects, which compromise the capsule physical
integrity.

Thermo-softening (Semi-solid) Excipients

Thermo-softening excipients that melt in the range of 26°C to 70°C and exist as
waxy semi-solids at ambient room temperatures include both semi-synthetic and
fully synthetic products. These excipients are typically filled into capsules in the
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molten state, with the excipient melting temperature dictating the suitability for
hard versus soft gelatin capsules. Hard gelatin capsules can tolerate molten for-
mulations up to 70°C, whereas soft gelatin capsules, which melt at a lower tem-
perature, are only suitable for excipients melting at �40°C.

Semi-synthetic Excipients

The majority of semi-synthetic, thermo-softening excipients are glycerides of
saturated fatty acids, and include the hydrogenated oils or hard fats and the
macrogolglycerides. A unique semi-solid excipient, d-alpha tocopheryl macrogol
1000 succinate, is a semi-synthetic derivative of vitamin E, which has found
limited application in the oral delivery of poorly soluble drugs (see next).

Hard fats: These excipients are hydrogenated glycerides derived from
various natural oils and include Gelucire® 30/01 and 43/01 (Gattefosse, Cedex,
France) and Sterotex® HM (Abitec Corporation, Ohio, U.S.A.) derived from palm
and soybean oils, respectively. They are highly water-insoluble and may be includ-
ed in formulations primarily to increase viscosity or to increase the hydrophobicity
of certain excipients, which may otherwise cause embrittlement in hard gelatin cap-
sules. The relatively low-melting points of many of these excipients (e.g., Type II
hydrogenated vegetable oil), which typically fall in the range of 30°C to 45°C, lim-
its their use as single-component formulations in controlled release formulations.
“Type 1” hydrogenated vegetable oils have higher melting ranges, typically 57°C to
70°C, and may be more suited to prolonged-release and other specialty applica-
tions. For example, experimental work in these laboratories has shown that a for-
mulation containing approximately 50% hard fat, 20% glyceryl monostearate, and
30% of a concentrated sugar syrup provided a chewable base, which had good
“mouth feel” and which produced capsules with at least a year’s physical stability.

Macrogol glycerides: These excipients that are prepared by chemically
combining glycerides with hydrophilic compounds, such as glycol derivatives,
comprise a versatile and widely-applied group of excipients suitable for encapsu-
lation. They are prepared by one of three methods: (i) partial alcoholysis of a nat-
ural product glyceride with PEGs (ii) esterification of glycerol and PEG with
selected fatty acids, or (iii) mixing of glycerol esters and condensates of ethylene
oxide with selected fatty acids. The chain length of the selected fatty acid and
molecular weight of the corresponding PEG controls the melting point and
hydrophile–lipophile balance (HLB) of the final product. Typically, long-chain
fatty acids of varying degrees of unsaturation are used in combination with PEG’s
ranging from 200 to 4000 in molecular weight. Based on the particular combina-
tion selected, excipients can be prepared with a wide range of HLB values (2–14)
that melt in the range of 33°C to 53°C. The final products may contain low (3–5%)
levels of free glycerol and the component PEG as well varying amounts of mono-,
di-, and triglycerides and fatty acid mono- and di-esters of the component PEG.
These excipients self-emulsify in water, thereby facilitating drug absorption, and
their wide range of physical characteristics provide formulators with considerable
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flexibility for manipulating drug release rates. Care is required in the selection of a
particular excipient with regard to the relative levels of free glycerol and PEG and
the degree of unsaturation of the component fatty acids. As mentioned previously,
the humectant properties of glycerol can lead to deformation or embrittlement of
hard gelatin capsules, whereas resistance to oxidative degradation decreases with
increasing unsaturation of the fatty acid content. PEGs that commonly form
peroxides upon aging, can result in drug degradation and have been implicated in
gelatin cross-linking, which prolong capsule shell disintegration and may lead to
altered drug release rates. Of special note is that one particular excipient from this
class, stearoyl macrogolglyceride, may require TSE certification dependent on the
source of the stearic acid, which may be derived from beef tallow.

d-Alpha tocopheryl macrogol 1000 succinate: This self-emulsifying,
thermo-softening excipient (vitamin E TPGS, Eastman Chemical, Kingsport,
Tennessee, U.S.A.) is a water-soluble form of vitamin E (tocopherol) prepared by
chemically attaching PEG1000 to this fat-soluble vitamin via a succinic acid linker.
This excipient product has utility not only as a solubilizer for hydrophobic drugs in
both liquid and thermo-softening formulations, but also as an absorption enhancer
by virtue of its demonstrated inhibition of the p-Glycoprotein efflux transporter (15).

Fully Synthetic Excipients

The high molecular weight PEGs (1350 and greater) and solid-grade poloxamers
(e.g., “188 grade”) currently dominate the fully-synthetic class of excipients suit-
able for encapsulation. Of the thermo-softening PEG’s, the 4000 and 6000 molec-
ular weight grades are the most widely applied for product formulations. Of the
poloxamers, the solid “188” grade (polyoxypropylene portion of molecular weight
of 1800 and a polyoxyethylene portion comprising 80% of the molecule) is most
widely used in product development. While other grades of these excipients are
also available, these particular thermo-softening grades find the widest application
due to their desirable solvent and surfactant properties (which are comparable to
their fluid grades) and melting ranges, which are well suited for capsule filling
operations. In addition, they are well characterized with respect to quality, chemi-
cal compatibility, and performance in promoting the absorption of hydrophobic
drugs through solubilization or increased wetting of the drug particles. These
excipients may also enhance cell membrane permeability and decrease intestinal
efflux through inhibition of the p-Glycoprotein transporter (16).

Surfactants

Various nonionic surfactants, such as the polysorbates (e.g., Tween® 80) and
polyoxyls (e.g., Cremophor® EL), which cover the HLB range from 2 to 18, may
be used in combination with lipid excipients to promote self-emulsification or
microemulsification. The acceptable quantities for use of these surfactants in hard
and soft gelatin capsules are restricted by their tendency to cause embrittlement,
due to their dehydrating effects. Caprylocaproyl macrogolglycerides are related
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to the thermo-softening macrogolglycerides, differing from the others in the
series in being derived from medium-chain saturated triglycerides and from the
lowest molecular-weight range of macrogols. These excipients have significant
surfactant properties and find application as components of microemulsions.
Certain products (e.g., polysorbate 60 and 80) may require TSE certification
depending on the source of the long-chain fatty acids (e.g., beef tallow as opposed
to plant oils) used in their manufacture.

Regulatory Compliance

As with any substance intended for human use, insufficient data to ensure regu-
latory compliance has slowed the more wide-spread application of lipid-based
oral formulations. This situation is gradually being resolved as these formulations
continue to find new applications in the delivery of poorly water-soluble drugs,
thereby expanding the body of information required to gain acceptance by the
various regulatory agencies.

Tables 2 and 3 refer to generally regarded as safe (GRAS) or pharma-
copoeial materials only; excipients intended for the U.S. market are additionally
required to meet the relevant regulations described in 21 CFR 210.3 (7). While
there are many other examples of lipid-based excipients suited for gelatin encap-
sulation and appropriate to particular products, their international regulatory sta-
tus is highly varied and needs to be carefully considered in the development of
products intended for global marketing.

Certain of the excipients described here may contain components of animal
origin, particularly stearate or oleate derivatives of bovine tallow, which are
currently subject to TSE regulation and certification. The Ph. Eur. (7) describes
both in general terms and for specific products, the control of materials used in
pharmaceuticals that carry TSE risks, which may not always be obvious as is the
case for specific polysorbate surfactants (“60” and “80”), which contain an oleate
or stearate component that may be derived from beef tallow. The issue of TSE
compliance can be addressed in practice by use of (i) nonbovine sources
(e.g., plant sources) of long chain fatty acids, (ii) animal sources from selected
geographical areas not associated with high TSE risk, (iii) suitably rigorous
processes designed to minimize TSE risk by ensuring the destruction of prions,
such as the treatment of ossein collagen (used in the preparation of bone-derived
gelatin) with 2% to 5% slaked lime for 60 to 120 days (“liming”). Similarly,
glycerol and fatty acids derived from beef tallow and subjected to such rigorous
processes have been considered unlikely sources of TSE.

Lipid Excipient Properties Affecting Processing and Stability

Oxidation Issues

Lipid excipients vulnerable to oxidation may be protected by inclusion of a
selected, lipid-soluble antioxidant in the capsule formulation (e.g., tertiary-butyl
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hydroquinone (TBHQ), 250–500 ppm, or propyl gallate, 25–500 ppm). Inclusion of
an antioxidant is particularly important to formulations with a high content of unsat-
urated fatty acids or derivatives thereof. Alternatively, these formulations may be
protected from oxidation by the capsule shell, of which hard gelatin capsules afford
the greatest protection due the inherent, low permeability of these capsules to oxy-
gen, which is augmented by the capsule sealing process. Further protection against
oxidation can be achieved by gassing of the capsule headspace with nitrogen, which
is easily achieved for hard gelatin capsule by incorporation of a nitrogen-feed device
at the capsule closing station. The presence of gelatin plasticizers in soft gelatin
capsules renders them permeable to oxygen with subsequent, increased liability for
product oxidation. HPMC capsules, due to the inherent physicochemical properties
of the material used in their manufacture, possess relatively high permeability to
oxygen, as well. Protection from oxidation in either soft gelatin capsule or HPMC
capsules is therefore limited to the inclusion of an appropriate, lipid-soluble antiox-
idant in the formulation. For example, evening primrose oil in HPMC capsules can
be protected against oxidation by the inclusion of TBHQ at 250 ppm (10).

Polymorphism

Certain of the semi-synthetic thermo-softening lipid excipients, particularly the
macrogol glycerides, require specific process controls in their application in order to
minimize or control a tendency towards polymorphic changes of the excipient
matrix. The vulnerability of these excipients and their formulations to such polymor-
phic changes, as well as their needs for specific process controls (e.g., controlled-rate
capsule cooling), may be assessed by such techniques as modulated differential scan-
ning calorimetry (17). From a processing perspective, such polymorphic changes
may lead to prolongation of solidification time, which can adversely impact capsule
filling and handling during production. From a performance perspective, polymor-
phic changes can produce nonuniformity of the solidified formulation matrix with
resultant changes in the product release-profile, particularly upon aging. In order to
control this phenomenon, these excipients should be fully melted by heating to 20°C
above their nominal melting point and thoroughly mixed prior to encapsulation (18).
This serves to destroy any preformed crystalline structure and promotes homoge-
neous dispersion of the multiple components contained in these excipients (e.g., the
lauryl macrogolglycerides), which are subject to local separation during storage of
commercial bulk packages. The molten material will then behave in a consistent
fashion with regard to solidification rate and the final, solidified product will provide
a uniform and predictable drug release profile. Removal and use of portions of bulk
packages prior to the melting and mixing step is not recommended and may produce
final products, which vary in physical and performance characteristics.

MANUFACTURING SYSTEMS

The basic operations involved in the manufacture of liquid-filled capsules include
preparation of the bulk mix, followed by capsule filling and, when required, sealing.
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Table 4 details the major technical factors involved in successful processing of
liquid-filled hard capsules. Implementation of its main points (formulation design,
capsule selection, operation of filling, and sealing machines) has supported full-scale
manufacture at Encap Drug Delivery and confirms the robustness of the process.

Bulk Mix Preparation

The equipment utilized for the preparation of bulk fluid or suspension formulations
is similar regardless of the excipients comprising the formulation (e.g., lipid vs. tra-
ditional excipients). Typically, the bulk formulation vessels have product-relevant
facilities for primary agitation, high-shear mixing, vacuum and pressure capability,
heating and cooling, and loading and unloading. Homogeneity of the bulk formu-
lation can be maintained by suitable mixer/filler recirculation systems and by local
agitation in the filling-machine hopper. Formulations incorporating fluid excipients
or those with relatively low-melting points are flexible with respect to process
stability and time requirements. However, additional issues arise for formulations
based on thermo-softening carriers, which typically require processing at tempera-
tures ranging from 35°C to 70°C. Such temperatures and the maximum associated
time limits for holding prior to encapsulation can present product stability issues
during manufacturing. In practice, this may require processing in a nitrogen atmos-
phere to minimize potential oxidation and/or limitation of the batch-size to that,
which may be encapsulated within a period dictated by the formulation stability. A
product batch with a thermal stability issue will generally be limited to a filling-
period not to exceed 24 hours. In practical terms, this will allow for a maximum
batch size of approximately 450 k capsules to be prepared in an eight-hour period
on a filling machine operating at the typical rate of 60 k capsules per hour. Clearly,
selection of excipients requiring minimal processing temperatures provides for
flexibility and maximum productivity during manufacturing.

Capsule Filling Systems

Filling Equipment

Commercial-scale machines suited to filling typical lipid-based formulation prod-
ucts are made by such companies as Bosch, MG2 and Qualicaps and derive in
design from traditional powder-fill units. Table 5 lists principal features of these
capsule filling machines, which offer product flexibility with respect to dose size,
temperature control, mixing capability, and fill-material characteristics.
Importantly, high-precision dosing is intrinsic in the design of their volumetric
liquid pumping mechanisms. Maximum doses of formulated drug substance can
be estimated for the various capsule sizes on the basis of a pro-rata quantity of
250 mg to 300 mg total fill (active plus excipients) in a size zero shell, assuming
the availability of a pump capable of filling a high-viscosity formulation.

Issues in Operation

The principal operating issues for these capsule filling systems relate to maxi-
mum capacity and clean-running. Output rates are much less than those for 
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high-speed tablet compression or powder-filling machines for capsules and, at
first sight, suggest slow processing for liquid-filled capsule products. However,
these filling rates should not be considered in isolation. Although conventional
tablet compression-machines can operate at 10 times the speed of these capsule
liquid filling systems, the relative complexities of the overall support processes
differ significantly. The current disadvantage of relatively low production rate for
liquid-filled capsules is offset by the advantage of minimizing other process sup-
port activities associated with conventional tablet or capsule dosage forms. For
the hard capsule dosage form, a single bulk mix is prepared and can be filled and
sealed in one continuous process, whereby formulated drug entering the filling
machine is converted into the package-ready final dosage unit in as little as 10
minutes, according to the particular fill-seal system used. There is no need for
coating to address product appearance or to provide taste-masking properties,
which obviates the need for an otherwise complex series of additional operations.
Since the liquid-filling process is essentially dust-free after the initial drug pow-
der dispensing to prepare the bulk formulation, the need for the installation,
running, and maintenance of expensive air-filtration facilities is minimized. This
is particularly important for such actives as cytotoxics and highly-potent drugs,
such as steroids and certain drugs, which act on the central-nervous-system,
where support costs in the form of containment and clean-up may not be obvious
but are, nevertheless, high.
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Table 5 Features of Capsule Liquid-Filling Machines, by Manufacturer

IMA/ Harro- Hibar/
Feature Bosch Zanasi MG2 Qualicaps Hofliger Capsugel

Motion Intermittent Intermittent Continuous Intermittent Intermittent Bench
type

Max 60 55 60 150 10 3 k/day
capacities
k/hra

Special Nozzle N/A “Add-ons” Integrated Use Capsugel
features insertion for sealing pneumatic unit has 

into “Futura” version pumps integrated
capsule available sealing

Maximum 25,000 N/A �10,000 �10,000 �10,000 N/A
viscosity cps cps cps cps
range

Missing- Yes Yes Yes Yes Yes N/A
capsule
detection
system

aVaries with the particular model.
Abbreviation: N/A, not applicable.



The design of the liquid handling systems used by these filling machines gen-
erally promotes clean-running. However, incidents of empty capsule-feed failure
can lead to rapid contamination of machine bushes and external capsule surfaces,
resulting in the failure of any subsequent capsule sealing process. The availability
and robustness of the filling machine for detecting missing capsule parts in the
empty capsule feed system and its ability to subsequently halt the liquid filling
pump or machine operation are critical features of these machines. Methods for
detecting missing capsule parts may function by mechanical, light or pneumatic
methods, or by combinations thereof, depending on the particular machine manu-
facturer, with each method having its advantages and disadvantages. For example,
light-based fault detection systems may not be suitable for use with clear capsules.
On the other hand, mechanical fault detection systems may stick whereas pneuma-
tic systems may be vulnerable to the presence of shell fragments. Clean-running is
also promoted by degassing of bulk fill material and by appropriate filling-nozzle
design. These features are important in avoiding droplets or “pig-tailing” at the
filling-nozzle tips, which is a common cause of bush contamination. Maintaining
clean nozzle tips is also promoted in certain machines by mechanisms, which make
a final, sharp movement between the capsule and nozzle at the end of the filling
stroke, giving a “clean break” in the fill material stream at the nozzle tip.

In addition, useful output rates for filling machines need to be matched to
those of the corresponding sealing units in order to minimize the time interval
between initial capsule filling and final sealing during which leakage of the con-
tents may occur. Currently, practical maximum output rates for single fill/seal
machine combinations are around 60 k capsules per hour.

Sealing Systems

The technical need for capsule sealing varies according to the specific product. In
practice, sealing is required for products whose melting point is less than 50°C
and commonly applies to the lipid excipients considered here.

Sealing Equipment

The two major integrated systems available for capsule sealing include capsule
banding and gelatin fusion and they differ in operating principles and in their prod-
uct flexibility. Table 6 lists principal features of sealing machines. Each may be
used in-line with, or separately from, the capsule liquid-filling unit. In the
Shionogi capsule banding system, the capsules are passed continuously from a
feed system to a conveyor belt, which passes them over a series of rotating disks,
which apply the gelatin sealing solution over the cap/body junction. The capsules
then pass directly to an inline drying cabinet, after which they are suitable for fur-
ther processing or packaging. This system was originally developed for hard gel-
atin capsules, but is suitable for HPMC capsules and accommodates capsules from
various manufacturers ranging in size from 0–4. The Qualicaps band sealing
machine has an output rate of approximately 60 k capsules per hour, matching the
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maximum output of typical high-speed liquid-filling machines and is relatively
expensive with respect to the initial capital cost (basic sealing machine plus
multiple change-parts to accommodate different capsule size); it also incurs
additional operating costs due to the time required for equipment cleaning and part
change-over for different capsule sizes. These costs can be significant for opera-
tions producing multiple-size products, but will not be an issue for long runs of a
single capsule size, as is generally the case with many products. The system is
robust in the hands of experienced operators, but remains vulnerable to damage
from unskilled operation.

In the alternative continuous sealing system employing gelatin fusion
[Liquid Encapsulation Microspray System (LEMS®), Capsugel], which operates
at half the capacity (30 k capsules per hour) of the gelatin banding system, an
aqueous ethanol solution is microsprayed into junction of the cap and body of the
filled capsules. This wets the capsule components and fuses the gelatin surfaces
together, after which the capsules are partially dried by tumbling in a rotating
heated-air chamber followed by mandatory overnight tray-drying. This sealing
system requires the use of special, proprietary, unvented capsules (Licaps®,
Capsugel) with a tight cap/body locking ring, which prevents liquid seepage into
the seal area during the drying process. One of the drawbacks of the LEMS
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Table 6 Features of Capsule Sealing Machines, by Manufacturer

Capsugel “LEMS”
(liquid encapsulation 

Feature Qualicaps “Hicapseal” microspray sealing)

Basic sealing operation Gelatin double-banding by Microspraying of 
rotating-disc application of aqueous ethanol
aqueous gelatin solution

Sealing mechanism Adhesion of gelatin band to Fusion of cap (inner) 
external shell surface and body (outer) 

surfaces 
Primary drying Inline drying chamber on Inline drying chamber 

mechanism moving carriers based on tumbling in
warm air

Secondary drying Not required Overnight tray drying
Output rate 60 k/hr 30 k/hr
Number of change 1100 Minimal

parts/set
Capsule types Gelatin or HPMC from the Limited to gelatin 

accommodated various suppliers “Licaps®”
Leak detection Immediate Delayed
Product suitability for Yes Can be limited by  

subsequent coating cap/body “lip” at point 
of closure

Abbreviation: HPMC, hydroxypropyl methylcellulose.



sealing system is that there is currently no efficient, reliable means for assessing
the integrity of the capsule seal immediately prior to final product packaging,
which incurs the risk of late postsealing leakage in the capsule product.

Issues in Operation

The major issue involved in capsule sealing is leakage of formulations, which
remain fluid to some extent after filling. Leakage may be characterized by its
severity (e.g., critical, major, or minor) or by the time of onset relative to filling.
While gross leaks are readily detectable at the time of processing, less severe
faults may not become evident for some weeks, giving cause for complaint by the
consumer. Passive visual examination is insufficient for reliable leak detection for
production quality control purposes and in-process inspection methods for detect-
ing leaks, such as fluorescence monitoring, are currently unreliable due to the
inherent fluorescence characteristic of gelatin capsule shells. A “stress-test”
approach that involves placing the filled capsules under vacuum, has been proven
to be a reliable method for leak detection and assessment and can be based on an
“acceptable quality level” (AQL) analogous to that used by the capsule shell man-
ufacturers in their product quality systems (19). Finished batches are sampled
according to statistical tables, subjected to the vacuum stress test and then visu-
ally examined for leaks. These are counted and rated as critical, major or minor,
according to a scale defined by the capsule manufacturer, with the numerical
results forming the basis for batch “pass/fail” decisions. Leak-producing faults in
most capsule types can be shown within an hour of sealing. However, these faults
can appear in certain capsule shells (e.g., Licap) at a much later time, and are
therefore more difficult to detect during QC inspections.

From the foregoing discussion, it should be apparent that the capsule seal-
ing process is critical to product success and requires skilled operators.
Insufficiently controlled, it can lead to the need for labor-intensive sorting to
remove potential “leakers.” As such, sealing requirements represent a significant
disadvantage for liquid-filled capsule dosage forms and emphasize the need for
consistently “getting it right the first time.” However, a detailed understanding of
the causes of leakage can eliminate the need for full-batch monitoring and rou-
tine sorting, allowing instead for aliquot testing for batch approval, as has been
the case at Encap Drug Delivery for over eight years. Achieving this goal does
require detailed attention to product formulation and capsule shell selection,
together with appropriate choice of capsule filling and sealing equipment, with
adequate operator training being critical to success.

Hydroxypropyl Methylcellulose Capsule Sealing

The requirements for HPMC capsule sealing differ significantly from those for
gelatin capsules. Unlike gelatin that is elastic when wet, HPMC shows low wet-
strength and can undergo local shell failure during or immediately after sealing
and before drying is completed. This may be addressed by various means, such
as proper capsule shell selection, manipulation of the sealing solution or design
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modification of processing equipment, with each factor playing a part in the
development of a robust, high-speed process. Encap Drug Delivery has developed
and filed patent applications on systems for HPMC capsule processing, which
enable liquid-filled HPMC capsules to be manufactured at rates and quality stan-
dards comparable to those for gelatin capsule products.

Capsule Coating

Certain capsule products may require coating for various reasons, including cos-
metic or functional purposes such as modified release (e.g., enteric coating).
Successful coating of liquid-filled capsules, using aqueous or nonaqueous coat-
ing systems is critically dependent on freedom from leaks and the resultant egress
of the formulation contents onto the capsule surface. Any trace of such surface
contamination reduces the adhesion of the coating material to the capsule surface
resulting in batch failure. A further factor affecting coating relates to the differing
dimensions of the “lip” formed at the cap/body junction, which differ with the
particular capsule sealing system employed (e.g., banding vs. gelatin fusion). The
seal produced by the banding system provides a continuous, smooth cap/body
surface suited to coat deposition, while the seal formed using the microspray sys-
tem produces a sharply-defined cap/body “step” on which there is more difficulty
in assuring complete coat adhesion and integrity.

TECHNICAL DEVELOPMENT FOR MULTI-PHASE PRODUCTS

Currently, oral lipid-based formulations delivered in capsule formats are single-
phase products with immediate release delivery profiles. However, there are
various cases in which a multi-phase, modified-release product would be appro-
priate, such as: (i) clinical requirements for specific plasma time-course profiles,
for the purpose of maximizing therapeutic efficacy or minimizing toxicity, (ii)
avoidance of site-specific degradation of drug in the gastrointestinal tract, and
(iii) resolution of chemical incompatibility issues for multi-component products.
One method for achieving a modified-release profile takes advantage of the flex-
ibility of liquid-filling machines and the combination of semi-solid and liquid
excipients to enable the filling of multiple formulations of the same drug into a
single capsule. Technically, the filling operation can be performed in a single or
in multiple passes through the filling machine and results in a final product
possessing multiple, discrete layers with differing release characteristics
(LayercapTM, Encap Drug Delivery). Selection of appropriately calculated
proportions of the individual formulations would enable the manufacture of a
_single capsule with a predetermined, specific release profile. This approach has
yet to be marketed on a commercial scale.

The issue of chemical incompatibility between different formulation com-
ponents has been recently addressed by Encap Drug Delivery through the devel-
opment of the DuoCap™ multiple capsule system for the delivery of multi-phase
lipid formulation products. The concept that has been successfully applied to
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product manufacture, involves specialist liquid-filling techniques executed on
custom-designed filling equipment, which allows the insertion of a prefilled,
smaller capsule into a larger, liquid-filled capsule. The smaller, inner capsule may
contain either a liquid or semi-solid formulation and, according to the formula-
tion or product requirements, either or both capsules may be of gelatin or HPMC
composition and can be coated, if necessary.

The DuoCapTM process is graphically outlined in Figure 2. The inner capsule
is first manufactured by using conventional liquid-filling and sealing technology,
with the final dosage form being processed on a GKF 1500L liquid-fill machine,
which has been re-engineered inhouse by Encap Drug Delivery. This machine uti-
lizes a single, empty-capsule feed station to deliver the outer empty capsule shell
to the filling station, where it is then filled to the required volume by “pump 1.” A
second, specially-designed feed station for the prefilled inner capsule replaces the
original “pump 2” mechanism and inserts the inner capsule into the prefilled outer
capsule body. The system enables the filling of one capsule (size X) into an outer
capsule [size (X � 2) or larger] containing a liquid formulation, (e.g., a #0 capsule
containing 0.140 mL of formulation could contain an inner #2 capsule containing
0.325 mL of a second formulation). Capsule total capacities for various combina-
tions are shown in Table 7. The outer capsule is then closed and ejected from the
machine by the standard mechanism and is available for subsequent sealing. The
machine has various electronic controls to monitor inner capsule and empty outer
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Figure 2 Unit operations involved in the production of the DuoCapTM multiple capsule
dosage form. Custom-designed filling equipment is utilized which allows the insertion of
a pre-filled, smaller capsule into a larger, liquid-filled capsule The smaller, inner capsule
may contain either a liquid or semi-solid formulation Either or both capsules may be of
gelatin or HPMC composition and can be coated, if necessary.



capsule feed and a maximum filling rate of approximately 30 k capsules per hour,
which is about half that of the original, single-capsule dual-pump system.

The GKF 1500L capsule filling machine described herein was specifically
modified to allow the preparation of dual liquid-filled capsules. However, appro-
priate modification of the fill-head would readily allow powders or even tablet
dosage forms to be combined with a liquid formulation in a single capsule dosage
unit. The system is highly versatile, allowing for the preparation of combination
dosage forms, with specially-tailored drug-release profiles or for the combination
of potentially incompatible components within the same dosage unit, in either
coated or uncoated formats.

A practical example of the successful application of the DuoCap™ multi-
phase, lipid based formulation technology is found in the nutriceutical probiotic
product, “Floraguard,” launched in 2004 by Biocare U.K., Ltd. and manufactured
by Encap Drug Delivery. This product, which is marketed as a dietary supple-
ment, is intended for the restoration of the normal balance of microbial flora
within the gut. As such, it finds application in the treatment of diarrhea, which
commonly results subsequent to the disturbance of gut flora that frequently fol-
lows antibiotic therapy. The main, competing commercial products are simple,
freeze-dried granulation formulations of the lactic acid bacteria, Lactobacillus
acidophilus, Lactobacillus casei, Enterococcus faecium, and Bifidobacterium
bifidum, which must be protected from excessive heat and moisture. Exposure to
moisture during manufacture or storage results in early activation of the organ-
isms, which in the absence of nutrients typically encountered in the gut following
ingestion, results in the devitalization of the organisms and loss of product
potency. In addition, since the beneficial activity of these organisms is targeted to
the colon, early activation during passage through the stomach can reduce the
viability of those organisms reaching the colon. Finally, the organisms in the
granulation formulations are mechanically fragile and relatively unprotected
against the effects of heat, thereby necessitating refrigerated storage.
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Table 7 Capacities of Combination of Inner and Outer Capsules for DuocapTM Format

Capacity Capacity Capacity Capacity 
Maximum (mL), (mL), (mL), (mL),

Capsule capacity inner/#00 inner/#0 inner/#1 inner/#2
size (#) (mL) outer outer outer outer

00 0.835 N/A N/A N/A N/A
0 0.600 N/A N/A N/A N/A
1 0.435 0.435/0.235 N/A N/A N/A
2 0.325 0.325/0.375 0.325/0.140 N/A N/A
3 0.250 0.250/0.510 0.250/0.255 0.250/0.110 N/A
4 0.190 0.190/0.585 0.190/0.335 0.190/0.165 0.190/0.076

Abbreviation: N/A, not applicable.



The DuoCap™ probiotic formulation described here addresses all of the
deficiencies of the simple granulation formulations by incorporating live, freeze-
dried Lactobacillus acidophilus and Bifidobacterium bifidum organisms into a
multi-component, oil-filled, and enteric coated capsule formulation. The issue of
early activation by environmental moisture is addressed by suspending the freeze-
dried organisms in a protective oily vehicle, which is filled into a low-moisture
content HPMC inner capsule (4–6% moisture content as opposed to the 13–16%
moisture content of hard gelatin capsules). The greater resistance of HPMC cap-
sules to embrittlement and cracking subsequent to extraction of moisture by the
hydrophilic freeze-dried fill further adds to the attractiveness of HPMC capsule
shells for this product. From a physiological standpoint, early activation of
the organisms in the stomach prior to arrival in the colon was addressed by coat-
ing the inner capsule with a new, pH-dependent food-grade aqueous–coat system
based on shellac (patent pending, Encap Drug Delivery), which met standard phar-
macopoeial requirements for enteric-coat performance. The product also required
coadministration of a  second oily formulation, which was incompatible with
the probiotic since it possessed native antimicrobial activity. The final product con-
sisted of a sealed, liquid-filled (“Formulation 2”) outer size 00 HPMC capsule into
which had been inserted a sealed, enteric-coated, size 1 HPMC capsule containing
an oily suspension of the freeze-dried microorganisms (“Formulation 1”). Critical
requirements for meeting the label claim pertaining to the viability of the organ-
isms (4 � 109 cfu’s/capsule, information provided by courtesy of BioCare Ltd.,
U.K.) were met using the DuoCap™ drug delivery system, as demonstrated by
microbiological monitoring based on plate-counts of lactic acid bacteria (20).
Thus, by addressing multiple and complex product stability issues in a single
dosage unit, the DuoCap™ technology allowed maintenance of the product label
claim over a shelf-life that was both competitive and commercially-attractive. This
example clearly demonstrates the versatility of multi-component lipid-based
formulations as well as their suitability for large-scale manufacture.

CONCLUSIONS

Liquid-fill technology for hard gelatin or HPMC capsules is well suited to the man-
ufacture of lipid-based products. It allows considerable flexibility for addressing
issues relating to poor drug bioavailability or product stability as well as providing
a unique and flexible option for achieving a modified drug-release profile.
Application of this technology is readily achieved through the services of specialist
drug delivery companies. Ongoing technical development is being actively pursued
by these companies as well as by the major capsule and excipient manufacturers
and promises future expansion in the versatility of these drug delivery systems.
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INTRODUCTION

The utility of solubilizing lipid-based formulations for improving the gastroin-
testinal (GI) absorption of poorly water-soluble, hydrophobic drugs is well 
documented in the literature (1–6). While the primary mechanism by which these
formulations are thought to improve drug absorption is through elimination of the
need for preabsorptive drug solubilization by the gastrointestinal tract (GIT),
other mechanisms may include protection from chemical and enzymatic degrada-
tion localized in the aqueous environment and promotion of lymphatic drug 
transport, which circumvents hepatic first-pass metabolism (Fig. 1) (7,8).

The physicochemical characteristics of the drug substance, the lipid excipi-
ents themselves, and the dispersibility of the formulation in vivo will determine
both the uptake of the drug in the GIT as well as the degree of participation of the
portal venous and mesenteric lymphatic pathways in overall drug absorption. This
chapter will focus on the use of lipid-based, self-emulsifying drug delivery system
(SEDDS) and self-microemulsifying drug delivery system (SMEDDS) as alterna-
tive formulations for improving and normalizing the GI absorption of poorly
water-soluble, hydrophobic drugs (hereafter referred to as “poorly soluble” drugs).



SELF-EMULSIFYING DRUG DELIVERY SYSTEMS

SEDDSs and SMEDDSs are easily manufactured and physically stable isotropic
mixtures of oil, surfactant, cosurfactant and solubilized drug substance that are suit-
able for oral delivery in soft and hard gelatin [(or hard hydroxypropyl methylcellu-
lose (HPMC)] capsules. These formulations that rapidly and spontaneously form
fine oil in water emulsions or microemulsions upon dilution in water (8), owe their
self-emulsifying properties to a negative or low free energy requirement for emul-
sion formation (9). Thus, self-emulsifying formulations are readily dispersed in the
GI tract, where the motility of the stomach and small intestine provides the agitation
necessary for emulsification (10). Self-emulsifying properties are conferred upon a
formulation by proper selection of the lipid/surfactant pair as well as the optimum
ratio concentrations of lipid and surfactant (10–13). In addition, the use of surfactant
blends to achieve the hydrophilic–lipophilic balance (HLB) value required for emul-
sification has often been proven to provide superior self-emulsifying properties 
relative to the use of a single surfactant possessing the desired HLB (9,14).

One or more cosolvents are often added to the formulation to assist in sol-
ubilizing high concentrations of the drug (5). SEDDS produce opaque, white
emulsions with lipid droplet sizes of approximately 100 nm, while SMEDDS
form transparent microemulsions with a droplet size of less than 50 nm (8).
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Figure 1 Schematic diagram of intestinal drug transport from lipid-based formulations
via the portal and the mesenteric lymphatic routes. (A) Increased membrane fluidity 
facilitating transcellular absorption, (B) opening of tight junctions to allow paracellular
transport, (C) inhibition of P-gp and/or CYP450 to increase intracellular concentration and
residence time, and (D) stimulation of lipoprotein/chylomicron production. Abbreviations:
ABL, aqueous boundary layer; D, drug; D-, ionized drug substance; FA, fatty acid;  LCFA,
long chain fatty acid; ME, microemulsion; MG, monoglyceride; SEDDS, self-emulsifying
drug delivery system; TG, triglyceride; TJ, tight junction. Source: From Ref. 62.



The small lipid droplet size and associated greater lipid surface area produced
by SEDDS and particularly, SMEDDS formulations facilitates lipid digestion,
resulting in more rapid incorporation of the drug into bile salt mixed micelles. The
end result is an increase in the degree and uniformity of drug absorption relative to
that associated with simple lipid solutions of drug (3). In addition, there is evidence
suggesting that the lipid droplets formed by self-emulsifying formulations may
facilitate drug absorption directly, independent of the bile salt mixed micelle trans-
port system (15). The improved drug absorption provided by self-emulsifying for-
mulations is contingent upon the maintenance of the drug in the solubilized state
until it can be absorbed from the GIT (4). In instances where the lipid vehicle
hydrolysis rate exceeds that of drug absorption, lumenal precipitation can occur
resulting in suboptimal and more variable drug absorption. This situation was
encountered with tributyrin formulations of the poorly soluble antineoplastic drug,
penclomedine, which resulted in substantially lower drug absorption as compared
to solution formulations of the drug in long chain fatty acids (16). In this instance,
the facile GI dispersion and rapid hydrolysis of the more polar tributyrin led to pre-
cipitation of penclomedine in the intestinal lumen before it could be absorbed.

SELECTION OF EXCIPIENTS IN SELF-EMULSIFYING FORMULATIONS

The primary consideration in selecting appropriate excipients for any lipid-based
formulation lies in identifying an excipient or excipient combination that will sol-
ubilize the entire drug dose in a volume acceptable for unit oral administration.
But equally, if not more important, the drug must be physically and chemically
stable in the formulation and the drug release characteristics must remain con-
stant as the formulation ages. This latter requirement is dependent on the physi-
cal and chemical stability of the excipients, which like the drug substance, must
be carefully monitored during formulation development.

Excipient toxicity has assumed greater importance to regulatory agencies and
guidelines are now available describing the safety evaluation of new pharmaceutical
excipients (17). The United States Food and Drug Administration (FDA) has pub-
lished a list of “generally recognized as safe” (GRAS) excipients, which are consid-
ered nontoxic to humans and animals and thus, do not require additional toxicity
testing when used in formulations. In addition, the agency has published another list
of acceptable inactive ingredients currently utilized in previously approved products
that most likely will not require additional safety evaluations prior to clinical appli-
cation (18). However, as formulations often consist of more than one excipient, the
possibility of an additive toxicological effect should always be considered.

Lipid Component

Lipid excipients are comprised of a large group of physically and chemically
diverse substances, which provide the formulator with considerable latitude in for-
mulation design. These excipients can readily be used to orally deliver drugs as
solutions (liquid and semi-solid), suspensions, emulsions, microemulsions,
SEDDS, or SMEDDS. In general, lipid based formulations have been found to
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yield greater and more uniform bioavailability than polyethylene glycol (PEG)
solutions of the drug, which are water miscible and can precipitate upon aqueous
dilution in the GIT. Two examples of this include Ro 15-0778 and seocalcitol, for
which lipid based formulations provided superior bioavailability relative to simple
water miscible solutions of the drug (Table 1). In other studies, Charman et al. (13)
and Lin et al. (19) reported similar improvements in bioavailability, relative to con-
ventional solid formulations, of the drugs WIN 54954 and L-365,260, respectively,
when administered to dogs as either PEG 600 solutions or as SEDDS formulations.
While both the SEDDS and PEG 600 solution formulations provided similar drug
exposure, the SEDDS formulations provided more uniform plasma concentration
profiles, suggesting more consistent solubilization of drug in the GIT.

Despite the considerable potential that lipid excipients offer, very few lipid-
based formulations have reached the pharmaceutical marketplace. We believe this
to be largely due to insufficient information regarding the relatively complex
physical chemistry of lipids and concerns about formulated drug chemical and
physical stability. In addition to these concerns, the interaction of a lipid-based
formulation with the GI environment and its impact on drug absorption need to
be considered. For instance, digestible lipids have been shown to be considerably
more efficient enhancers of poorly soluble drug absorption, as compared to
nondigestible lipids (e.g., liquid paraffin) and fatty acid chain length of the lipid
can influence drug absorption, as well (1,20–23).

Influence of the Lipid Dose

The amount of lipid contained in a formulation will influence drug absorption pri-
marily via solubilization in the GIT and potentially, through activation of GI lipid
digestion resulting in increased secretion of pancreatic juice and bile. Although
the minimum lipid quantity required to activate lipid digestion has not been fully
elucidated, oral administration of the poorly soluble antimalarial drug, halo-
fantrine, to dogs in a small, pharmaceutically relevant lipid volume [0.3 g of long
chain triglycerides (LCT) or mixed long chain mono- and diacylglycerols], trig-
gered the processes of GI lipid digestion and lymphatic drug transport (24). In
another study in which conscious, restrained rats received single oral doses of
benzo(a)pyrene administered as a solution in 50 or 500 �mol olive oil, the lipid
volume had no effect on benzo(a)pyrene bioavailability (25).

These findings are far from conclusive but suggest that the formulator
should consider the impact of any lipid-based formulation on the lipid digestion
processes, particularly when multiple dosage units of a lipid-based formulation
are administered as a single dose, which is common for many anti-HIV drugs.

Choice of Surfactants

The self-emulsifying or self-microemulsifying properties of SEDDS and SMEDDS
formulations, respectively, require the incorporation of relatively large amounts of
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surfactant in the formulation in addition to the oily drug carrier vehicle. The surfac-
tants used in these self-emulsifying formulations should possess relatively high HLB
values to enable rapid and facile dispersion in the GIT as a very fine oil-in-water
emulsion and also to reduce the risk of drug precipitation following dilution in the
GI fluids (4,9). While surfactants of natural origin [e.g., lecithin, Akoline® medium
chain monoglycerides (MCM), and Peceol®] are preferred over synthetic surfactants
for safety reasons, natural surfactants often provide less efficient self-emulsification
compared to the synthetics (8). Attempts have been made to evaluate the toxicity of
pharmaceutical excipients and SEDDS or SMEDDS formulations in vitro in Caco-
2 cell monolayers (26–28). While this in vitro model cannot reproduce the dynamic
environment of the GIT, it may be of value in early screening for excipient toxicity.
Regardless, in vivo excipient toxicity studies are mandated by the regulatory agen-
cies and close collaboration between pharmaceutical formulators and toxicologists
to assess excipient toxicity, independent of the drug substance, is crucial.

For preparing self-emulsifying formulations, nonionic surfactants are nor-
mally preferred over their ionic counterparts due to more favorable safety profiles
and greater emulsion stability over a wider range of pH and ionic strength (29). In
addition, nonionic surfactants can produce reversible changes in intestinal muco-
sal permeability, further facilitating absorption of the coadministered drug (8).
Surfactant concentrations employed in SMEDDS formulations typically range
from 30% to 60% of the total formulation volume, which can potentially result in
GI mucosal irritation (8). However, the extremely small lipid droplet size produced
by SMEDDS formulations promotes rapid stomach emptying and wide dispersion
throughout the GIT, minimizing exposure to high local surfactant concentrations
and thus reducing the irritation potential (13). The anticipated frequency and dura-
tion of dosing are other factors that should be taken into account in assessing the
potential for local and systemic toxicity resulting from these formulations.

Examples of excipients that have found application in self-emulsifying for-
mulations include medium chain (MC) glycerides derived from coconut oil,
which are GRAS-listed and are known to act as absorption promoters (29) and
Cremophors, which are semi-synthetic, pegylated forms of castor oil containing
complex mixtures of hydrophobic and hydrophilic molecules that are highly
effective solubilizing and self-emulsifying excipients for hydrophobic drugs (30).
An SMEDDS containing long chain triglycerides (MC-SMEDDS) formulation of
seocalcitol containing Cremophor® RH40 and the cosurfactant, Akoline MCM
(mono-, di-, and triglycerides) was described by Grove, et al. (31).

In Vitro Characterization of SEDDS/SMEDDS

Pouton (4) classified lipid-based formulations into three categories based on the polar-
ity of the excipient blends (Table 2). Due to their relative simplicity Type I 
formulations, which are simple solutions of the drug in triglycerides and/or mixed
glycerides, are a reasonable starting point in the search for a lipid-based formulation.
Type II formulations that add a lipophilic surfactant (HLB �12), are employed when
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SEDDS and greater drug solubilizing capacity is desired in a formulation. Type III for-
mulations include the further addition of hydrophilic surfactants (HLB �12) and
cosolvents to further improve the self-emulsification process in the GIT, thereby yield-
ing a SMEDDS formulation. Type III formulations are further subdivided into Types
IIIA and IIIB, where Type IIIB contains a greater ratio of hydrophilic to lipophilic
components than the former. While Type IIIB formulations are associated with more
facile self-emulsification and smaller lipid droplet size than Type IIIA, they carry a
greater risk of drug precipitation as the hydrophilic components may separate from the
oil phase during dispersion in the GIT leading to a loss of drug-solubilizing capacity.

Excipient combinations yielding SEDDS/SMEDDS formulations are iden-
tified by construction of ternary phase diagrams (Fig. 2). Each point in the phase
diagram represents a given combination of oil, surfactant, and cosurfactant. In
instances where combinations of more than three excipients must be tested, a
fixed ratio between two of the excipients (e.g., the surfactant and cosurfactant) is
selected and treated as a single component. As a practical example, mixtures 
consisting of different amounts of the selected excipients are evaluated for their
self-emulsifying properties by the addition of pharmaceutically-relevant amounts
of the formulation to 250 mL of water or a biorelevant, simulated physiological
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Table 2 Typical Properties of Type I, II, IIIA, and IIIB Lipid Formulations

Increasing hydrophilic content

Type I Type II Type IIIA Type IIIB

Composition (%)
Triglycerides or 100 40–80 40–80 �20

mixed glycerides
Surfactants — 20–60 20–40 20–50

(HLB �12) (HLB �11) (HLB �11)
Hydrophilic — — 0–40 20–50

cosolvents

In vivo performance
Particle size of Coarse 100–250 100–250 50–100

dispersion (nm)
Significance of Limited Solvent Some loss Significant

aqueous dilution importance capacity of solvent phase 
unaffected capacity changes and 

potential loss 
of solvent 
capacity

Significance of Crucial Not crucial Not crucial Not required
digestibility requirement but likely but may be and not likely

to occur inhibited to occur

Abbreviation: HLB, hydrophilic–lipophilic balance. 
Source: From Ref. 4.



fluid. The resulting dispersion is examined by direct visualization and by dynamic
light scattering to accurately determine the lipid droplet size, thereby allowing
classification of the formulation as a SEDDS or SMEDDS. The number of com-
binations of drug and excipients resulting in a microemulsion, which is typically
small, defines the microemulsion existence field on the ternary phase diagram:
the area enclosed in the broken line in Figure 2 represents the microemulsion
existence field for various combinations of medium chain triglycerides (MCT) or
LCT, Cremophor RH40 and Akoline MCM or Peceol.

At the molecular level, the structures formed between water and the lipid
and surfactant components of the formulation change with the excipient to water
ratio (Fig. 3). During the initial stages of dilution in water, the surfactant molecules
form inverse micelles that trap water molecules in their hydrophilic interior (A);
continued addition of water will form a w/o microemulsion in which water
droplets are surrounded by surfactant and cosurfactant molecules; as dilution pro-
gresses further, a viscous liquid-crystalline state results, which is comprised
of cylindrical formations of surfactant molecules with their polar headgroups
oriented towards a hydrophilic interior (B). Still further dilution with water results
in the reorientation of the surfactant molecules into lamellar structures in which 
planar sheets of water molecules are sandwiched between surfactant bi-layers (C).
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Figure 2 The area in the phase diagram represents microemulsions with either medium
chain triglycerides or long chain triglycerides as lipid phase, Cremophor RH40 as surfac-
tant and Akoline MCM or Peceol as cosurfactant obtained after addition of 250 mL water
to 1 g of SMEDDS giving a droplet size of less than 100 nm. The SMEDDS in the area are
mono-phasic at room temperature. Abbreviations: LCT, long chain triglycerides; Akoline
MCM, pharmaceutical surfactant containing medium chain monoglycerides; MCT,
medium chain triglycerides; SMEDDS, self-microemulsifying drug delivery system.



In the final stages of dilution, the lamellar structure disintegrates giving rise to a
continuous phase in which oil droplets, trapped within the hydrophobic interiors
of spherical micellar structures formed by surfactant and cosurfactant molecules,
are dispersed in water thus forming the emulsion (D).

Gross visual evaluation of the resulting emulsions has proven to be a reliable
means of estimating the oil droplet size (8,14,32). Transparent to slightly bluish,
opalescent dispersions possess oil droplet sizes between 20 nm and 40 nm and are
thus classified as microemulsions, which are defined as dispersions containing oil
droplets of less than 50 nm in size. (8,14,32,33). Opaque, milk-white dispersions
result as the size of the dispersed oil droplets increases to and exceeds 100 nm (14).

The effect of aqueous dilution on the drug-solubilizing capacity of a self-
emulsifying formulation is determined by the relative amount and physicochemical
and biopharmaceutical properties of the drug substance as well as the specific types
and amounts of incorporated excipients. The incorporation of HPMC into traditional
SEDDS formulations as a means for delaying the postdilutional precipitation of
paclitaxel from SEDDS formulations was recently described by Gao et al. (34) and
was correlated with improved drug absorption in rats relative to a standard SEDDS
formulation.

The influence of lipid fatty acid chain length on the ease of self-emulsification
has been described by Deckelbaum et al. (23) who attributed the more facile 
self-emulsifying properties of medium chain triglycerides (MCT), relative to LCT,
to the greater water solubility and smaller molecular size of the former. These prop-
erties are associated with greater mobility in the lipid/water interface and more rapid
lipid hydrolysis in vivo and can lead to improved drug absorption (35). Grove et al.
(14) described Type III SMEDDS formulations of seocalcitol, a Biopharmaceutics
Classification System Class II drug, comprised of similar fractions (25%) of either
LCT or MCT oil emulsified with Cremophor RH40 (48%) and either Akoline MCM
or Peceol (27%). In comparison to the MCT-containing SMEDDS, the LCT-contain-
ing SMEDDS was relatively difficult to emulsify and required an increased concen-
tration of Cremophor RH40 in order to yield a SMEDDS with the performance char-
acteristics comparable to the MCT-SMEDDS (14).
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Figure 3 Schematic presentation of the mechanism happening during titration of a
mixture containing oil and surfactants with water. (A) Water droplets in continuous oil
phase; (B) water cylinders in oil; (C) lamellar structures; (D) oil droplets in continuous
phase. Source: From Ref. 63.



Influence of Emulsion Droplet Size on Drug Absorption

Although improved drug absorption is generally assumed to be associated with
smaller lipid droplet size, many examples exist in which drug absorption is not
influenced by droplet size. Khoo et al. (32) evaluated the bioavailability of the
poorly soluble antimalarial drug, halofantrine, in dogs following administration
of either MC-SEDDS (mean lipid droplet size of 119 nm) or MC-SMEDDS
(mean lipid droplet size of 52 nm) formulations; both yielded comparable
bioavailability. These findings are in contrast to the findings of Tarr and
Yalkowsky (36) who reported an increase in cyclosporine bioavailability from
emulsions, when the lipid droplet size was reduced from 4 to 2 �m. However,
these experiments were obtained in a rat in situ perfusion model, which lacks the
lipid processing capabilities and hydrodynamic characteristics of the GIT in an
intact animal. More recently, Odeberg et al. (37) demonstrated comparable
bioavailability of cyclosporine in humans administered emulsion formulations
possessing lipid droplet sizes of 0.2 �m or 16 to 20 �m.

In another study, de Smidt et al. (15) demonstrated comparable bioavail-
ability of penclomedine in rats administered the drug as a solution in MCT oil or
as microemulsions with lipid droplet sizes of either 160 nm or 710 nm. However,
administration of the lipolysis inhibitor, tetrahydrolipstatin (THL), resulted in a
substantial drop in penclomedine bioavailability when administered in MCT oil
relative to the microemulsion formulations, from which biovailability was simi-
lar and unaffected in the present of THL.

Studies conducted in humans comparing the Sandimmune® formulation of
cyclosporine, which forms a crude emulsion in the GIT, to that of the self-
microemulsifying Neoral® formulation demonstrated improved performance of the
latter with regard to the rate, extent, uniformity, and linearity of cyclosporine expo-
sure as a function of dose. In addition, absorption of cyclosporine from the Neoral
formulation was relatively unaffected by food as compared to the Sandimmune for-
mulation (38,39).

From the foregoing discussion, it is difficult to determine the impact of lipid
droplet size on drug absorption. It should be noted, however, that the cited studies
utilized different lipid and surfactant systems, which can also influence drug absorp-
tion and confound the experimental results, thus making it difficult to draw conclu-
sions. However, these findings collectively suggest that lipid droplet size may be less
likely to impact formulation performance unless the normal lipid digestion process,
which inherently produces a fine emulsion from ingested lipid, is compromised.

In Vivo Studies with SEDDS/SMEDDS

Several published studies describing modest to substantial increases in drug
bioavailability from SEDDS and SMEDDS formulations, relative to conventional
solid dosage forms, water-miscible glycol solutions [e.g., PEG and propylene gly-
col (PG)] or simple oil solutions are summarized in Table 1. Relative to conven-
tional solid dosage forms, increases in drug bioavailability from self-emulsifying
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formulations ranged from 1.5-fold for simvastatin (40) to approximately seven-
fold for L-365,260 (cholecystokinin antagonist) (19). The results of these studies
suggest that the physicochemical properties of the drug substance, as well as the
excipients selected for the formulation, appear to determine the bioavailability
enhancing potential of a particular formulation for a given drug substance.

EFFECT OF DISPERSION ON BIOAVAILABILITY

Compared to simple oil solutions of the drug, only modest improvements in drug
bioavailability were generally observed from self-emulsifying formulations (Table 1).
However, it is important to note that these studies were conducted in different
species, with different formulations and with different lipid and surfactant doses,
which sometimes differed within an individual study. It should also be noted that
only healthy test subjects, with fully functioning GI lipid handling pathways, were
studied. As noted earlier in this chapter, self-emulsifying formulations appear to
provide better absorption enhancement, when the normal physiological processes
enabling lipid digestion and dispersion are compromised (15).

Julianto et al. (41) reported a two-fold increase in vitamin E bioavailability,
when dosed to humans as a SMEDDS as compared to a marketed lipid solution
formulation (Natopherol®). However, since a greater amount of lipid was dosed in
the SMEDDS than in the Natopherol formulation, it is not possible to determine if
the superior bioavailability provided by the SMEDDS formulation was a result of
better dispersion or a greater amount of administered lipid, relative to the
Natopherol formulation.

Hauss et al. (42) compared the bioavailability of the poorly soluble
leokotriene B4 (LTB4) biosynthesis inhibitor, ontazolast, when administered to
rats as four lipid-based formulations [soybean oil emulsion, two SEDDS, and a
Peceol (Gattefosse, S.A.)] solution or a reference aqueous suspension formula-
tion. The soybean oil emulsion and the SEDDS formulations all significantly
increased ontazolast bioavailability to a similar degree relative to the suspension
formulation. While the SEDDS formulations did not provide greater drug expo-
sure than the crude soybean oil emulsion or Peceol solution, significant differ-
ences were noted in the absorption profiles, with the SEDDS providing more
rapid and less variable absorption.

Studies conducted by Porter et al. (43) demonstrated a significant increase
in the bioavailability of danazol, administered as either a LCT solution or a LC-
SMEDDS formulation, relative to either a conventional solid dosage form or a
MC-SEDDS formulation. The presence of a high concentration of surfactant in
the SMEDDS containing long chain triglycerides (LC-SMEDDS) formulation
did not improve danazol absorption over that seen from the simple LCT solution,
which supported the findings of Grove et al. (31) who demonstrated similar
bioavailability of seocalcitol, when administered to rats as simple MCT or LCT
solutions or following addition of high concentrations of surfactant to yield MC-
SMEDDS or LC-SMEDDS formulations, respectively. It should be noted that the
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SMEDDS formulations of danazol described by Porter et al. (43) were not con-
trolled for the ratio amounts of oil, surfactant, or cosurfactant, which makes it dif-
ficult to accurately assess the impact of dispersion on drug absorption.

Grove, et al. (31) reported similar bioavailability for seocalcitol, when
administered to rats as either a solution in MCT oil or as a MCT-containing
SMEDDS (MC-SMEDDS). In this study, similar volumes of the lipid were dosed
in each formulation, which provided unequivocal evidence that the presumed,
superior dispersion or resistance to precipitation provided by the MC-SMEDDS
formulation was not contributing to seocalcitol absorption above and beyond that,
which was due to solubilization in the lipid vehicle. However, when the study was
repeated in minipigs, a tendency towards higher bioavailability was seen for the
MC-SMEDDS formulation relative to the MCT oil solution formulation (44).

In the study by Porter et al. (43), danazol was administered to dogs as either
a solution in LCT oil or as a LCT-containing SMEDDS (LC-SMEDDS). While
greater bioavailability was seen with the LCT solution, a total of 3 g of LCT oil
was administered in each dose as compared to the 1.8 g of LCT oil administered
in the LC-SMEDDS formulation. Again, since the administered lipid volume was
not controlled, it is not possible to assess the contribution of the presumed, supe-
rior dispersion or resistance to precipitation provided by the SMEDDS formula-
tion on the absorption of danazol.

In Vivo Studies of Lymphatic Transport with Dispersed Formulations

Lymphatic drug transport, which is dependent on concomitant GI lipid absorption,
can contribute significantly to the overall uptake of lipophilic drugs from the GIT.
Since the efficient absorption of lipids and cosolubilized hydrophobic xenobiotics
from the GIT is dependent on the initial formation of a fine oil-in-water dispersion
in the intestinal lumen, the influence of dispersion on lymphatic transport has been
investigated. Porter et al. (45) found similar contributions of lymphatic transport
to the overall uptake of the antimalarial drug, halofantrine, following oral admin-
istration of a micellar solution, an emulsion and a lipid solution to conscious,
mesenteric lymph cannulated rats. However, when the study was repeated with
anesthetised rats in which the GI motility and the ability to disperse the adminis-
tered lipid was compromised, the relative contribution of lymphatic uptake of
halofantrine to overall drug absorption was directly related to the degree of lipid
dispersion associated with the administered formulation (46). Conflicting findings
were reported by Karpf et al. (47) who studied the lymphatic transport of halo-
fantrine in conscious, mesenteric lymph fistula rats administered halofantrine as
either a triglyceride (TG) solution or following oil-in-water emulsification with
either Cremphor RH40 or lecithin. Compared to a TG solution, the emulsion for-
mulations showed similar and significantly increased lymphatic drug transport.
This finding was attributed to increased drug absorption in the proximal regions of
the small intestine resulting from more facile lipid digestion and absorption asso-
ciated with the emulsion formulations.
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The lymphotropic potential of SEDDS/SMEDDS formulations of the LTB4
biosynthesis inhibitor, ontazolast, was studied in conscious, mesenteric lymph
fistula rats by Hauss et al. (42). Formulations containing 50:50 or 80:20 ratio con-
centrations of Gelucire® 44/14 (Gattefosse, S.A.) and Peceol (Gattefosse, S.A.),
a solution in Peceol, and a LCT emulsion all provided similar increases in onta-
zolast bioavailability relative to an aqueous reference suspension. However, the
SEDDS formulations promoted the most rapid ontazolast absorption and pro-
duced the highest concentrations of ontazolast in the lymph whereas the LCT
emulsion resulted in the greatest fractional uptake of ontazolast in the mesenteric
lymph. These findings suggested that while SEDDS may have potential as lym-
photropic delivery systems, a balance between the concentrations of surfactant
and lipid components should be found, which maintains the drug substance in
solution in the GIT during absorption while simultaneously providing adequate
lipid substrate for the optimal production of drug-carrying chylomicrons.

The results of the foregoing studies can be explained by the work of
Ichihashi et al. (48) who determined that mesenteric lymphatic transport of mepi-
tiostane occurred predominantly from the proximal region of the small intestine
and Clark et al. (49), who demonstrated that lipoprotein secretory activity is
greater in the proximal regions of the small intestine and is limited primarily by
the rate of lipid absorption.

Influence of Lipid Components on Lymphatic Transport

The mesenteric lymphatic transport of halofantrine, administered in SMEDDS con-
taining either MCT or LCT as the lipid component, has been studied in conscious
dogs (24). The fraction of the administered dose of halofantrine transported in the
lymph after administration of the LC-SMEDDS was 28.3% compared with only
5.0% after administration of the MC-SMEDDS. The marginal lymphatic transport
of halofantrine associated with the MC-SMEDDS formulation is explained by its
content of mono- and diglycerides of MCTs, which unlike long chain fatty acid
(LCFA), are not lymphotropic. The foregoing study was repeated by Holm et al.
(50) using SMEDDS formulations in which the MCT and LCT lipid components
were replaced with “structured triglycerides” [medium long medium chain fatty
acid (MLM) [C8:0-C18:2-C8:0] and long medium long chain fatty acid (LML)
[C18:2-C8:0-C18:2], respectively]. Structured triglycerides are prepared by selectively
esterifying medium and long chain fatty acids to specific positions on the glycerol
backbone of the TG molecule. The fraction of the administered dose of halofantrine
transported in the lymph from the MLM-SMEDDS increased to 17.9% (compared
to the MC-SMEDDS), but for the LML-SMEDDS, was similar to that of the LC-
SMEDDS (27.4% vs. 28.3%, respectively). The apparent, greater extent of halo-
fantrine transport observed for the structured lipid, MLM-SMEDDS relative to that
seen with the MC-SMEDDS formulation, however, may be an artifact resulting
from the relatively high LCFA content of the surfactant, Maisine 35-1 (Gattefosse
S.A.), used in the MLM-SMEDDS to promote microemulsification.
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The foregoing investigations demonstrate the potential utility that SEDDS
or SMEDDS formulations have as lymphotropic drug delivery systems. These
effects appear to be mediated by incorporation of excipients containing LCT,
which favors chylomicron synthesis, and by the increased dispersion of these 
formulations in the GIT, which appears to promote lymphatic drug transport by
facilitating lipid digestion and absorption.

INFLUENCE OF SELF-EMULSIFYING LIPID-BASED 
FORMULATIONS ON FOOD EFFECT

Increased drug exposure, relative to the fasted state, following postprandial
administration of poorly water-soluble drugs in conventional solid formulations
is well documented in the literature [e.g., isotretinoin (51); danazol (43,52,53); L-
683,453 (54); DPC 961 (55); halofantrine (56). It has been postulated that the
magnitude of the exposure increase may indicate the maximum extent of absorp-
tion possible when the drug is administered in a lipid-based formulation (43). The
effect of food on the bioavailability of poorly water-soluble, hydrophobic drugs
is determined by multiple factors, including the physicochemical properties of the
drug substance, the dose, the nature of the formulation and the amount and com-
position of the ingested food (57). Postprandial changes in the GIT that can
increase drug absorption, relative to the fasted state, include: (i) increased drug
solubilization by bile salt mixed micelles, and (ii) increased intestinal membrane
permeability secondary to the presence of bile and lipid digestion products. Since
food effect can lead to exaggerated pharmacologic responses or unexpected tox-
icity (57), clinical trial guidelines routinely require studies comparing drug expo-
sure in fed and fasted subjects.

Although limited in number, studies showing the efficacy of self-emulsifying
lipid-based formulations for mitigating food effect have been described in the liter-
ature. Grove et al. (44) studied the influence of food on the bioavailability of 
seocalcitol in minipigs following administration as either a solution in MCT, a MC-
SMEDDS, or a solution in propylene glycol (PG). The fasted state bioavailability
of seocalcitol was 15%, 21%, and 28% for the PG, MCT, and MC-SMEDDS for-
mulations, respectively. In the postprandial state, the seocalcitol bioavailability
from the PG solution nearly doubled to 29%, but was unchanged, relative to the
fasted state, for both the MCT and MC-SMEDDS formulations. These results sug-
gest a common mechanism by which food and lipid-based formulations improve
the absorption of poorly soluble drugs. Other poorly soluble drugs for which lipid-
based formulations have reduced the effect of food on drug absorption include
danazol (52) and L-683,453 (54) and cyclosporine (38).

CHEMICAL AND PHYSICAL STABILITY

Optimal performance of lipid-based formulations relies on maintaining the drug in
the fully-solubilized state within the excipient matrix, which can lead to potential
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physical and chemical stability issues during storage. A commercially-viable for-
mulation must show �5% degradation during two years of storage under ambient
conditions (25°C/60% RH), which translates into no more than 7% degradation
within three months under accelerated conditions (40°C/75% RH) (58). Grove
et al. (31) described 10% degradation of seocalcitol, when formulated as either a
LCT or MCT SMEDDS; in comparison, less than 3% degradation was observed
when the drug was formulated as simple MCT or LCT solutions. Although the
exact degradation mechanism was not identified, these findings suggest the surfac-
tant (Cremophor RH40) or the cosurfactants (Akoline MCM and Peceol) to be
responsible for the poorer drug stability observed in the SMEDDS formulations.
Another, similar example of poor drug chemical stability was observed for a
SEDDS formulation of paclitaxel [containing varying amounts of Triton WR-1339
(tyloxapol), D-alpha-tocopheryl PEG 1000 succinate and sodium deoxycholate],
which underwent approximately 20% degradation when stored for 24 hours at
37°C (59). These findings highlight the need for additional work aimed at provid-
ing a greater understanding of the physical and chemical mechanisms governing
drug stability in lipid-based formulations.

The physical stability of a lipid-based formulation is also crucial to its per-
formance, which can be adversely affected by precipitation of the drug in the
excipient matrix. In addition, poor formulation physical stability can lead to
phase separation of the excipients, affecting not only formulation performance,
but visual appearance as well. In addition, incompatibilities between the formu-
lation and the gelatin capsule shell can lead to brittleness or deformation, delayed
disintegration, or incomplete release of drug. Recently introduced alternatives to
gelatin capsules that may be more appropriate for encapsulation of
SEDDS/SMEDDS and other lipid-based formulations include HPMC or
polyvinylalcohol hard capsules (30) and are discussed in greater detail elsewhere
in this book.

CONCLUSION

Properly designed SEDDS and SMEDDS formulations provide the formulator
with an opportunity to manipulate the drug absorption profile as well as a means
for improving overall absorption relative to non-self-dispersing lipid-based 
formulations. Formulation performance that can include resistance to food 
effect, relies on identifying the correct combinations of lipid carrier vehicles and
surfactants to ensure facile self-emulsification, while providing resistance to
lumenal drug precipitation prior to absorption. Potential limitations to the appli-
cation of self-emulsifying formulations include poor chemical stability of 
the drug substance due to excipient catalyzed degradation or precipitation of the 
drug substance in the excipient matrix. A greater understanding of the 
chemical and physical mechanisms surrounding these incompatibilities is 
needed to resolve these issues and unlock the full potential of self-emulsifying
formulations.
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INTRODUCTION

The advent of combinatorial chemistry and high throughput screening as the primary
technologies for drug discovery has resulted in the generation of a preponderance of
potential drug candidates, which do not possess favorable “drug-like” biopharma-
ceutical properties. Specifically, these candidate compounds are highly lipophilic
(Log P � 5) and possess very poor solubility (�10 mg/mL) in physiological fluids,
resulting in poor and highly variable absorption, after oral administration, that is
often strongly influenced by the presence of food in the gastrointestinal (GI) tract (1).
In many instances, the GI absorption of these challenging compounds can be signi-
ficantly improved through the use of lipid-based formulations (2,3).

In addition to improving and normalizing the absorption of poorly water-
soluble drugs, lipid based formulations can be used to address other formulation
issues, including stabilization of oxygen and moisture sensitive compounds (4),
improving content uniformity of the dosage form (5) and allowing for controlled
drug release (6,7). Despite the promise that lipid formulation technology
holds for addressing challenging formulation issues, research and development
activities in this area have been limited and only a few marketed products employ
lipids as primary excipients.



Physiological factors that can influence the rate and extent of drug absorp-
tion from a lipid-based formulation include GI lipid digestion (8–10) and the
emulsion droplet size formed upon mixing with the GI fluids (2,11,12). From a
manufacturing perspective, the solubility of the drug substance in the lipid vehi-
cle controls the drug loading of the formulation, whereas the stability of the drug
can be influenced by the excipient peroxide and acid values and the degree of
lipid fatty acid saturation and hygroscopicity. During manufacturing of semi-solid
lipid dispersion formulations, the rate of shear applied during mixing should be
carefully evaluated and monitored (4) and the rate of cooling of the formulation
must be controlled as it can influence the formulation final viscosity, content
uniformity, dissolution rate, and efficiency of the encapsulation process.

CLASSIFICATION OF LIPID-BASED FORMULATIONS

The various categories of lipid formulations have been previously classified with
respect to composition, content of hydrophilic cosolvents, dispersion droplet size,
impact of aqueous dilution, and digestibility in vivo (13).

In this chapter, we will classify lipid formulations based on the miscibility
of the system components (e.g., single phase or isotropic lipid solutions or 
two-phase systems, such as lipid suspensions or lipid semi-solid dispersions).
Case-studies of lipid formulations used to address issues pertaining to poor bio-
availability will be presented.

Isotropic Solutions

An isotropic solution is a single-phase system and includes lipid solutions, self-
emulsifying drug delivery systems (SEDDS) and self-microemulsifying drug
delivery systems (SMEDDS). Isotropic solutions find application primarily for
oral delivery of lipophilic drugs for which a unit dose can be solubilized in an
acceptable volume of the lipid vehicle. This type of lipid formulation is effective
for improving the bioavailability of lipophilic drugs as well as for stabilizing oxy-
gen and moisture sensitive drugs. Commonly used lipophilic vehicles that are the
solubilizing excipients that form the basis of isotropic solution formulations, are
presented in Table 1. SEDDS and SMEDDS formulations incorporate, in addition
to a lipophilic vehicle, an emulsifier and often, a coemulsifier. Commonly used
emulsifiers that typically possess hydrophilic–lipophilic balance (HLB) values
greater than 10, are shown in Table 2 and commonly used coemulsifiers, which
typically possess HLB values in the range of four to six, are shown in Table 3.

Lipid Solutions

Lipid solution formulations are simple solutions of the drug in a single lipid vehicle.
Following administration, the preabsorptive emulsification of these formulations
relies on the presence of surfactants that are present in normal intestinal fluids
(e.g., bile acids). Due to the critical importance of lipid emulsification on drug
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absorption, selection of the lipid vehicle can significantly impact formulation
performance in vivo (8,14,15). Lipid solution formulations comprised of
“predigested” lipids of medium chain fatty acids, such as monoglycerides of
caprylic/capric acids [Capmul® medium chain monoglyceride (MCM)], or the
semi-synthetic propylene glycol monoesters of medium chain fatty acids, readily
form emulsions in the gut in the presence of bile salts and have been successfully
applied in formulations of poorly water-soluble drugs.

As an example, a medium-chain monoglyceride lipid solution formulation of
a poorly water-soluble HIV protease inhibitor improved drug absorption in
humans three-fold relative to a conventional capsule formulation administered in
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Table 1 Commonly Used Lipophilic Vehicles

Classification Lipophilic vehicles

Fatty acids Oleic acid, myristic acid, caprylic 
acid, and capric acid

Ethanol ester Ethyl oleate
Triglycerides of long-chain fatty acids Soybean oil, peanut oil, arachis oil,

and corn oil
Triglycerides of medium-chain fatty acids Miglyol 812, Captex 355, and 

Labrafac

Table 2 Emulsifiers that Are Commonly Used in Isotropic Lipid-Based Solutions

Classifications Emulsifiers

Polyglycolyzed glycerides PEG-8 glyceryl caprylate/caprate (Labrasol)
PEG-32 glyceryl laurate (Gelucire 44/14)
PEG-32 glyceryl palmito stearate

(Gelucire 50/13)
Polyoxyethylene sorbitan Polyoxyethylene 20 sorbitan monolaurate

fatty acid esters (Tween 20)
Polyoxyethylene 20 sorbitan monostearate

(Tween 60)
Polyoxyethylene 20 sorbitan monooleate

(Tween 80)
Sorbitan fatty acid esters Sorbitan monolaurate (Span 20)

Sorbitan monostearate (Span 60)
Sorbitan monooleate (Span 80)

Polyoxyethylene castor Polyoxyl 35 castor oil (Cremophor EL)
oil derivatives Polyoxyl 40 hydrogenated castor oil

(Cremophor RH 40)
Polyethylene glycol based d-Alpha-tocopheryl polyethylene

derivatives of vitamin E glycol-1000 succinate
Phospholipids and PEG Lecithin and modified lecithin

based phospholipids 

Abbreviations: EL, ethoxylated; PEG, polyethylene glycol.



the fed state (Table 4). The compound had poor solubility in simulated gastric
fluid (0.08 mg/mL), which was pH-dependent, resulting in the compound being
practically insoluble in simulated intestinal fluid. The poor bioavailability of the
compound, when administered in conventional dosage forms, was attributed to its
low aqueous solubility, which resulted in incomplete absorption.

Self-Emulsifying Drug Delivery Systems

In the absence of water, properly formulated mixtures of lipid vehicles and non-
ionic surfactants exist as transparent isotropic solutions (SEDDS), which upon
dilution in aqueous media and with mild agitation, form fine oil-in-water emul-
sions with mean lipid droplet diameters ranging from 1 to 10 microns, depending
on the degree of dilution. Following oral administration, normal GI motility pro-
vides sufficient energy for the emulsification of these formulations (16). The
application of SEDDS for improving the GI absorption of poorly water-soluble
drugs is the subject of several excellent publications (11,13,17).
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Table 4 Bioavailability of an HIV Protease Inhibitor in Human Under Fed Conditions from
Powder Filled in Hard Gelatin Capsules vs. Lipid Solution Filled in Soft Gelatin Capsules

Formulation Cmax (ng/mL) Tmax (h) AUC (ng.h/mL)

Powder (filled in hard 61.85 (62.3) 4.5 194.9 (59.3)
gelatin capsules)

Lipid solution (filled in soft 334.6 (70.9) 1.5 701 (80.9)
gelatin capsules) 

Note: Data represent the mean (CV in parentheses).
Abbreviation: AUC, area under the curve.

Table 3 Coemulsifiers that Are Commonly Used in Isotropic Lipid-Based Solutions

Classifications Coemulsifiers

Polyglycolyzed glycerides Polyethylene glycol-6 glyceryl 
monooleate (Labrafil M1944 CS)

Monoglycerides of long-chain fatty acids Glycerol monooleate, and glycerol 
monostearate

Monoglycerides of medium-chain fatty acids Glyceryl caprylate/caprate 
(Capmul MCM)

Mono and diglycerides of Imwittor 972 and Imwittor 988
medium-chain fatty acids

Propylene glycol monoester of Propylene glycol monocaprylate 
medium-chain fatty acids (Capmul PG-8; Capryol 90)

Propylene glycol diester of Propylene glycol 
medium-chain fatty acids dicaprylate/dicaprate (Captex 200)

Poly-glycerol esters Glyceryl tri-oleate and decaglycerol 
mono-oleate

Abbreviations: MCM, medium chain monoglyceride; PG, propylene glycol.



The absorption of the retinoid compound, Ro 15-0778, a naphthalene deriva-
tive with poor water solubility (�0.01 mg/mL) and relatively high peanut oil
solubility (95 mg/mL), was evaluated in unfasted dogs following administration
of a 200 mg dose as a proprietary SEDDS formulation or as three other formula-
tions: (i) a 1.2% drug solution in polyethylene glycol 400 (PEG400); (ii) a tablet
containing micronized drug; (iii) a capsule containing 55% wet-milled spray
dried powder (11). The exposure (Cmax and AUC) of Ro 15-0778 from the
SEDDS was at least three-fold greater than that of the other dosage forms (Table
5). The in vitro release of Ro 15-0778 from each formulation was determined in
a United States Pharmacopeia (USP) XXII dissolution Apparatus 2 in 900 mL of
water containing 5% of the nonionic surfactant, Alkamuls EL-719 (HLB � 16)
that was added to achieve sink conditions. The superior in vitro drug release
observed for the PEG400 solution (Fig. 1), which was not reflected in the in vivo
results, may be the result of drug precipitation in vivo, which was not observed in
vitro due to the presence of the solubilizing surfactant in the dissolution medium.

Self-Microemulsifying Drug Delivery Systems

SMEDDS are isotropic solutions of a drug in a mixture of a lipid vehicle, a surfac-
tant and a cosurfactant. These formulations emulsify spontaneously upon contact
with the GI fluids, forming finely dispersed lipid droplets with a typical mean dia-
meter of less than 50 nm, the size of which is relatively independent of the dilution
factor and degree of agitation. The resulting microemulsion is a thermodynamically
stable, clear isotropic dispersion of two immiscible liquids (e.g., the lipid vehicle and
water) stabilized by an interfacial film of surfactant molecules (18). SMEDDS
formulations, by virtue of their smaller lipid droplet size, may provide improved and
less variable drug absorption relative to lipid solution or SEDDS formulations, and
due to the typically higher surfactant content, may provide additional absorption
enhancement resulting from surfactant-induced membrane permeability increases
as well as inhibition or reduction of transporter-mediated drug efflux (19).
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Table 5 Pharmacokinetics Parameters of Ro 15-0778 from Different Formulations in
Dogs Under Fed Conditions

Cmax Tmax AUC % Relative 
Formulation (�g/mL) (h) (�g.h/mL) bioavailability

Self-emulsifying 5.57 2.5 29.77 389.0
drug delivery systems 

Drug solution in 1.44 2.0 7.64 100.0
PEG 400 as control

Capsule formulation 0.78 3.0 2.69 35.3
from wet-milled spray 
dried powder

Tablet formulation 0.58 2.0 1.32 17.2
with micronized drug

Abbreviation: AUC, area under the curve.



Sandimmune Neoral® (20), a SMEDDS preconcentrate formulation of cyclosporine
that upon dilution in aqueous media, forms a mean lipid droplet diameter of 30 nm,
has been shown to reduce the inter- and intrapatient variability and the effect of food
on drug absorption and other key pharmacokinetic parameters (e.g., Cmax, Cmin,
Tmax) relative to the previous Sandimmune® formulation, a crude emulsion, which
yielded a mean lipid droplet diameter of 2 to 5 �m (21).

Lipid Suspensions and Lipid Semi-solid Dispersions

Lipid suspensions and lipid semi-solid dispersions, covered in greater detail
elsewhere in this book, are two-phase formulations in which the finely divided
drug substance is dispersed in the lipid excipient matrix. These formulations that
do not fully solubilize the drug, find application in addressing drug delivery,
stability, or manufacturing issues in the following ways:

1. Reduced drug degradation by protection from oxygen and moisture.
2. Improved content uniformity by eliminating electrostatic charges and

facilitating de-agglomeration of the drug by dispersion in the lipid
excipient matrix.

3. May provide sustained drug release capability.

CONSIDERATIONS IN DESIGN ISOTROPIC SOLUTIONS

When selecting among the various isotropic solution options available for a
poorly soluble drug (e.g., lipid solutions, SEDDS, and SMEDDS), careful
considerations of the drug physicochemical properties and the choice of lipid
excipients is essential. Drug physico-chemical parameters that influence
the design of isotropic solutions include solubility, HLB, partition coefficient,
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Figure 1 In vitro release profiles of Ro 15-0778 from different formulations. Abbreviation:
PEG, polyethylene glycol.



dielectric constant, and molecular weight (MW). Critical excipient properties to
consider include surface tension and degree of lipid fatty acid saturation. Ternary
phase diagrams (discussed in section “Optimal Drug:Surfactant Ratio”) are very
useful in determining the optimal ratios of drug, lipid, surfactant, and cosurfac-
tant to use when developing a SEDDS or SMEDDS formulation.

Physical–Chemical Considerations

Solubility

Solubility of the drug in the formulation is one of the most critical parameters
controlling the absorption-enhancing performance of a lipid-based formulation.
As a general rule of thumb, the total capsule fill weight (drug dose plus
excipients) should not exceed 1 g.

Insufficient solubility of the drug in the excipient matrix requires
administration of multiple dosage units for a single dose and is generally viewed
as unacceptable. This situation is most frequently encountered in dealing with
moderate potency compounds requiring doses in the range of 100 to 200 mg.

During initial excipient screening activities, drug solubility is routinely
determined in various oils, surfactants, and cosurfactants. A typical screening pro-
tocol involves combining an excess of the drug (approximately 500 mg) with 1 to
2 mL of the excipient in a screw-capped glass vial followed by heating to 60°C in
a water-bath, brief agitation with a vortex mixer, holding for 48 hours at 25°C to
30°C, and centrifugation at 2000 to 3000 g to separate the undissolved drug. The
supernatant containing the solubilized drug should be a clear, monophasic liquid
at ambient room temperature, and should be of sufficiently low viscosity to allow
for facile dispersion upon dilution in aqueous media. Drug solubility determina-
tions are made with high-pressure liquid chromatography (HPLC) following dilu-
tion of aliquots of the supernatant with a suitable organic solvent.

In silico prediction of drug solubility in a lipid vehicle remains a challeng-
ing task. However, the work of Dumanli et al. (22) has identified several factors
that could be useful in predicting drug solubility in a particular excipient. These
factors include the solubility parameter (�), HLB value, partition coefficient,
MW, dielectric constant (ε), excipient fatty acid chain length, saponification
value, surface tension, and viscosity. These parameters will now be discussed in
the following sections.

Solubility parameters ((��)): The solubility parameter of a substance is
defined as the square root of its cohesive energy density, expressed as the energy
of vaporization. When the solubility parameters of two materials are similar, one
would expect them to be miscible, and thus provide some guidance in selecting
an appropriate lipid vehicle for maximum solubilization of a drug. There are a
number of direct and indirect methods available that are used for determining the
solubility parameter of a substance. These include vapor pressure or boiling point
determinations, miscibility in liquids with known cohesive energy, solution
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calorimetry, surface energetic measurements, and calculations using the group
contribution method (23,24).

The solubility parameter (�) of a drug or excipient can be determined by the
following relationship described by Fedors (23):

� � [��e/��v]
1/2 (1)

where �e is the additive atomic group contributions for the energy of vaporiza-
tion and �v is the additive atomic group contributions for the molar volume.

The magnitude of the solubility parameter that reflects the relative degree
of polar and other intermolecular interactions occurring with a particular
substance, rises in direct proportion to the relative substance hydrophilicity. In
general, substances within two to three solubility parameter units of one another
can be considered molecularly similar, and therefore are soluble or miscible (e.g.,
“like dissolves in like”).

An alternative measurement, the Hildebrand solubility parameter (HSP), is
also useful for estimating the solubility of hydrophobic drugs in lipid excipients.
The HSP is derived from several fundamental molecular properties, including
boiling point (expressed in °K), MW, and specific gravity (SG).
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HSP(d) �
[(23.7.BP � 0.02.BP2 	 2950) 	 1.98.T]

1/2
(2)

(MW/SG)

As the difference between the HSP values for two substances increases, their
miscibility decreases.

Hydrophilic–Lipophilic Balance

The drug release rate from a SEDDS or SMEDDS has been shown to be
dependent on the HLB of the surfactant (11). The HLB value is empirically
determined from the following relationship:

HLB � 20 (1 	 S/A)

where S is the saponification number of the ester and A is the acid number of the
fatty acid (16,25,26). The HLB value of a surfactant quantifies its relative polar
character, with greater HLB values reflecting greater relative polarity. Shah et al.
investigated the impact of fatty acid chain length and PEG MW of polygly-
colyzed glyceride (PGG) surfactants on self-emulsification of a triglyceride and
the rate of drug release from SEDDS formulations prepared from these excipients
and found that adequate drug release was dependent on the degree of polarity
conferred on the dispersed oil droplets by the surfactant (11). The effect of HLB
on the in vitro release rate of the lipophilic drug, Ro 15-0778 from a SEDDS
formulation at 60% surfactant content is shown in Figure 2. Drug release
was optimal from a SEDDS formulation prepared with the surfactant,
Labrafac CM10 BM 287 (HLB approximately 10); drug release declined as the
surfactant HLB either increased or decreased from this optimal value. For the
surfactant, Labrasol® (HLB 14), immiscibility of the low HLB oil vehicle with



the surfactant resulted in the formation of a nonisotropic (two-phase) solution,
which presumably retarded drug release due to poor dispersability in the test
media. For surfactants with HLB values of less than 10, the surfactant fatty acid
chain length and degree of saturation appeared to be responsible for influencing
drug release from the SEDDS. The SEDDS formulation prepared with Labrafac
CM 10 (C8-C10 fatty acid chain length) was found to result in more rapid drug
release than either Labrafil M 10 or Labrafil NA 10 surfactants, both of which are
composed of long chain fatty acids (Fig. 3). In comparing the drug release rate
from SEDDS prepared from the latter two surfactants, it was observed that drug
release was slightly faster with Labrafil M 10 than with Labrafil NA 10, which is
thought to be due to the greater degree of nonsaturated fatty acid present in
Labrafil M 10 (C18:2) as compared to Labrafil NA 10 (C18:1). In another study,
Bachynsky et al. (27) showed that the HLB of the emulsifier, as well as the fatty
acid chain length of the monoglycerides, can have a significant effect on the dis-
persability of a SEDDS formulation. The results demonstrated that surfactants
with a HLB in the range of 10 to 15 and medium-chain monoglycerides were the
most effective, there are specific concentrations of emulsifier and oil, which max-
imize the dispersion efficiency.

Partition Coefficient

The lipophilicity of a molecule can be quantified by its Log P value, which
describes (as the common logarithm) its degree of partitioning between an aque-
ous and a lipophilic phase (usually water and n-1-octanol, respectively) (28). In
many instances, the partition coefficient of a drug and its melting point have
been shown to be key factors in determining solubility in lipids. While drugs with
Log P � 4 tend to possess greater solubility in lipid vehicles than those of lower
lipophilicty, there are several exceptions to this rule (29).
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Figure 2 Effect of hydrophilic–lipophilic balance on the release rate of Ro 15-0778 from
peanut oil based solution containing 60% of emulsifier (Paddles, 50rpm, 900mL of 5%
Cremophor EL aqueous solution). Key: A, Labrafil M2125; B, Labrafac Hydro; C, Labrafac
CM6 BM290; D, Labrafil WL2609; E, Labrafac CM8Bm 284; F, Labrafac CM 10 BM 287;
G, Labrasol. Abbreviation: HLB, hydrophilic–lipophilic balance.



The effect of the surfactant (Labrafac CM10) concentration on the drug
oil–water partition coefficient, lipid droplet size, and drug release rate from a
SEDDS formulation was investigated by Shah et al. (Fig. 4) (11). Increased
surfactant concentrations were correlated with both a smaller lipid droplet size
and a reduced oil–water partition coefficient for the drug, which in turn, were
associated with more rapid drug release, as determined in 900 mL of 5% aqueous
solution of Alkamuls EL-719, in a USP XXII, Dissolution Apparatus 2.

Dielectric Constant (ε )

The dielectric constant that increases in proportion to the relative polarity of a
molecule, is determined by oscillometry and is defined as the ratio of the capacity
of a condenser (made with the test substance as the dielectric material) to the capa-
city of the same condenser with air as the dielectric, as determined at a frequency
of 1 MHz (30). Given the general assumption that “like dissolves in like,” sub-
stances with similar dielectric constants are typically miscible with one another.

Formulation Considerations

In Vivo Performance of Lipids

An understanding of the GI processing of lipid excipients (covered elsewhere in this
book) is critical in that this phenomenon can exert a considerable influence on drug
absorption from lipid-based formulations. This processing involves lipid digestion,
in which lipids are degraded into component fatty acids and monoglycerides
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Figure 3 Effect of chain length and saturation of fatty acid present in the glyceride on
drug release of Ro 15-0778 from peanut oil based solution containing 60% of emulsifier
with hydrophilic–lipophilic balance of 10 (Paddles, 50 rpm, 900 mL of 5% Cremophor EL
aqueous solution).



followed by emulsification by endogenous bile acids, leading to the creation of
complex micellar species, which are intimately related to drug absorption. In
general, lipids that are nondigestible, should be avoided due to the poor drug
absorption typically associated with these excipients. In addition, the fatty
acid chain length of glyceride excipients controls the rate of lipolysis and conse-
quently, drug absorption. Glyceride excipients comprised of long chain fatty acids
are lipolysed relatively slowly, whereas lipolysis of medium chain glycerides
occurs more readily, which can be associated with more rapid and complete drug
absorption (31). In addition, the surfactant component of a formulation can adver-
sely affect the digestion process by sterically hindering the attachment of lipase
enzymes at the oil–water interface, resulting in sub-optimal drug release (9,31).
Given these limitation, lipid excipients that don’t rely on preabsorptive lipolysis as
a prerequisite to drug release (e.g., medium chain monoglycerides, fatty acids, and
monoesters of fatty acids) are often preferred for lipid-based oral formulations.

Drug Loading

Drug loading can influence both the physical characteristics and long-term phys-
ical stability of a lipid-based formulation. Thus, it is important to determine the
saturation solubility of the drug in the chosen formulation. A plot of formulation
viscosity as a function of drug concentration (Fig. 5) can be used to establish the
approximate saturation solubility, which occurs in the region above the inflection
point of the plotted data (32). Excessive drug loading in a lipid solution can result
in gelling or drug crystallization under shear conditions or during storage, as well
as drastic changes in the formulation dispersibility, which is associated with an
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Figure 4 Effect of concentrations of emulsifier, Labrafac CM 10 BM 287, on partition
coefficient (�) droplet size (o), and the release rate (�) of Ro 15-0778 from peanut oil
based solution.



increase in the mean emulsion droplet diameter (MEDD) due to droplet coales-
cence and or aggregation.

Optimal Drug: Surfactant Ratio (Phase Diagram Construction)

The stability, maximum drug loading, and self-emulsifying behavior of a binary
nonionic surfactant–oil mixture is dependent on both temperature and surfactant.
Pseudo-ternary phase diagrams are useful for identifying the optimum concentra-
tions, or concentration ranges, of oil, surfactant and cosurfactant necessary to
form an efficient self-emulsifying formulation. In the absence of water, mixtures
of oils, surfactants, and cosurfactants can exist as either clear isotropic solutions
or as oily dispersions depending on the characteristics of the individual excipients
and the formulation oil-to-surfactant ratio. The self-emulsifying properties of any
SEDDS formulation will be influenced by the physicochemical properties of the
incorporated drug (e.g., polarity and surface activity) and its concentration.
Hence, in the search for a formulation with optimal self-emulsifying properties
(as determined by the size of the dispersed lipid droplets), the SEDDS phase dia-
gram should be constructed by varying not only the concentrations of the excipi-
ents but also that of the drug. In addition to oil droplet size, an acceptable SEDDS
will exhibit the following characteristics:

■ Facile formation of a fine emulsion with a lipid droplet size of less than
5 �m upon dilution with aqueous media and following mild agitation
(11,33).

■ Dispersed oil droplets possess sufficient polarity to promote rapid trans-
fer of drug into the aqueous phase.
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Figure 5 Effect of drug loading on zero shear viscosity and particle size of lipid solutions.



For illustrative purposes, a pseudo-ternary phase diagram for a SEDDS for-
mulation prepared from peanut oil, Labrafac CM-10 (surfactant) and a model
drug is presented in Figure 6. Regions describing combinations of drug, surfac-
tant, and oil that produce good, intermediate and poor SEDDS formulations, as
defined by the above characteristics, are clearly delineated.

Phase diagrams can be constructed with relatively small quantities of drug and
excipients. The test formulations, containing varying concentrations of the drug and
excipients are sequentially diluted with water and allowed to equilibrate. The result-
ing dispersions are next examined with optical microscopy under crossed polar fil-
ters to determine lipid droplet size, check for drug precipitation, verify the emulsion
isotropic behavior and detect liquid crystalline behavior, which will be indicated by
birefringence. The information so gathered is used to construct the phase diagram,
which allows determination of the optimal ratios of drug, lipid, surfactant, and cosur-
factant to use when developing a SEDDS or SMEDDS formulation.

Hygroscopicity of the Lipid

Hygroscopicity of a lipid excipient may dehydrate hard or soft gelatin capsules
resulting in brittleness and fracture of the capsule shell. Moisture sorption
isotherms of various excipients that are typically used in lipid based formulations
are presented in Figure 7. From the opposite perspective, it is critical to ensure that
the formulation can withstand influx of water, when soft gelatin encapsulation
is employed, a process, which involves exposure to relatively large amounts of
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Figure 6 Phase diagram for peanut oil/emulsifier, Labrafac CM-10 BM 287/Ro 15-0778
system. (•) region A: good and efficient self-emulsifying system; (�) region B: poor self-
emulsifying system; (♦) region C: intermediate self-emulsifying system.



moisture as compared to hard gelatin encapsulation. These dynamic changes must
be thoroughly investigated in the early stages of development.

Formulation Evaluation

Mean Emulsion Droplet Diameter

Upon dilution in aqueous media, the MEDD that is inversely proportional to the
amount of surfactant in the formulation, is a critical parameter controlling drug
release from a SEDDS formulation. In addition, the specific choice of surfactant
can influence the lipid droplet size, as well. Smaller oil droplets, with their asso-
ciated greater surface area, favor more rapid drug release, either by faciliation of
partitioning into the aqueous phase or by promoting digestion by lipase enzymes,
a process, which is critical to drug absorption from a lipid vehicle (Fig. 4); a
reduced drug oil:water partition coefficient has also been shown to favor drug
release, as well (11,33–35). The MEDD of a SEDDS is typically assessed by
diluting 125 �L of the formulation to 250 mL in a volumetric flask followed by
gentle mixing by repeated inversion. The droplet size distribution upon aqueous
dilution, which is influenced by the specific composition of the SEDDS (17), is
then determined initially and after equilibration for 24 hours by one of the follow-
ing two techniques, depending on the anticipated lipid droplet size:

■ Low-angle laser light diffraction (MEDD of �1 �)
■ Quasi-elastic light scattering (MEDD of �1 �)
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The influence of the MEDD on formulation performance was clearly
demonstrated for the Neoral and Sandimmune formulations of cyclosporine.
Neoral that forms a microemulsion with a MEDD of approximately 30 nm, has
improved and less variable bioavailability compared to the earlier Sandimmune
formulation, which formed a coarse emulsion with a MEDD of 2 to 5 �m.

The lipid droplet size distributions of two different SEDDS formulations con-
taining varying amounts of the self-emulsifying lipid excipient, Labrafil M2125 CS,
and a poorly water-soluble benzodiazepine drug were compared (17). A control
SEDDS that contained no drug, was prepared as a reference. The formulations were
prepared by first combining all of the excipients (except the water) and dissolving
the drug in the resulting mixture followed by addition of the water. The percentage
proportions of the different components in the three formulations are shown next:

Components Formulation 1 Formulation 2 Formulation 3

Labrafil M2125 CS 62 60 56
PG 3 3 3
Tween 80 30 30 30
Distilled water 5 5 5
Model drug 0 2 6

As shown in Figure 8, the droplet size distributions for Formulations 1 and
2 were found to be bimodal, while the distribution for Formulation 3 was uni-
modal, which is preferred as it ensures more reproducible drug bioavailability.

Drug Release

As discussed previously, drug release and absorption from a SEDDS formulation is
dependent on the physicochemical characteristics of both the drug and excipients,
as well as their interaction with the GI milieu, all of which determine the MEDD
(36). The amount of drug that diffuses from an oil droplet to a surrounding aqueous
phase is a function of the oil droplet radius and the oil:aqueous phase partition coef-
ficient ratio of the drug and can be described from the following relationship:

Q(t) � f(1/r 
 K)

where Q(t) is the amount of drug transferred to the aqueous phase at time t, r is
the oil droplet radius, and K is the oil:aqueous phase partition coefficient of the
drug. Thus, increased concentrations of surfactant, which typically result in
smaller lipid droplet size, tend to promote more rapid release of drug from a
SEDDS formulation (Fig. 4).

In addition, drug release is directly correlated with aqueous solubility and
inversely correlated with affinity for the lipid phase. Assuming that membrane
permeability is not an absorption rate-determining step, the fraction of the drug
dose absorbed (Fa) is proportional to aqueous solubility (S) and the volume of the
GI fluids (Vg), and is inversely proportional to the dose (D) (37).

Fa � S.Vg/D
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When evaluating the effect of an oily vehicle on drug release, the following
equation should also be considered.

Mw � Mo/(K�)

where Mw is the quantity of drug in the aqueous solution, Mo is the quantity of
drug in the lipid phase, K is the partition coefficient (o/w), � is the volume ratio
of lipid to aqueous phase.

As can be seen from this relationship, as the volume ratio, �, decreases the
rate and quantity of drug released from lipid to aqueous phase increases.

As with conventional formulations, identification of a biorelevant in vitro test
method for evaluating drug release from SEDDS formulations is highly desirable
for guiding formulation development and for ensuring batch-to-batch consistency
of the manufactured product. However, compared to conventional formulations,
development of in vitro tests for lipid-based formulations is considerably more
complex due to the poor solubility of lipid excipients in conventional aqueous dis-
solution test media and the need to faithfully reproduce the complex process of GI
lipid digestion. One such method, the dynamic in vitro lipolysis model described by
Zangenberg et al. (38) (covered in Chapter 11 in this book) has sought to reproduce
GI lipolysis in a dissolution test format that allows evaluation of drug release from
a lipid-based formulation in vitro. Although the model has shown promise, it is not
routinely applied due to its complexity. Conventional dissolution testing methods
for lipid-based formulations, which employ aqueous media have relied on the use
of surfactants or hydro-alcoholic media to promote drug release from the lipid
matrix. Exposure of gelatin capsule shells to such media, however, may result in
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gelatin cross-linking, which slows dissolution of the capsule shell and retards drug
release. For example, the popular anionic surfactant, sodium lauryl sulfate (SLS)
has been shown to promote gelatin cross-linking, either through direct hydrophobic
interactions with gelatin, or at pH � 5 through interaction with ionized basic amino
acids contained in gelatin (39,40). In addition, SLS promotes drug release in aque-
ous systems primarily through micellar solubilization, a process much different
from emulsification, which is thought to be responsible for in vivo drug release and
absorption from lipid-based dosage forms, and in which the type of lipid and its
digestibility, formed oil droplet size and subsequently mixing with bile salts all play
significant roles in drug absorption. Another popular cationic surfactant, cetyl
trimethyl ammonium bromide (CTAB), may alter drug release from lipid-based
dosage forms by interacting with anionic lipid excipients (e.g., fatty acids). Due to
the potential interactions of ionic surfactants with both lipid excipients and gelatin
capsule shells, it is recommended that in vitro release testing of hydrophobic drugs
in lipid-based formulations rely on the use of nonionic surfactants, such as Tween
20, Tween 80, and Cremophor EL-15.

In a study in which nifedipine was administered to dogs as a coarse emulsion
(Miglyol 812) or as a nanoemulsion (Miglyol 810/Cremophor EL) formulation, the
Cmax was significantly (P � 0.036) higher for the nanoemulsion (Table 6). Although
not statistically significant, the extent of nifedipine absorption (AUC 0–24 h) was
also higher for the nanoemulsion formulation. In addition, the improved absorption
seen with the nanoemulsion was correlated with more rapid and complete in vitro
release as well as a lower oil-water partition coefficient for the drug (Table 6) (22).

CONCLUSION

The design of self-emulsifying lipid formulations of poorly water-soluble 
drugs has been described and examples, where these formulations approaches were
successfully applied to challenging drug molecules associated with poor
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Table 6 Summary of In Vitro and In Vivo Results for Nifidepine Lipid Solution

Cmax
Partition Mean AUC0–24 mean

Solubility % Dissolution coefficient particle mean  SD  SD 
Formulation (mg/g) at 60 min. (o/w) size (nm) (ng.h/mL)a (ng/mL)a

Miglyol 812 3.36  50.19  5.6  Coarse 173  56 

0.03 1.44 0.45 115b 31c

Miglyol 810/ 4.86  97.23  1.1  10.0  231  105 

Cremophor EL 0.04 2.52 0.02 1.0 106b 36c

aFasted beagle dogs (N � 6) using a single dose (2.5 mg nifidepine) crossover design.
bNot significant different (p value is 0.27, t-test for paired value for means).
cSignificant different (p value is 0.036, t-test for paired value for means).
Abbreviations: AUC, area under the curve; EL, ethoxylated.



bioavailability. The bioavailability of a poorly soluble drug administered in a lipid solu-
tion, SEDDS or SMEDDS formulation is dependent upon several factors including:

■ digestability of the lipid and the type of lipid vehicle used in which the
drug is solubilized,

■ droplet size of the formed emulsion that is produced following exposure
to GI fluids,

■ release rate of the drug from the emulsified oil droplets, which is deter-
mined by the relative droplet polarity and surface area.
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INTRODUCTION

The widespread application of combinatorial chemistry and high-throughput screen-
ing in drug discovery that began in the early 1990s favors the selection of poorly
water-soluble new chemical entities (NCEs), often making oral drug product devel-
opment very challenging (1). A poorly water-soluble drug is defined as one for
which the dissolution time of a single dose in the gastrointestinal (GI) fluids exceeds
the normal transit time through the absorptive regions of the gastrointestinal tract
(GIT) (2). The absorption of these compounds is dose-dependent and controlled by
the dissolution rate in the GIT (3). Particle size reduction and salt formation, which
are common strategies for improving dissolution rate, are not always successful at
achieving the desired extent of absorption enhancement. There are practical limita-
tions to the degree of particle size reduction achievable by conventional means,
which limits the usefulness of this technique. Salt formation that requires an ioniz-
able functional group on the pharmacophore, may not be feasible for very weakly
acidic or basic compounds. Even when a salt is formed, it may prove ineffective to
achieve the desired absorption enhancement due to pH-mediated precipitation of the
drug in the GIT following initial dissolution. Attempts have been made to improve
the absorption of poorly water-soluble compounds by solubilizing them in formula-
tions. Such formulations that are typically liquid in nature, rely on micellar or
solvent/cosolvent solubilization techniques, oil-in-water emulsions, pH-adjusted



solutions, or the use of complexing agents. However, the usefulness of these formu-
lations can be limited by their inability to solubilize the entire drug dose in the
volume of a single gelatin capsule suitable for oral administration. Solid dispersion
formulations that may not require full solubilization of the drug in the excipient
matrix can provide highly effective oral formulations of poorly water-soluble drugs,
when the above-mentioned options fail.

Solid Dispersion

A solid dispersion has traditionally been defined as “the dispersion of one or more
active ingredients in an inert excipient or matrix” (4), where the active ingredients
could exist in finely crystalline, solubilized or amorphous states. Pharmaceutical
solid dispersions have been studied for close to half a century as a means for
increasing the dissolution rate and oral bioavailability of poorly water-soluble
drugs (5,6).

A schematic diagram illustrating the advantages of a solid dispersion as
compared to a conventional capsule or tablet formulation is shown in Figure 1 (7).
The drug dissolution rate from conventional tablet and capsule formulations is
controlled by the size of the primary drug particles, which are limited to a mini-
mum size of around 2 to 5 �m. In most cases, however, powders with particle
sizes larger than the minimum 2 to 5 �m ranges are preferred in capsules and
tablets for ease of handling, formulation, and manufacturing. In comparison, a
portion of the drug contained in a solid dispersion dissolves immediately upon
contact with the GI fluid, resulting in a saturated or supersaturated solution
for rapid absorption, and the excess drug precipitates in the GI fluid, forming
amorphous or crystalline particles in the sub-micron size range with high surface
area and a correspondingly high dissolution and absorption rate. These
characteristics often result in substantially improved drug absorption from a solid
dispersion as compared to a conventional tablet or capsule formulation. Despite
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Figure 1 Advantages of a solid dispersion formulation, as compared to conventional
capsule or tablet formulations, for enhancing dissolution rate and consequent bioavail
ability of poorly water-soluble drugs. Source: From Ref. 7.



these potential advantages, the commercial application of solid dispersion
formulations has been limited (7).

Serajuddin (7) reviewed various issues that formerly impeded the commercial
development of solid dispersions, which include: (i) inability to scale bench-top for-
mulations to manufacturing-sized batches, (ii) difficulty to control physicochemical
properties, (iii) difficulty in delivering solid dispersion formulations as tablet or
capsule dosage forms, and (iv) physical and chemical instability of the drug and/or
the formulation itself. However, the author further discussed how the relatively
recent introduction of surface-active and self-emulsifying excipients, that are solid
at room temperature, has greatly renewed the interest in commercial development
of solid dispersions. Formulations incorporating these new excipients may not only
increase dissolution rates of poorly water-soluble drugs, but they may also be filled
directly into hard gelatin capsules in the molten state, thus obviating the need for
prior milling, blending, and so on. More recently, hot-melt extrusion technology has
shown much  promise in resolving some of the manufacturing issues generally
associated with solid dispersions (8).

Lipid-Based Solid Dispersion

Many investigators have described the utility of lipid-based formulations for
enhancing the bioavailability of poorly water-soluble drugs (9–12). These formu-
lations range from simple solutions of drugs in dietary triglycerides (oil) to the use
of complex mixtures of triglycerides, partial glycerides, surfactants, cosurfactants,
and cosolvents to solubilize drugs. Depending on the formulation composition,
they are described as nonemulsifying drug delivery systems, self-emulsifying drug
delivery systems (SEDDS) or self-microemulsifying drug delivery systems
(SMEDDS). Pouton attempted to provide a scientific basis of classifying various
self-emulsifying lipid-based formulations based on the lipid droplet sizes formed
upon mixing with aqueous media, which may range from �100 �m (Type I) to 50
to 100 nm (Type IIIB) (11). Despite the potential for the use of lipid-based systems
to formulate many poorly water-soluble drugs, Gursoy and Benita (12) reported
that there were only four lipid-based commercially marketed products available in
2004, of which two were for cyclosporine A and the other two for ritonavir and
sequinavir; all of these products were encapsulated liquids. The primary limitation
of lipid-based dosage forms is the requirement that the drug possess sufficient
solubility in the formulation to allow delivery of a single dose in a standard oral
capsule dosage form. In instances where insufficient solubility in the formulation
precludes the development of a fully-solubilized lipid-based formulation, prepara-
tion of a solid dispersion of the drug in a semi-solid, lipid-based formulation could
provide a viable path forward.

Most surface active and self-emulsifying excipients used in solid disper-
sions may be categorized as lipids or lipid-like because they are either glycerides
or chemically related to the glycerides. In the present article, lipid-based solid
dispersions will be discussed in broad terms by including various surface active
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carriers in the lipid category. Mixtures of surface active carriers with nonsurface
active vehicles [e.g., polyethylene glycols (PEGs), different polymers, etc.] will
also be discussed. Particular consideration will be given to the physicochemical
advantages and limitations of these formulations as viable drug delivery sys-
tems as well as the different methodologies applicable to commercial product
development.

The performance of nonself-emulsifying solid dispersions (e.g., those
prepared using PEGs) is often limited by the relatively rapid dissolution rate of
the water-soluble excipient matrix as compared to that of the dispersed drug
substance. This results in the formation of a highly concentrated solution of drug,
which precipitates on the surface of the dissolving excipient plug, forming a
poorly soluble coating that prevents further dissolution of dispersed drug
contained within the excipient matrix. For this reason, solid dispersions must be
pulverized and sifted to increase their surface area in order to facilitate drug
release. This is a difficult task as solid dispersions prepared with such common
excipients as PEGs are usually soft and tacky and may not be readily milled.
Moreover, the powders thus produced often have poor flow and mixing proper-
ties and are difficult to fill into capsules or compress into tablets.

In comparison, solid dispersion formulations prepared from surface-active
lipid or lipid-like excipients prevent the formation of a poorly water-soluble drug
surface layer on the excipient plug during dissolution. While a portion of the
released drug may still precipitate in the dissolution medium once its dissolved
concentration exceeds the saturation solubility, it would typically be present in a
finely divided state due to the surface active properties of the excipient. The asso-
ciated high surface area of the finely divided drug substance would facilitate its
rapid dissolution in the GI fluid. This is shown schematically in Figure 2 for solid
dispersions filled into hard gelatin capsules.
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Figure 2 Incorporation of surface active or lipid carriers promotes dissolution of poorly
water-soluble drugs administered in solid dispersions by preventing precipitation of a
water insoluble, drug-rich layer on the surface of the dissolving formulation plug.



Another major advantage of solid dispersion formulations prepared from
lipid or surface active excipients is realized in the relative ease with which they
are manufactured. Solid dispersions prepared from these excipients may be
directly filled into hard gelatin capsules in the molten state, which subsequently
solidify upon cooling to ambient room temperature, thus eliminating the need for
grinding, sifting, and mixing. The melting temperature of the molten excipient,
however, must not exceed ~70°C, which is the maximum acceptable fill temper-
ature for hard gelatin capsules (13).

EVALUATION OF NEED FOR SOLID DISPERSION

As discussed previously, solid dispersions typically enhance the dissolution rate,
and hence the bioavailability of poorly water-soluble drugs and can provide a
viable path forward in the development of dosage forms for challenging NCEs.
However, it must be borne in mind that compared to conventional tablet and
capsule dosage forms, solid dispersion formulations are relatively complex drug
delivery systems, requiring a substantially greater commitment of time, effort, and
resources for development. Initial formulation development strategies for NCEs
should seek to conserve precious time and resources; therefore, less complex
approaches, such as particle size reduction or salt formation should first be con-
sidered prior to embarking on the development of a solid dispersion formulation.
These initial formulation development strategies should be guided by careful in
vitro assessment of the NCE biopharmaceutical properties and the relevance of
these findings to the projected in vivo formulation performance (3).

Johnson and Swindell (14) described a simple method for assessing the
likelihood that a NCE might be subject to poor absorption following oral admin-
istration. This determination is made by estimating the maximum absorbable
dose (MAD) of an NCE using the following relationship:

MAD � S � Ka � SIWV � SITT

where S is aqueous solubility (mg/mL) at pH 6.5, Ka is intestinal absorption rate
constant (min–1) obtained from a rat intestinal perfusion study (which is consid-
ered to provide data similar to that in humans) (15), SIWV is small intestinal
water volume in mL (which is considered to be 250 mL), and SITT is the small
intestinal residence time (which is generally assumed to be three hours).
The MAD concept serves as an initial guide to whether potential absorption
issues are present for a compound. If the value is higher than the anticipated
human dose, it is usually assumed that there will be no bioavailability issues
encountered with conventional formulations. On the other hand, if it is lower, one
should be concerned about potential absorption issues and alternative formulation
strategies, such as solid dispersion, may be explored to assure satisfactory oral
bioavailability. It should, however, be noted that the foregoing MAD estimation
does not consider the surface area of the drug, nor is consideration given to in
vivo drug solubilization that could be a function of lipids, surfactants, and mixed
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micelles present in the GI fluids. Therefore, one should carefully consider these
factors in any dosage form decisions based on MAD values.

Most poorly water-soluble drugs with good intestinal permeability
(Biopharmaceutical Classification System or BCS Class II compounds) require a
more rigorous analysis of potential drug absorption issues, which includes both
dose and drug particle size, to determine whether an absorption-enhancing for-
mulation will be required and if so, which approach is likely to provide the
desired result with the minimum effort. When drug absorption is limited by dis-
solution in the GI fluids, the fraction of the dose absorbed will decrease with an
increase in the dose size if the drug particle size or surface area is held constant
(Fig. 3). On the other hand, if the dose size is held constant, the fraction of the
dose absorbed will increase with a reduction in particle size or an increase in the
particle surface area. If it is determined that complete absorption of the dose
might be obtained by reducing the particle size to approximately 2 to 5 �m (with-
in the range of standard manufacturing capability), a conventional tablet or cap-
sule dosage form may still be feasible. However, if it is determined that particle
size reduction to the sub-micron range is necessary, a solid dispersion may pro-
vide a viable alternative. In silico absorption modeling with software packages,
such as GastroPlus® (SimulationsPlus, Lancaster, California, U.S.A.), have
demonstrated utility in determining the impact of particle size reduction on drug
absorption (16). For the hypothetical example presented in Figure 3, the drug par-
ticle size must be below 1 �m for a dose of 1 mg to be completely absorbed. For
the 25-mg and 500-mg doses, particle size reduction is not likely to be effective
in enabling complete absorption of the dose and alternative dosage form develop-
ment strategies would most likely be required.

154 Vasanthavada and Serajuddin

Figure 3 Simulation of the effect of dose and particle size on the extent of absorption of
a poorly water-soluble drug with a water solubility of 1 �g/mL. A solubility-enhancing
formulation should be considered to ensure complete absorption of the 25 mg and 500 mg
doses if particle size reduction to the sub-micron range cannot be readily achieved.



STRUCTURE OF SOLID DISPERSION

Solid dispersions are complex mixtures of a drug and one or more carrier.
The molecular structures of solid dispersions are critical as they determine the
physicochemical stability, release characteristics and ultimately, the therapeutic
efficacy of the formulated drug. While it is frequently impossible to determine the
exact physical state of a drug in a solid dispersion formulation, it is generally
agreed that the drug exists in one or more of the following forms:

■ Reduced particle size, relative to the bulk drug substance used in
preparation of the formulation.

■ Metastable crystalline form.
■ Partial or complete conversion of the drug into an amorphous form.
■ Full or partial solubilization of the drug in the carrier matrix.

This section will focus on the preparation and characterization of solid dis-
persion formulations prepared by combining the drug with the molten carrier a
technique that is frequently used for preparation of solid dispersions. The concepts
discussed here may as well be applicable to solid dispersion formulations prepared
by melt extrusion or solvent evaporation techniques. When a melt technique is
used, the structure of a solid dispersion would depend on whether the drug is mis-
cible or immiscible with the molten carrier. If the drug is poorly soluble in the
molten carrier, one would not expect a significant change in the crystalline mor-
phology of the drug upon congealing. On the other hand, if the drug is solubilized
in the molten carrier, then upon cooling the drug could either remain fully solubi-
lized in the congealed formulation, precipitate in a crystalline or semi-crystalline
state, or remain entrapped within the carrier matrix in an amorphous state. Factors
that would determine the final state of the drug in the formulation include intrinsic
drug crystallization tendency, drug loading, drug-carrier interaction, crystallinity
of the carrier, and cooling rate of the molten formulation.

Eutectic Solid Dispersions

A eutectic mixture is a two-phase system of a specific composition in which the
drug and the carrier(s) exhibit complete miscibility in the molten state, but are
immiscible in the solid state and form an intimate mixture of the finely divided
crystalline drug and carrier. When solid A (drug) and solid B (carrier) are com-
bined at the “eutectic composition” defined by point Y (Fig. 4), the melting point
of the mixture is lower than the melting point of either drug or carrier alone
(X and Z, respectively). While some researchers claim eutectics to be an intimate
but inert physical mixture of components, others claim that the reduction in
the melting point of eutectic mixtures is a direct evidence of a molecular interac-
tion between the drug and the carrier (17–19). Eutectics find application in phar-
maceutical dosage forms because of their ability to increase dissolution rate and
absorption of poorly soluble drugs mostly via particle size reduction.
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The eutectic composition for a drug and a carrier is usually identified
by constructing phase diagrams using differential scanning calorimetry (DSC)
scans of their physical mixtures with various drug-carrier ratios. The melting tem-
perature for each mixture is recorded and plotted against the drug-carrier ratio to
yield the eutectic composition. A significant limitation to the use of eutectics as
pharmaceutical dosage forms is the amount of drug loading that can be achieved
at the eutectic composition.

Amorphous Solid Dispersions

Amorphous solid dispersions result when the drug and carrier are miscible in the
molten state, but upon cooling, the drug loses miscibility in the carrier and solidi-
fies in its amorphous state. While the amorphous form of a drug typically posses-
ses a higher rate of dissolution, and correspondingly higher bioavailability than its
stable crystalline form (20), a major limitation of amorphous dosage forms has
been an inconsistent and unpredictable tendency to spontaneously crystallize upon
aging and under various storage conditions (e.g., elevated temperature and humid-
ity), thereby leading to a drop in dissolution rate and bioavailability (21,22).

Solid Solutions

Solid solutions are homogeneous, single-phase systems in which the components
are completely miscible with one another, on a molecular scale, in the solid state.
In Figure 5, if a molten mixture of A (drug) and B (carrier) is cooled from point
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Figure 4 Phase diagram of a simple eutectic system. At temperatures below curve XY or
YZ, either drug (A) or carrier (B) solidify first from the molten mixture, respectively. At
eutectic composition Y, both drug and carrier solidify simultaneously as a mixture of
finely divided crystalline components.



F to below its liquidus curve (defined by point D on line XY), the drug will begin
to precipitate in the molten carrier as either a crystalline or amorphous solid.
During such precipitation, it is possible for a fraction of carrier to remain molec-
ularly dispersed with the precipitating drug. Similarly, solid solution of drug in
carrier can result if mixture at point L is cooled below its solidus curve (point G).
The fraction of drug that remains dissolved at G is given by point I. When the
two-phase mixture of solid solution (segmented zone) and liquid solution of drug-in-
carrier is cooled further, the concentration of drug in solid solution increases.
Upon further cooling below the line JK, the two solid phases begin to separate out
as the �-phase, which is the saturated solid solution of carrier-in-drug and the
�-phase, which is the saturated solid solution of drug-in-carrier.

Unlike metallic alloys, pharmaceutical melts typically do not form crys-
talline solid solutions. In the case of polymers such as PEG and polyethylene oxide
(PEO), which are semi-crystalline, solid solution formation is rare but the possi-
bility cannot be ruled out, since the semi-crystalline nature of such polymers can
permit drug to remain entrapped as a solid solution in the polymer amorphous
regions. Amorphous solid solutions have been described in the pharmaceutical lit-
erature using polymers such as polyvinylpyrrolidone (PVP), hydroxypropylmethyl
cellulose (HPMC), hydroxypropyl cellulose (HPC), and alike (23). A solid 
solution is believed to exist in the amorphous mixture if there is a composition-
dependent change in the glass transition temperature (Tg) of the drug-excipient
mixture (24).
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Figure 5 Phase diagram illustrating the formation of a solid solution when a molten
mixture of drug (A) and carrier (B) is cooled; a certain fraction of carrier could remain dis-
solved in drug (region defined by �) and certain fraction of drug could remain dissolved
in carrier (region defined by �). The dotted line represents solidus curve when the liquid
completely converts into solid form.



Although drug-carrier miscibility in the solid state can help to enhance the
drug dissolution rate and possibly, the bioavailability, the physical stability of the
solid dispersion under conditions of elevated temperature and humidity is of
concern. Drug-carrier phase separation and drug crystallization can result in a
reduction in the drug release rate. One obvious approach to minimize such drug
crystallization is to experimentally identify a drug concentration, which would
not result in crystallization upon storage. This drug concentration is referred to as
the “apparent solid-solubility” and has been determined using thermal analysis
and X-ray diffraction (25–27).

EXAMPLES OF LIPID-BASED AND SELF-EMULSIFYING
SOLID DISPERSIONS

Gelucires®

One excipient that has stimulated interest in lipid-based solid dispersion
formulations is Gelucire 44/14 (Gattefossé Corp., St. Priest, France). This self-
emulsifying excipient that exists as a waxy semi-solid at ambient room tempera-
ture is a mixture of glyceryl and PEG 1500 esters of long-chain fatty acids and is
listed in the European Pharmacopoeia as laurylmacrogolglycerides and in the
United States Pharmacopoeia as lauroylpolyoxyglycerides. The suffixes, 44
and 14, in the excipient trade name refer to its melting point and
hydrophilic–lipophilic balance (HLB), respectively. Serajuddin et al. (28) com-
pared properties of different formulations of the poorly water-soluble drug,
REV5901, which were prepared by dissolving the drug in molten PEG1000,
PEG1450, PEG8000, or Gelucire 44/14; the molten formulations were filled into
size 0 hard gelatin capsules in amounts that contained 100 mg of REV5901 and
550 mg of the excipient. Upon congealing of the formulations at ambient room
temperature, the incorporated drug existed as either a molecular dispersion (solu-
tion) or in the amorphous state within the excipient matrix. REV5901 is a weak-
ly basic drug with a pKa value of 3.6 and a maximum solubility of 0.95 mg/mL at
pH 1 and 37°C; the aqueous solubility at pH 6.8 was less than 2 �g/mL (29).
Although sink conditions existed in the 900 mL volume of simulated gastric fluid
USP (without enzyme) used for dissolution testing of the drug capsules, dissolu-
tion from all of the PEG-based solid dispersions was incomplete, whereas
Gelucire 44/14 provided complete dissolution (Fig. 6). The results of this study
demonstrate the potential value of surface active excipients for enhancing disso-
lution of poorly water-soluble drugs. When the dissolution study was repeated in
water (pH ~6) in which the drug was practically insoluble, the Gelucire 44/14-
based solid dispersion completely released the drug in the dissolution medium,
forming a milky dispersion of the free drug as fine, metastable oily globules. In
contrast, no such release of drug in water by any of the PEG formulations was
observed. From this study, it was concluded that, relative to a simple PEG disper-
sion, a poorly water-soluble drug formulated in a surface-active excipient (e.g.,
Gelucire 44/14) would either dissolve completely in aqueous media or be
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Figure 6 Relative dissolution rates of REV5901 from solid dispersion formulations of
various polyethylene glycols and Gelucire 44/14 in 0.1 M HCl. Each capsule contained
100 mg of drug in a total fill weight of 550 mg. Capsules were prepared by filling with the
molten formulations. Abbreviation: PEG, polyethylene glycol. Source: From Ref. 28.

released in a finely divided particulate state, thus increasing its dissolution
rate and bioavailability. Clinical testing of a Gelucire 44/14 solid dispersion
formulation of REV5901 in normal fasted volunteers revealed substantially
improved bioavailability relative to a conventional tablet formulation prepared
from micronized drug and containing a wetting agent (30).

Aungst et al. (31) observed that the bioavailability in dogs of a PEG-based
formulation of the poorly water-soluble HIV protease inhibitor, DMP323,
decreased 10-fold when the dose was increased from 100 to 350 mg. In contrast,
bioavailability from a Gelucire 44/14 solid dispersion was relatively unaffected
by the delivered dose of DMP323 (69% and 50% after doses of 85 mg and
350 mg, respectively). The bioavailability of another HIV protease inhibitor,
ritonavir, was also substantially enhanced, relative to a conventional formulation,
by using a solid dispersion formulation prepared from a mixture of Gelucire
50/13, polysorbate 80 and polyoxyl 35 castor oil (32).

Barker et al. (33) reported an increase in �-tocopherol (vitamin E) bioavail-
ability from a Gelucire 44/14 solid dispersion formulation, which was attributed
to the formation of fine emulsion droplets containing the vitamin following dis-
persion of the formulation in the aqueous contents of the GIT (Fig. 7).

Gelucire 44/14 has also been extensively used in combination with other sur-
factants and solubilizing agents to enhance the performance of solid dispersions.
For example, Vippagunta et al. (34) observed higher dissolution rate of crystalline
nifedipine from solid dispersion in a mixture of Gelucire 44/14 and Pluronic F68 as
compared to the neat crystalline drug substance milled to the same particle size.



He et al. (35) used Gelucire 44/14 in combination with N,N-dimethyl
acetamide (DMA) to enhance solubility, stability, and bioavailability of a poorly
water-soluble antiviral agent that was chemically unstable and poorly soluble in
aqueous media. It was, however, soluble and stable in DMA and incorporating
Gelucire 44/14 resulted in a stable, semi-solid formulation that could be easily
filled into soft gelatin capsules. Solid dispersion formulations of flurbiprofen (36)
and piroxicam (37) prepared in a mixture of Gelucire 44/14 and Labrasol
(caprylocaproyl macrogolglycerides) demonstrated an improved dissolution rate
in vitro and a corresponding higher bioavailability as compared to conventional
formulations (38,39).

Polyethylene Glycol-Polysorbate 80 Mixtures

Among all the excipients available for use in solid dispersions, the polyethylene
glycols with molecular weights ranging from 1000 to 8000 and which exist in a
waxy, semi-solid state at ambient temperature, have probably been the most thor-
oughly studied. Serajuddin et al. (40) demonstrated that solid dispersion formula-
tions prepared from mixtures of PEG and polysorbate 80 may perform similarly to
Gelucire 44/14. Although polysorbate 80 is liquid at room temperature, it forms a
semi-solid matrix when mixed with PEG in up to a 4:1 ratio of polysorbate 80 and
PEG (Fig. 8). It was hypothesized that polysorbate 80 was incorporated within the
amorphous region of the PEG solid structure, and that the crystalline structure of
solid PEG was minimally affected by polysorbate 80, because the two excipients
were poorly miscible with one another (41).
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Figure 7 Comparison of mean plasma concentration versus time profiles of �-tocopherol
after oral administration of a commercial product or in a formulation containing Gelucire
44/14 to six healthy male volunteers in the fasted state. Two capsules, each containing 
300 IU of �-tocopherol, were given to each subject in a cross-over study design. 
Source: From Ref. 33.



Joshi et al.(42) prepared solid dispersions of a poorly water-soluble and
weakly basic drug (pKa~ 5.5) in neat Gelucire 44/14 and in a 1:3-mixture of polysor-
bate 80 and PEG3350. The highest drug solubility (100 �g/mL) was observed at pH
1.5; the solubility dropped to �1 �g/mL between pH 3.5 and 5.5, and the drug was
practically insoluble (�0.02 �g/mL) at pH � 5.5. The solid dispersion formulations
were prepared by dissolving the drug in the molten excipients at 65°C, which was
filled into size 0 hard gelatin capsules and allowed to congeal, with each capsule
containing either 25 mg or 50 mg of the drug in a total fill weight of 600 mg. The
dissolution profiles of the two formulations were similar and, based on dissolution
rate and other formulation physicochemical considerations, such as the higher melt-
ing point of the PEG-polysorbate mixture compared to Gelucire 44/14, the solid
dispersion containing the mixture of polysorbate 80 and PEG3350 was selected for
in vivo evaluation. The absolute bioavailability of the drug in dogs from the PEG-
polysorbate 80 solid dispersion was 21-fold higher than that of a capsule containing
micronized bulk drug blended with lactose and microcrystalline cellulose. It was
hypothesized that polysorbate 80 ensured complete release of drug from the solid
dispersion in a finely divided metastable amorphous (oily) state, which led to an
increase in the drug dissolution rate.

Using in silico modeling with GastroPlus software, Dannenfelser et al. (16)
predicted that the bioavailability of a highly permeable, poorly water-soluble (aque-
ous solubility ~0.17 �g/mL at 25°C), neutral compound would be dependent on its
apparent solubility in the GI fluids and on the drug particle size. Three different for-
mulations of the drug were prepared: (i) a solution in a solvent-surfactant mixture,
(ii) a solid dispersion in a 1:3-mixture of polysorbate 80 and PEG3350, and (iii) a
dry blend of micronized drug with microcrystalline cellulose filled in hard gelatin
capsules. The solid dispersion was prepared by dissolving the drug in the melted
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Figure 8 Phase behavior of PEG 8000 and polysorbate 80 mixtures. Mixtures of PEG
8000 containing up to 90% of polysorbate 80 remain in the solid state at room tempera-
ture. Abbreviation: PEG, polyethylene glycol. Source: From Ref. 41.



PEG3350 at 65°C � 5°C and filling (as the molten mixture) into hard gelatin cap-
sules; the formulation congealed at room temperature, forming solid plugs in the
capsules. The extents of absorption of the solid dispersion and the micronized drug,
relative to the solution formulation, were 99% and 10%, respectively; absolute
bioavailability could not be determined since a parenteral reference formulation
was not available. Once again, this study demonstrated the utility of surfactant-
containing solid dispersion formulation for enhancing the bioavailability of a
poorly soluble drug and, in this instance, the solid dispersion formulation was
selected for testing in Phase I clinical studies.

Other investigators have also reported enhanced dissolution (43) and
bioavailability (44) of drugs from PEG-polysorbate mixtures. PEG solid disper-
sions containing varying amounts of the ionic and nonionic surfactants, sodium
dodecyl sulfate (SDS), and polysorbate 80, respectively, were described by
Sjökvist et al. (45). In this instance, instead of directly filling the molten formu-
lations into hard gelatin capsules, the congealed formulation was first pulverized
and then filled into capsules as the waxy, solid material. In another study, Owuso-
Ababio et al. (46) prepared solid dispersions of mefenamic acid in neat PEG3350
or in a mixture of PEG3350 and polysorbate 20. Relative to the neat PEG solid
dispersion, an increase in the dissolution rate of mefenamic acid was seen, when
polysorbate 20 was incorporated.

Lipid-Polysorbate Mixtures

Polysorbates have proven useful in preparing solid dispersion formulations of
poorly water-soluble drugs in combination with excipients other than PEGs. One
interesting formulation approach was reported by Attama et al. (47), who
described the preparation of homogeneous dispersions of up to 30% w/w of
diclofenac in molten mixtures of polysorbate 65 and goat fat (melting point
51°C). Molded tablets were prepared by allowing the molten formulation to con-
geal at ambient room temperature. The in vitro dissolution rate of the drug from
this formulation was proportional to the surfactant concentration.

Tocopheryl Polyethylene Glycol 1000 Succinate (TPGS)

Another lipid-based excipient useful for preparing solid dispersion formulations
is d-�-tocopheryl polyethylene glycol 1000 succinate (TPGS; Vitamin E TPGS,
Eastman Chemical, Tennessee, U.S.A.). This excipient, which is listed in the
United States Pharmacopoeia, is a water-soluble, surface-active, and self-
emulsifying derivative of vitamin E that is capable of solubilizing many poorly
water-soluble drugs. Because of its relatively low melting point (~40°C), molten
TPGS formulations are suitable for filling into both soft and hard gelatin cap-
sules; however, hard gelatin capsules require band-sealing in order to prevent
leakage of the contents. Koo et al. (48) compared the bioavailability of solid dis-
persions of the antimalarial drug, halofantrine, formulated in PEG600, TPGS,
Gelucire 44/14, or a 1:1 mixture of TPGS and Gelucire 44/14. The drug was

162 Vasanthavada and Serajuddin



dissolved in a molten excipient at 70°C to 80°C, and the solution was either
poured into precooled suppository molds or filled directly into hard gelatin cap-
sules and allowed to solidify. Each dosage unit contained 100 mg of halofantrine
and 600 mg of an excipient. When administered to fasted beagle dogs, the solid
dispersion formulations produced a uniform, five- to seven-fold improvement in
halofantrine bioavailability relative to the commercial tablet formulation. In vitro
dissolution studies in aqueous media revealed that both TPGS and Gelucire 44/14
formulations dispersed the drug in the solubilized state, whereas the PEG600 for-
mulation dispersed the drug in the solid state. However, in this instance, no sig-
nificant difference in oral bioavailability was observed among these three formu-
lations, leading the investigators to conclude that optimal halofantrine bioavail-
ability could be achieved either by full solubilization in the formulation or by
particle size reduction.

In another study conducted in rats, the bioavailability of paclitaxel was
improved four- to six-fold by coadministration with TPGS due to its effect on the
solubility and permeability of the drug (49). Other investigators have studied the
role of TPGS in enhancing the absorption of drugs, which are both poorly soluble
and poorly permeable (50,51). Sokol et al. (52) reported enhanced absorption of
cyclosporine from vitamin E TPGS formulations administered to pediatric patients,
as compared to formulations without vitamin E TPGS. Formulations including
TPGS allowed a 40% to 72% reduction in the cyclosporine dosage required to
maintain therapeutic plasma drug concentrations. Similarly, Chang et al. (53)
reported a significant increase in cyclosporine bioavailabilty in healthy volunteers
when administered with TPGS. In both of these instances, the authors suggested not
only drug solubilization, but also inhibition of the intestinal P-glycoprotein trans-
porter as a contributing factor to the enhanced cyclosporine bioavailability.

TPGS is the primary excipient used in the soft gelatin capsule formulation
of aprenavir (Agenerase®, GSK, North Carolina, U.S.A.), which was also shown
to improve the drug bioavailability through a combination of increased solubility
and permeability enhancement due to excipient-mediated P-glycoprotein efflux
inhibition (54).

Block Copolymers

Another surface active lipid excipient class that has shown significant promise for
application in solid dispersion formulations is the block copolymer (55–59),
various grades of which are commercially available as poloxamers (Pluronics®).
Ho et al. (56) reported that the dissolution rate of nifedipine from a solid disper-
sion in Pluronic F-68 was positively correlated with the Pluronic F-68:nifedipine
concentration ratio. In another study, the in vitro dissolution rate in pH 6.8 buffer
and the bioavailability in dogs of a poorly water-soluble drug, ABT-963, were
increased relative to a conventional capsule formulation containing drug-excipi-
ent granules by a solid dispersion formulation Pluronic-F68 prepared by solvent
evaporation or filled into capsules in the molten state (58). At a concentration of
approximately 7.5% w/w, the drug formed a eutectic mixture with Pluronic F-68,
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which thermal analysis, powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), and elemental mapping demonstrated to be comprised of
crystalline ABT-963 and Pluronic F-68. More recently, Yin et al. (59) prepared a
spray-dried formulation of the water-insoluble drug, BMS-347070, which result-
ed in rapid drug absorption and bioavailability in dogs comparable to that of a
solution formulation. The drug was dissolved in acetone or methylene chloride
along with Pluronic F-127 and spray-dried to form a dispersion of nanosized
crystalline drug material within a crystalline, water-soluble matrix. The authors
hypothesized that the polyethylene oxide segments of Pluronic F-127 crystal-
lized, while the polypropylene oxide segments of the excipient remained
amorphous, creating a size-restricted domain in which the drug substance formed
physically stable nanocrystals.

Gels

Fluid-filled hard gelatin capsules can be prepared from thixotropic gel formulations,
the viscosity of which is lowered by adding suitable excipients or through the appli-
cation of pressure during the filling process. While this technique has proven useful
in certain instances, it has found only limited application due to the difficulty of iden-
tifying appropriate excipients from which these formulations can be prepared.

A thixotropic, lipid-based formulation of the poorly water-soluble drug,
propantheline bromide, which was suitable for hard gelatin encapsulation at room
temperature was prepared by first dissolving the drug in Miglyol 829. Subsequent
incorporation of colloidal silicon dioxide increased the viscosity of the fill mate-
rial in proportion to the amount added, while simultaneously increasing the in
vitro dissolution rate of the drug (60). In another study, colloidal silicon dioxide
was used as a gelling agent to formulate a SEDDS from a mixture of an oil
(diesters of caprylic/capric acids; Captex 200), a surfactant (polysorbate 80) and
a cosurfactant (C8/C10 mono-/diglycerides; Capmul MCM) (61).

Jirby et al. (62) described the preparation of semi-solid “amphiphilogel” for-
mulations of poorly water-soluble drugs from combinations of solid and liquid sur-
factants or amphiphiles. The semi-solid surfactants, Span 40 (sorbitan monopalmi-
tate) or Span 60 (sorbitan monostearate), were used as solid gelators and combined
with the liquid surfactants, Span 20 (sorbitan monolaurate) or a Tween (polysor-
bate 20 or polysorbate 80). The solid and liquid components were heated together
to 60°C to enable homogeneous mixing and gels were formed when mixtures were
cooled to room temperature. The authors reported that bioavailability of poorly
water-soluble drugs could be enhanced by incorporating them in such gels.

Pellets

Lipid and surfactant excipients have been used to prepare self-emulsifying pellets
that are suitable for direct filling into hard gelatin capsules or for preparing tablets
by direct compression. Franceschinis et al. (63) produced self-emulsifying pellets
with improved drug dissolution and enhanced permeability of the model drug,
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nimesulide, by wet granulation with microcrystalline cellulose, lactose, mono-,
and diglycerides and polysorbate 80. In another study, a self-emulsifying pellet
formulation of progesterone was prepared by extrusion and spheronization (64).
A 50:50 mixture of oil (mono- and diglycerides) and polysorbate 80 was prepared
by melting the glycerides at 50°C, adding the surfactant, and cooling the mixture
to room temperature, yielding a liquid in which the progesterone was dissolved.
The solution was combined with microcrystalline cellulose and small amounts of
water and ethanol, resulting in solidified mass that was extruded, spheronized and
filled into hard gelatin capsules. A three-way randomized crossover study was
conducted in beagle dogs comparing progesterone bioavailability from hard
gelatin capsules containing the extruded pellets, the liquid formulation (pre-
extrusion), and an aqueous suspension. At a constant dose of 16 mg, the area
under the curve (AUC) and maximum plasma concentration (Cmax) of the extruded
pellets and the liquid formulations were both found to be seven- to nine-fold
higher than those of the aqueous suspension, clearly demonstrating that the
bioavailability-enhancing properties of the liquid formulation were not lost
following conversion to an extruded semi-solid formulation capable of being 
dry-filled into capsules or compressed into tablets.

Phospholipids

Phosphatidylcholine (PC) and its derivatives, dipalmitoylphosphatidylcholine
(DPPC) or dimyristoylphosphatidylcholine (DMPC), have also been used to
enhance the dissolution rate and bioavailability of poorly water-soluble drugs.
Law et al. (65) demonstrated that the in vitro dissolution and in vivo absorption
of nifedipine was enhanced 2.6-fold and 3.4-fold, respectively, when 5% PC was
incorporated into nifedipine-PEG solid dispersions. The increase in bioavailabil-
ity was hypothesized to have resulted from the formation of phospholipid 
vesicles, which entrapped a fraction of the nifedipine dose during dissolution in
aqueous media and prevented precipitation of the drug. To test the assumption,
one part of the turbid dissolution medium containing the dissolved nifedipine-
PEG-PC solid dispersion in water was filtered through a 1.2 �m membrane filter
and centrifuged. The supernatant was analyzed under a microscope to confirm
absence of drug particles or lipid vesicles. Likewise, an aliquot of the turbid dis-
solution medium was filtered though a 1.2 �m membrane filter and was analyzed
without centrifugation for absence of drug particles. Passing the media through
the filter did not disrupt the lipid vesicles. Nifedipine concentrations were deter-
mined in both the turbid medium and the clear supernatant (Fig. 9).

As seen in Figure 9, the nifedipine concentration in the supernatant was
significantly less than that in the uncentrifuged dissolution medium, indicating
that the presence of lipidic vesicles might have contributed to higher entrapment
of nifedipine. The formulations were administered orally to rats and the plasma
concentrations of nifedipine were significantly higher from solid dispersions
containing PC (Fig. 10).
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Figure 10 Comparison of mean plasma concentration versus time profiles of nifedipine
in rats after oral administration of solid dispersion formulations consisting of nifedipine-
PEG (5:95) (�) or nifedipine-PC-PEG (5:5:90) (�). Abbreviations: PC-PEG, phos-
phatidylcholine-polyethylene glycol; PEG, polyethylene glycol. Source: From Ref. 65.

Figure 9 Dissolution profiles of a nifedipine/phosphatidylcholine (PC)/polyethylene
glycol (5:5:90) solid dispersion in water. Nifedipine concentrations were determined after
(a) centrifuging and analyzing the clear supernatant, and (b) analyzing the turbid layer con-
taining lipid vesicles of PC. Nifedipine appeared to be entrapped in lipid vesicles during
dissolution, based on microscopic and chromatographic analysis. Abbreviation: PC, phos-
phatidylcholine. Source: From Ref. 65.



The derivatives of PC, DPPC, and DMPC have also been shown to enhance
the dissolution rate of nifedipine. Yamamura et al. (66) demonstrated that comilled
mixtures of nifedipine with either DPPC or DMPC had higher dissolution rates when
compared with their corresponding solid dispersions or simple physical mixtures.
Solid dispersions, in turn, had higher dissolution rates than the physical mixtures. A
possible explanation for the superior nifedipine dissolution rate produced by
cogrinding could be the result of distortion in the crystal lattice of the phospholipid
excipient resulting in the generation of an amorphous form of the excipient that was
not observed in solid dispersions or the comilled physical mixtures.

Incorporation of 5% to 20% w/w of various phospholipids has also been
reported to enhance the dissolution rates and enhance the absorption of poorly
water-soluble drugs such as griseofulvin, fludrocortisone, and carbamezapine
(67–69), while ~5% w/w cholesterol has been shown to reduce the age-related
changes in the dissolution rates of solid dispersions of poorly water-soluble
drugs, though the mechanism is not fully understood (70,71).

CHALLENGES IN DEVELOPMENT OF LIPID-BASED
SOLID DISPERSIONS

One of the major hurdles in developing a lipid-based solid dispersion formulation
involves the selection of a suitable excipient. An ideal excipient should

■ be safe, inert, and available at a purity level suitable for human use,
■ not degrade during manufacturing or storage,
■ be capable of solubilizing the drug dose in a volume not exceeding that

of an oral capsule,
■ (preferably) possess surface active properties to enable self-

emulsification or complete dissolution of the drug dose,
■ reliably and reproducibly enhance the oral bioavailability of the drug

relative to a conventional formulation,
■ be physically and chemically stable, and compatible with a wide range

of drugs and other excipients,
■ be nonhygroscopic and inert to the capsule shell or other packaging com-

ponents,
■ allow simple and efficient dosage form manufacture and permit ready

scale-up from bench top to production-sized batches.

Some important aspects and challenges that need to be addressed during selection
of a suitable excipient will now be discussed in greater detail.

Drug Solubility in Carrier

The amount of a drug released from a lipid-based solid dispersion formulation is
often determined by the solubility of the drug in the excipient matrix, which
should be sufficient to allow complete solubilization of the drug dose in the 
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volume of a single oral capsule. In instances where the drug cannot be fully
solubilized in the formulation, a properly chosen surfactant can improve the
dissolution rate of a poorly soluble drug. In one instance, the authors showed that
the dissolution rate of a poorly soluble compound, SB-210661, was higher in the
presence of 0.5% polysorbate 40, as compared to 0.5% SDS, despite the fact that
contact angle measurements indicated better wettability with SDS. The superior
dissolution rate from the polysorbate 40-containing formulation was attributed to
its 100-fold lower critical micelle concentration, which may have solubilized a
higher fraction of the dispersed drug during dissolution (72).

Compared to a fully-solubilized solid dispersion formulation of a drug, a
suspension formulation requires more stringent manufacturing controls on
parameters, such as concentration and particle size of the dispersed phase and
formulation viscosity. Rowley et al. (73) studied the rheology and capsule filling
properties of molten PEG6000, 8000, 10000, and 20000 dispersions of lactose
monohydrate, which was selected as a model drug compound due to its low
solubility in PEG. Hard gelatin capsules were filled with the molten formulations
at 70°C using a semi-automatic filling machine. Satisfactory capsule filling was
achievable, but was constrained by the apparent viscosity of the formulation,
which was dependent upon the concentration and particle size of the dispersed
phase (lactose) and the molecular weight of the PEG continuous phase.

Thus, preliminary solubility screening studies should seek to identify 
those excipients that are not only physically and chemically compatible with
one another, but also those which can provide the maximum solubilizing
power for the drug as well. The solubility of a drug in surfactant or polymer
excipients, which are semi-solid at ambient room temperature, can be estimat-
ed by extrapolation from solubilized concentrations obtained from tempera-
tures at which the excipients are molten. However, it is necessary to confirm
preliminary solubility estimates with multiple analytical techniques and con-
struction of phase diagrams for assessing phase miscibility (74–76).
Microscopic detection of crystalline drug material in the excipient matrix is
useful for detecting concentrations 	2% crystalline drug in the polymer
matrix, but may not be reliable when the excipient matrix itself is crystalline
in nature (77). DSC and XRD have also been used to detect the existence of
crystalline drug in the excipient matrix (25,26,78). However, when using DSC
to study a semi-solid drug dispersion, a control consisting of a simple physi-
cal admixture of drug and excipient at identical composition should be run
before drawing phase miscibility diagrams, since the drug could dissolve in the
excipient during heating, leading to erroneous conclusions (79). Confocal
Raman spectroscopy has also been used to assess the physical state and distri-
bution of drugs in solid dispersions. Using this technique, Breitenbach et al.
(80) determined that the physical state of ibuprofen, dispersed in a solid matrix
of polyvinylpyrrolidone, was equivalent to that of a solution of the drug in
dimeric vinylpyrrolidone.
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Drug Stability in Carrier

The physicochemical stability of a drug in a lipid-based formulation is dependent
on drug loading and solubility in the excipient matrix, specific mechanism(s) of
drug degradation, and formulation hygroscopicity. In some cases, solubilization
of the drug in the lipid matrix can be maintained; in others, however, precipita-
tion could occur during storage due to moisture sorption or enhanced molecular
mobility. Serajuddin et al. (81) studied the crystallization of REV5901 due to
water migration into the excipient matrix from the capsule shell. The drug was
dissolved in either PEG400 or in a 6:1 mixture of Gelucire 44/14: PEG400, and
700 mg of formulation, containing 125 mg of the drug, was encapsulated in soft
gelatin capsules. Following storage of the capsules under ambient conditions, the
equilibrium water content of the PEG400 solution had increased to 6.3%, which
reduced the initial solubility of the drug in the vehicle by 45%, leading to crys-
tallization. On the other hand, the equilibrium water content in the Gelucire
44/14:PEG400 mixture after exposure to similar storage conditions was only
1.1%, with full solubility of the drug in the formulation being maintained.

Land et al. (82) investigated the impact of hydration levels of long- and
medium-chain triglyceride oils on the solubility of the model hydrophobic com-
pounds, progesterone, estradiol, and testosterone. While the solubility of proges-
terone was unaffected by the hydration level of the triglyceride, the solubilities of
estradiol and testosterone were decreased by 30% to 40% in the presence of mois-
ture. Such a decrease in solubility was attributed to conversion of estradiol and
testosterone to their less soluble hydrate form in the presence of trace amount of
water dissolved in the oil.

The impact of moisture on the molecular mobility and physical transformation
of a drug from a metastable state to its stable form has been documented in the lit-
erature (83,84). In order to better understand the characteristics of lipids that could
alter the physical stability of drugs in solid dispersions, changes in the properties of
neat lipids subsequent to moisture uptake have been studied. In one such study (85),
the impact of hydration on physical properties of Gelucire 44/14 was investigated.
Because of its natural and semi-synthetic origin, Gelucire 44/14 consists of several
chemical components; it was observed that moisture uptake initially resulted in par-
tial deliquescence of glycerol, the most hydrophilic component, followed by PEG
and its esters and lastly, the glycerides. It was suggested that the hydrophilic fraction
of the excipient be controlled so as to minimize formulation deliquescence during
storage and consequently minimize drug crystallization.

In another study, Gelucire 50/13 sustained release solid dispersion formula-
tions containing 10% w/w of either caffeine or paracetamol were stored at 20°C and
37°C, and the drug release in distilled water was monitored periodically over 180
days using the United States Pharmacopea (USP) rotating basket method (86).
While the release profiles for caffeine from the solid dispersion showed only a
slight increase over time regardless of the storage temperature, a significant
increase in the release of paracetamol was observed for samples stored at both 20°C
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and 37°C, although the increase was more significant at the higher temperature. The
observed change in dissolution rate was associated with “blooming,” or the forma-
tion of scales on the surface of the formulation matrix, which is indicative of a loss
of physical integrity.

Damian et al. (87) studied the effect of temperature and aging on the release
of the poorly soluble antiviral agent, UC-781, from solid dispersion formulations
prepared from PEG6000, Gelucire 44/14, or PVP K30. The formulations that
contained between 5% and 80% w/w of UC-781, were stored for up to 12 months
at either 4°C to 8°C or 25°C under 25% RH. The dissolution rate of UC-781 from
all of the formulations decreased as a function of storage time when tested with
the USP paddle method at 50 rpm using purified water media containing 0.2%
w/v polysorbate 80. When stored at 25°C, the drop in dissolution was the least
from PVP solid dispersions, where the percent drug dissolved at 60 minutes
decreased from 90% for freshly prepared samples to 80% following storage for
12 months. For the PEG6000 solid dispersion formulation, the percent of drug
dissolved at 60 minutes dropped from 75% for freshly prepared samples to 23%
for samples stored for 12 months. Under similar conditions, the dissolution rate
of the Gelucire 44/14-based formulation decreased from 85% to 40%. The
decrease in the drug dissolution rate upon storage was attributed to a change in
the physical state of the excipient matrix, possibly reorganization of the polymer
crystalline domain, as evidenced by a higher observed enthalpy of fusion.

Weuts et al. (88) monitored the dissolution behavior of loperamide from
PEG solid dispersions stored under various stressed conditions (i.e., 40°C/0%
RH, 25°C/52% RH, and 4°C/0% RH). The rate of loperamide dissolution in pH
4.5 aqueous buffer medium declined upon storage and, in this instance, was asso-
ciated with increased crystallinity of the dispersed drug occurring during storage
under conditions of elevated temperature and humidity.

Formation of reactive intermediates (e.g., peroxides) secondary to excipient
degradation can result in chemical instability of the formulated drug. Lipid exci-
pients containing unsaturated fatty acids and polyglycolzyed glycderides, which
oxidize with aging, can be particularly problematic for drugs sensitive to oxida-
tive degradation (89). For instance, oxidation of PEG400 over time was believed
to generate formaldehyde, which led to degradation of a guanine derivative com-
pound (90). In another study, the degradation of fenprostalene in a PEG400 solu-
tion was attributed to a reaction between the drug and peroxide intermediates
formed from PEG400 in the presence of atmospheric oxygen (91). Oxidation of
polyoxyethylene surfactants under stressed conditions has also led to the forma-
tion of peroxides as well as formaldehyde (92–94), both of which are capable of
leading to gelatin cross-linking in capsule shells resulting in a slower dissolution
rate (89). A decrease in the in vitro drug dissolution rate was observed over time
for a capsule formulation of gemfibrozil (95) and was associated with the forma-
tion of a tough, water-insoluble film on the inner surface of the capsule shell,
which prevented release of the formulation. The observed film was attributed to
denaturation of the inner capsule surface by formaldehyde that was formed
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subsequent to auto-oxidation of polysorbate 80 present in the formulation.
Although the concentration of formaldehyde formed was less than 0.08%, it had
a significant impact on the release rate of the drug substance in vitro but did not
effect drug bioavailability relative to control capsules in which gelatin cross-link-
ing was not present.

In summary, certain types of lipid and surfactant excipients can have delete-
rious effects on both drug stability and release rate due to formation of reactive
degradants or changes in the physical state of the excipient upon aging. Therefore,
careful monitoring of not only the drug, but also the excipient, is needed during
stressed stability studies to ensure adequate drug stability and reproducible formu-
lation performance during the shelf life of the product.

DRUG RELEASE

Drug release from a solid dispersion formulation may be broadly described by the
following sequence:

■ dissolution of water-soluble excipient components,
■ exposure of lipid and/or drug to aqueous media,
■ lipid micellization or emulsification,
■ equilibrium partitioning of drug from the oily phase to the aqueous phase,

and
■ in some cases, digestion of lipid.

The released drug is absorbed either from the aqueous phase or, possibly to
a lesser extent, directly from the finely dispersed, intact or digested oil droplets.
The percent drug release and absorption from capsules containing lipid-based
solid dispersions is therefore largely dependent upon factors including emulsifi-
cation rate, particle size, and polarity of the resulting oily droplets, and the
partitioning of drug from the oily phase or micelles into the aqueous media (96).
Establishing a bio-relevant in vitro dissolution testing method that can be indica-
tive of such a complex drug release process from lipid-based solid dispersion is
therefore challenging.

In this section, some advances in the evaluation of drug release from lipid-
based solid dispersions are discussed.

Modified Two-Step Partitioning Process

Fassihi et al. (97) described a modified two-phase dissolution method to monitor
the release of nifedipine from capsules containing solid dispersion formulation of
drug in a mixture of Gelucire 44/14 and Labrasol. Formulation was prepared by
dissolving nifedipine in a molten mixture of Gelucire 44/14 and Labrasol, which
was then filled into size 00 hard gelatin capsules and allowed to solidify. Each cap-
sule contained 30 mg of nifedipine dissolved in the formulation. Drug release was
determined using either USP I (basket) or modified USP II (paddle) methods. In the
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modified paddle method, a size 16 screen (opening of 1.2 mm) was inserted hori-
zontally in the dissolution vessel, to prevent the capsule or nondisintegrated lipid
excipient matrix from floating on the dissolution medium. A layer of octanol was
spread on the surface of aqueous dissolution medium (simulated gastric fluid con-
taining enzymes), and samples were withdrawn from the octanol layer during test-
ing. Fresh octanol was added to replace the amount removed during sampling. The
octanol/water partition coefficient of nifedipine is 1000:1, which minimizes the lag
time for partitioning of released drug into the octanol layer. The authors studied the
effects of various dissolution apparatus designs to select the optimum hydrodynam-
ic conditions for ensuring complete release of nifedipine from the formulation.
While this particular dissolution methodology helps to prevent issues typically
encountered during dissolution testing of lipid dosage forms (e.g., floating of
capsules and lipid fractions, drug loss during sampling and analysis of turbid
emulsions, and lack of sink conditions), it could potentially overestimate drug
release due to the high solvent capacity of the octanol layer, which would readily
solubilize any recrystallized or undissolved drug that was released into the aqueous
phase of the dissolution medium.

Measuring Particle Size of Undissolved Drug

In vitro formulation performance can be assessed not only by evaluating the drug
dissolution rate, but also by determining the particle size of the released, but
undissolved, drug in the dissolution medium. For instance, drug particle sizes 
in the sub-micron range increase the chances of complete dissolution of the dose
in vivo during GI transit because of the relatively high drug particle surface area.
In one study (98), solutions of REV5901 were prepared in PEG400, polysorbate
80, or peanut oil. The relative bioavailabilities of these three formulations were
evaluated in rats in comparison to a 10% w/v aqueous suspension of the
micronized drug (5–10 �m) in 0.5% HPMC. During in vitro dissolution testing of
the peanut oil dispersion, it was observed that the neat drug precipitated and set-
tled at the bottom of the dissolution vessel, whereas the drug released from PEG
400 and polysorbate 80 solutions separated as metastable oily globules with a
mean droplet sizes of approximately 1.64 micron and 0.66 micron, respectively.
The bioavailabilities from these two latter formulations were approximately 30%
to 40% greater than that seen with the aqueous suspension formulation. The
improved REV5901 bioavailability from the polysorbate 80 formulation, relative
to the aqueous suspension formulation, was attributed to the ability of the surfac-
tant to promote the formation of a finely divided, more rapidly dissolving form of
the drug substance.

In another study (42), two solid dispersion formulations of a weakly basic,
poorly water-soluble drug were prepared in either Gelucire 44/14 or in a mixture
of PEG3350 and polysorbate 80. Based on preliminary in vitro evaluation, the
solid dispersion in the PEG-polysorbate mixture was selected for further testing in
dogs in comparison to a capsule formulation of micronized drug (5–10 �m) and an
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oral solution in a mixture of PEG400, polysorbate 80, and water. The relative
bioavailability of the solution, the solid dispersion, and the powder-filled capsule
were 60:36:1.7, thus demonstrating a 21-fold improvement in bioavailability by
solid dispersion as compared to micronized drug. During in vitro dissolution 
testing of the solid dispersions, it was observed that part of the drug dissolved 
rapidly and the remaining, undissolved drug was dispersed as sub-micron parti-
cles. The presence of surfactant in the solid dispersion formulations may have 
prevented coalescence of the undissolved drug particles, thereby favoring rapid
dissolution through maintenance of a high particle surface area. On the other hand,
capsules containing micronized drug did not show complete in vitro release.
Differences in the effective particle sizes of micronized drug and drug dispersed as
sub-micron particles from solid dispersions could possibly explain the differences
in the observed bioavailabilities. Particle size measurement of unfiltered sample
aliquots of the dissolution media obtained during testing could therefore help in
assessing relative in vivo absorption potential.

Soliman et al. (99) used particle size and turbidity measurements to optimize
solid dispersion formulations of flurbiprofen prepared in a mixture of Gelucire
44/14 and Labrasol. A relationship between the mean diameter of the dispersed
drug particles and the rate and cumulative percent of drug release during dissolu-
tion testing was observed.

Serajuddin et al. (16,42) believe that measuring the dissolved drug concen-
tration as well as the drug particle size in unfiltered dissolution media as a func-
tion of time could be useful tools for evaluating the performance of lipid-based
solid dispersion formulations. Either simulated gastric or simulated intestinal
fluid (whichever has the lower solubilization capacity for the drug) should be
chosen for testing the particle size of released drug, with purified water serving
as a third, suitable alternative.

MANUFACTURING TECHNIQUES

In this section, an overview of various techniques suitable for large scale manu-
facturing of lipid-based solid dispersions will be presented.

Direct Capsule-Filling Technique

Solid dispersion formulations have traditionally been prepared by fusion method,
wherein the drug substance is added to the molten excipient, the mixture is cooled
and solidified, pulverized into fine powder and either filled into capsules or com-
pressed as tablets (100). For lipid-based solid dispersions, the above steps could
pose several manufacturing limitations, due to waxy nature of the material. Such
challenges can be addressed by directly filling hard gelatin capsules with the
molten formulation and allowing the molten mass to solidify.

Although the filling of molten formulations into hard gelatin capsules dates
back to 1978 (101), the application of this technique for filling PEG-based solid
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dispersions into hard gelatin capsules was not described until 1987 (102). Since
melting an excipient can alter its crystallinity by converting to metastable crys-
talline or amorphous states, Hawley et al. (103) evaluated the effects of melting
and subsequent congealing on the rheology and crystalline structure of various
poloxamers, polyethelene glycols, myristic acid, triglycerides, and selected block
copolymers of polyethylene oxide/polypropylene oxide. It was observed that
these manufacturing unit operations did not substantially change the crystalline
structure of the studied excipients.

For a successful scale-up, excipients selected for direct filling operations
and the drugs dissolved in the molten formulation should remain physically and
chemically stable for the duration of the capsule filling operation. In addition, the
viscosity of the molten fill can not change and must be within a range that allows
accurate filling by the liquid handling apparatus. In one study, Robinson (104)
successfully scaled-up a capsule filling process using either a Qualifill semi-auto-
mated or H&H capsule filler. Glyceride bases, such as Gelucire 50/12 or Precirol,
a wax comprised of mono-, di-, and triglycerides of palmitostearic acid, were
filled into size two capsules at a fill weight of 269 mg and at a filling temperature
between 50°C and 52°C. Qualifill capsule filler was used to yield capsules with
highly uniform fill weights (less than 1% RSD).

Some basic requirements for capsule liquid-filling machines include:

■ provisions for thermal control of the bulk fill reservoir, for maintaining
the product in the molten state prior to dosing,

■ provisions for agitation of the bulk fill reservoir to prevent phase sepa-
ration or settling of dispersed drug material prior to dosing,

■ accurate dosing of liquid volumes ranging from 0.1 to 1.0 mL,
■ ability to eject a filled capsule body, in the absence of cap, without

spilling the molten or semi-solid contents, and
■ surveillance systems to halt dosing when the absence of a capsule body

is detected.

The filling of liquids and semi-solids into hard gelatin capsules and recent
developments in this technique has been reviewed by Rowley (105).

Hot Melt Extrusion

While hot melt extrusion has been used as a continuous manufacturing process in
the chemical and food industry for over a century (106,107), its commercial appli-
cation in the pharmaceutical industry has been very limited. During hot melt extru-
sion, a mixture of drug substance and one or more excipients is continuously fed
into a heated extruder barrel containing rotating horizontal screw(s). The elevated
temperature and high shear mixing in the barrel typically results in softening of
one or more of the formulation components and creates a fine dispersion of the
drug substance in the excipient(s), which is continuously extruded through an 
orifice at the opposite end of the barrel (108,109). The extrudate is cooled, pulverized,
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and compressed into tablets or filled into hard gelatin capsules. Alternatively, the
hot extrudate can be molded into tablets using calendering or injection molding
techniques (110). Being a continuous manufacturing process, this technology
offers minimal or no scale-up risks and provides flexibility in altering product
quality by regulating process parameters such as the processing temperature,
screw speed, and the material feed rate.

When manufacturing lipid-based solid dispersions using hot melt extrusion,
excipients such as polyethylene glycols, fatty acids, polyglycolyzed glycerides, and
low melting surfactants have commonly been used. In one study (111), melt extru-
sion was used to prepare solid dispersions of 17�-estradiol hemihydrate (17�-E2)
with excipients such as PEG 6000, PVP (Kollidon 30), a vinylpyrrolidone-vinylac-
etate-copolymer (Kollidon VA 64), Sucroester WE15 and Gelucire 44/14. Melt
extrusion was performed with an 18-mm single screw extruder equipped with three
heating zones (Allrounder 100U, Arburg, Lo�burg, Germany). Drug and excipient
mixed in a mortar and pestle were introduced into the extruder barrel, which was
maintained at 60°C, a temperature well below the melting point of the drug. Cooled
extrudates were pulverized and mixed with microcrystalline cellulose, corn starch
and magnesium stearate before compressing into tablets. The in vitro dissolution
rate of 17�-E2 from the solid dispersion tablets in 0.1M HCl was enhanced 30-fold,
as compared to simple physical admixtures of the neat drug and corresponding
excipients. X-ray diffraction studies confirmed that the drug remained in the crys-
talline state in both solid dispersion and physical admixtures formulations, which
led the investigators to conclude that the enhanced drug dissolution rate seen with
solid dispersion could be the result of superior wetting of finely dispersed drug par-
ticles in solid dispersion by the surfactant during dissolution.

Melt Pelletization

Melt pelletization is a process in which a meltable binder is mixed with drug sub-
stance and excipients under high shear in a granulating bowl to produce pellets or
granules of desired particle size. The binder is added either in its molten state or
as a solid, which is subsequently softened or liquefied during processing.
Examples of meltable binders include polyethylene glycols, lipid fatty acids, fatty
alcohols, and polyglycolized glycerides.

A high shear jacketed granulator is typically used for melt pelletization pro-
cessing to create the high shear force necessary to produce granules of uniform
size distribution (112–114). During processing, temperatures inside the granula-
tor are maintained above the melting point of the binder allowing the binder to
melt and induce pellet formation. At the end of the process, dry agglomerates are
obtained by cooling the product to ambient temperature.

Using melt pelletization, solid dispersions of diazepam were prepared with
PEG3000 and Gelucire 50/13 as the thermo-softening binders (115). Binders were
added by two different methods: “pump-on” and “melt-in.” When the pump-on
procedure was applied, diazepam was dissolved in the molten binder and then
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added to lactose in the jacketed mixing bowl. With the melt-in method, solid
binder was added to preheated diazepam and lactose mixture, and the processing
temperature was increased to at least 5°C above the melting temperature of the
binder. The in vitro dissolution rate in pH 6.8 phosphate buffer was determined as
a function of the drug concentration in solid dispersion, the binder type, process-
ing temperature and cooling rate. It was found that the dissolution rate of diazepam
from pellets containing either binder was significantly greater than that of neat
diazepam. Also, Gelucire 50/13 provided a higher dissolution rate than PEG3000,
possibly due to the surfactant properties of the former (116,117). The release rate
was higher from solid dispersions containing lower drug levels, where the drug
was believed to exist as a molecular dispersion in the polymer. Neither the process-
ing temperature, nor the cooling rate, affected the in vitro dissolution rate.

Melt pelletization has been used not only to enhance, but also to retard the
release rate of drug candidates. In a study conducted by Robinson (104), Gelucire
50/13 and Precirol were used to formulate sustained release dosage forms of a
water soluble drug. High-shear mixing in a Becomix RW 15 mixer was used to
manufacture batches ranging from 5 to 8 kg in size at a processing temperature
of 80°C for 30 minutes. Excellent batch content uniformity (�1% RSD) and
comparable dissolution profiles were observed for seven batches of product pre-
pared using this technique. Dissolution testing was conducted using 900 mL of
hydrochloric acid (pH 1.5) containing sodium chloride, which was adjusted to pH
7.4 after two hours by addition of aqueous sodium dodecyl sulfate (SDS) and a
solution of sodium acetate and tris(hydroxymethyl)methylamine.

Although melt-pelletization technique is well suited for process scale-up, it
is critical to define the process variables for successful and reproducible product
manufacturing. Parameters such as impeller speed, mixing time during granula-
tion, processing temperature, binder type, and nature (i.e., molten vs. solid
binder), and cooling rate have been shown to influence the physicochemical pro-
perties, drug release profiles and potentially, the in vivo performance of the 
formulation, and must be addressed on a case-by-case basis (118–120).

CONCLUSIONS

In recent years, significant advances have been made in the area of oral drug deli-
very with regard to bioavailability enhancement and subsequently, the therapeutic
efficacy of poorly soluble drugs. These advances have been made possible through
a greater understanding of the interaction of the dosage form with the GI environ-
ment and through the application of physicochemical principles to dosage form
development. While dietary oils, fats and other lipids have been considered to be
suitable vehicles for the formulation of such drugs, a review published in 2004
showed that there are only four significant products on the market for which lipids
are used as carriers and two of these products are for the same active pharmaceuti-
cal ingredient (12). Obviously, many challenges to the widespread application of
lipid-based formulations still remain. This chapter has discussed recent advances,
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as well as challenges and opportunities, in the development of lipid-based solid
dispersion systems and has provided several examples from the literature. It is
hoped that lipid-based solid dispersions will provide new opportunities as they yield
convenient solid dosage forms, which are capable of maintaining formulated drugs
in the molecularly dispersed or amorphous state and subsequently release drugs as
either solutions or finely divided and rapidly dissolving particles, thus leading to
improved bioavailability.
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INTRODUCTION: LIPID-BASED FORMULATIONS
AND ORAL DRUG DELIVERY

The use of formulations containing natural and/or synthetic lipids as a potential
strategy for improving the oral bioavailability of poorly water-soluble, highly
lipophilic drug candidates has received increasing interest in recent years. For
poorly water-soluble compounds, lipids are believed to assist absorption by
reducing the inherent limitations of slow and incomplete dissolution and by facil-
itating the formation of colloidal species within the intestine that are capable of
maintaining otherwise poorly water-soluble drugs in solution. Importantly, the
formation of these solubilizing species does not necessarily arise directly from
the administered lipid, but more frequently results from the intraluminal process-
ing of these lipids (via digestion and dispersion) prior to absorption (1–3).

The coadministration of drugs with lipids can also influence the drug absorp-
tion pathway. Whilst most orally administered drugs gain access to the systemic cir-
culation via the portal blood, some highly lipophilic drugs are transported to the
systemic circulation via the intestinal lymphatics, thereby avoiding hepatic first-
pass metabolism) (1,4–6). In addition, lipids can delay gastric transit and enhance



passive intestinal permeability (7–10). More recently, certain lipids and lipidic
excipients have been suggested to improve drug absorption through mitigation of
presystemic drug metabolism associated with gut membrane-bound cytochrome P-
450 enzymes or via inhibition of the P-glycoprotein efflux transporter (11–18).

Lipid-based formulations have been successfully and commercially applied
to the formulation of cyclosporine, saquinavir, ritonavir, dutasteride, and ampre-
navir. The more widespread application of lipid-based formulations has, however,
been hampered by the incorrect perception that these types of products are difficult
and time-consuming to develop. This chapter briefly outlines some of the issues
involved with in vitro assessment of lipid-based formulations, but will concentrate
primarily on those issues pertaining to the use of in vivo preclinical data to

■ identify the potential utility of lipid-based formulations,
■ assess the relative importance of lymphatic transport in drug 

absorption, and
■ screen for and develop effective lipid-based formulation strategies.

Since the performance of lipid-based formulations is often influenced by
gastrointestinal lipid digestion and dispersion, these processes will be briefly
described in the next section.

DIGESTION AND ABSORPTION OF LIPIDS

The digestion and absorption of lipids has been extensively reviewed in the litera-
ture and is also covered elsewhere in this volume (19–22). Briefly, lipid digestion
involves three main sequential steps: (i) dispersion of fat globules into a coarse
emulsion, (ii) enzymatic hydrolysis of triglyceride (TG) at the oil/water interface,
and (iii) dispersion of the digestion products into a fine emulsion of high surface
area from which absorption can readily occur (23). Digestion of dietary lipids that
are predominantly in the form of poorly water-soluble, neutral TG, begins in the
stomach where lingual and gastric lipases secreted by the salivary gland and gastric
mucosa, respectively, initiate the hydrolysis of TG to its component diglyceride
(DG) and free fatty acid (FA) components. Liberation of these more water soluble
lipid digestion products, in combination with the shear force encountered during
antral contraction and gastric emptying, facilitates the formation of a coarse emul-
sion, which upon entry into the duodenum, stimulates the secretion of bile salts and
biliary lipids from the gall bladder and the release of lipase enzymes from the pan-
creas (24–26). Biliary-derived phospholipid and cholesterol adsorb to the surface of
the oil droplets comprising the crude emulsion, resulting in improved colloidal sta-
bility and a reduction in the oil droplet size with an attendant increase in surface
area. These changes facilitate lipid hydrolysis, which occurs at the oil/water inter-
face through the combined actions of colipase and pancreatic lipase enzymes, and
results in the production of one molecule of 2-monoglyceride (MG) and two mole-
cules of FA for each TG molecule hydrolyzed. As lipolysis proceeds, these diges-
tion products collect at the surface of the lipid droplets, typically forming liquid
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crystalline structures, which slough off from the droplet surface and, in conjunction
with bile salts and phospholipids, form multilamellar and unilamellar vesicles and
ultimately, bile salt-lipid mixed micelles (24,27). While the specific mechanisms
controlling the gastrointestinal absorption of lipids have not been fully elucidated,
it is known that bile salt mixed micelles are not absorbed intact but must dissociate
and release the emulsified lipid digestion products prior to absorption into the ente-
rocyte (28,29). Dissociation of mixed micelles may be triggered by a microclimate
of lower pH associated with the intestinal brush border membrane (30,31).

In addition to passive diffusion, there is now evidence to suggest that 
specific membrane bound carrier proteins may facilitate the transport of lipid
digestion products across the apical membrane of the enterocyte (32–34). Once
within the enterocyte, the cytosolic FA binding proteins L-FABP and I-FABP
bind to FA and facilitate FA solubilization and distribution to the cell nucleus and
endoplasmic reticulum (35–38).

POSTABSORPTIVE PROCESSING OF LIPID DIGESTION 
PRODUCTS: LYMPH VS. PORTAL BLOOD

After absorption into the enterocyte, the lipid FA chain length dictates the specif-
ic transport pathway to the systemic circulation. Typically, short- and medium-
chain lipids (carbon chain length �12), which account for approximately 10% of
dietary lipid (but are common formulation components), are transported primarily
by the portal blood (39). In contrast, long-chain lipids (�12 carbons) migrate to
the endoplasmic reticulum where re-esterification to TG and subsequent incorpo-
ration into chylomicrons occurs prior to secretion into mesenteric lymph.
However, the relationship of the lipid transport pathway to the FA chain length is
not absolute. For example, up to 30% to 40% of the absorbed amount of long chain
FA may pass directly into the portal blood and some lymphatic transport of
medium-chain FA is also possible (40–42).

Lymphatic vessels from both the small and large intestine originate as a plexus
of lymphatic capillaries in the mucosa and submucosa underlying the absorptive cells
and these capillaries join to form larger mesenteric lymph collecting vessels.
Mesenteric lymph subsequently drains into the cisterna chyli, where it mixes with
hepatic and lumbar lymph prior to entry into the thoracic duct, which drains directly
into the systemic circulation at the junction of the left subclavian and internal jugular
veins, bypassing the liver and avoiding any potential drug loss through hepatic first-
pass metabolism (1,5,6,43–45). The direct drainage of lymph from the gastrointesti-
nal tract into the systemic circulation therefore dictates that drugs absorbed via the
intestinal lymphatics will avoid hepatic first-pass metabolism (1,5,6,45).

LIPOPHILIC DRUG DISPOSITION DURING DIGESTION 
AND ABSORPTION OF LIPID-BASED FORMULATIONS

The complexities associated with obtaining intestinal fluid samples have often
limited the study of the interaction of a drug in a lipid-based formulation with the
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gastrointestinal milieu to in vitro models. To this end several studies from our lab-
oratories (46–51) and others (52–54) have utilized in vitro lipid digestion
methodologies to examine the relative proclivity of drugs of varying physico-
chemical characteristics to

■ remain associated with the undigested lipid phase of a formulation,
■ partition into the colloidal species formed on interaction of the lipid

formulation or its digestion products with biliary derived lipids, and
■ precipitate during intestinal processing of the lipid formulation.

While a detailed discussion of these possibilities is beyond the scope of this
chapter, it is clear that avoidance of precipitation in vivo and transfer of the drug
into the dispersed colloidal species from which absorption is assumed to occur is
paramount to optimal absorption. Depending on the physicochemical character-
istics of the particular drug and the excipients contained in the formulation, drug
precipitation may occur upon initial dispersion of the dosage form in the stom-
ach. This is particularly apparent for formulations containing large quantities of
water soluble surfactants, cosurfactants, and cosolvents. These formulations,
classified as “Type III” by Pouton, (55,56), are those in which dispersion of the
water soluble excipients may reduce the overall solubilizing capacity of the 
formulation. In contrast, those formulations containing a larger proportion of
poorly water-soluble components, such as low hydrophilic–lipophilic balance
(HLB) surfactants and lipids (Type I and Type II formulations) are less likely to
be affected by dispersion in the gut contents. The performance of this latter group
of formulations, however, is more susceptible to influence by lipid digestion. In
this regard, recent studies from our laboratories have highlighted the possibility
of drug precipitation following digestion of formulations comprised primarily of
medium chain lipids. Since the digestion products of these lipids are considerably
more water soluble than those comprised of long chain lipids, digestion may sub-
stantially reduce the solubilizing capacity of formulations incorporating medium
chain lipid excipients (49,50).

After absorption, the majority of lipophilic drugs diffuse through the ente-
rocyte and gain access to the systemic circulation by way of the portal blood.
However, a number of highly lipophilic drugs, including cyclosporine (57),
probucol (58), mepitiostane (59), naftifine (60), penclomedine (61), halofantrine
(62,63), ontazolast (64), CI-976 (65), MK-386 (66), lipophilic vitamins, and vita-
min derivatives (1), xenobiotics including dichloro-diphenyl-trichloroethane
(DDT) and associated analogs (67,68), benzo(a)pyrene (69) and numerous
lipophilic prodrugs (70) have been shown to be transported primarily by the intes-
tinal lymphatics.

Although the precise mechanism(s) by which lipophilic drugs gain access
to the intestinal lymph is not fully understood, the majority of lymphatically
transported lipophilic compounds are solubilized within the TG core of chylomi-
crons. Small quantities of transported drug may also be associated with the very
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low density lipoprotein (VLDL) fraction of lymph. Promotion of lymphatic drug
transport therefore requires an appropriate lipid source to stimulate lipoprotein
synthesis by the enterocyte. Whilst dietary intake often provides the necessary
lipid source required to support chylomicron formation, lipid-based formulations
may also promote intestinal lymphatic drug transport by stimulating the turnover
of lipoproteins through the enterocyte (71).

Charman and Stella have previously established an apparent relationship
between the physicochemical properties of an administered drug and the extent
of intestinal lymphatic drug transport (72). They suggested that candidate drug
molecules should have a log octanol/water partition coefficient (log P) of at least
5 and significant TG solubility (�50 mg/mL) before intestinal lymphatic trans-
port is likely to become a significant contributor to oral bioavailability. As a
caveat, these criteria were based on the assumption that the drug is well absorbed
and metabolically stable in the intestinal lumen and within the enterocyte, a situ-
ation, which is often not the case for highly lipophilic drug candidates.

The requirement for a high log P value takes into consideration the differ-
ences in the flow rate between portal blood and intestinal lymph (approximately
500-fold in the rat) and the maximum lipid content of lymph (1–2%). Since the
transport of lipophilic drugs in intestinal lymph is associated with the chylomicron
lipid fraction, simple mass terms dictate that for a drug to be equally transported by
the portal blood and the intestinal lymph, a partition coefficient of at least 50,000:1
in favor of chylomicron lipid is required, which translates to a log P of 4.7.

Appreciable solubility of a drug in a lipid such as a long chain triglyceride
(LCT) is an important corequisite for lymphatic drug transport as this reflects the
solubility of the drug in the lipid core of the chylomicron. By way of example,
the cumulative lymphatic transport of two high log P compounds, with varying
lipid solubilities, hexachlorobenzene (HCB, log P 6.53) and DDT (log P 6.19) has
previously been studied in an anesthetized rat model. In this case after intraduo-
denal administration, the lymphatic transport of DDT (the solubility of which in
peanut oil is 13-fold higher than HCB) was substantially greater (33.5% dose)
than the corresponding lymphatic transport of HCB (2.3% dose) (72). A recent
study assessing the potential for bile salt micelle-mediated conversion of the
hydrochloride salt of halofantrine to the corresponding lipophilic free base, as a
prelude to lymphatic absorption, also highlights the need to consider the poten-
tial for lymphatic transport of lipophilic (and lipid soluble) free acids or free
bases after administration as the corresponding salt (73).

It is therefore clear that lipid based formulations can influence a drug’s bio-
pharmaceutical profile via a number of different mechanisms, including changes
in gastric transit time, solubility in the intestinal lumen, intestinal membrane 
permeability, and lymphatic transport. In vitro models have been developed to
evaluate the potential capacity of lipids and lipidic excipients to enhance drug
absorption and bioavailability via changes to both drug solubility and permeabil-
ity. These aspects are well addressed elsewhere in this volume, and a considerable
number of recent publications have explored the utility of both dispersion 
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and simulated digestion testing (46,47,49–53) and the impact of lipids and 
lipidic excipients on permeability using a range of in vitro permeability 
models (8,9,74–76). However, neither of these assessments is capable of fully
representing the overall range of potential effects that lipids can have on the bio-
pharmaceutical profile of a coadministered drug. Therefore, at some stage during
preclinical development of a lipid-based formulation, in vivo evaluation in an
appropriate animal species is required.

IN VIVO EVALUATION OF LIPID-BASED FORMULATIONS

Several factors need to be taken into account when selecting the appropriate study
design for assessing the in vivo performance of a lipid-based drug formulation.
These include animal species, use of anesthesia, route of dosing (oral vs.
intraduodenal), dosing volumes (absolute volume and volume per kg of body
weight), ability to administer a human-size clinical dosage unit, the type and
number of samples required (e.g., lymph, blood, bile, urine, multiple vs. single
samples), study cost and relative simplicity. The importance of each of these 
factors is likely to vary depending on the stage of development and whether the
purpose of the study is to simply demonstrate initial proof of concept or rather to
provide a more structured evaluation of potential clinical formulations. When
deciding on the particular animal model or study design, a clear understanding of
the questions that need to be answered is paramount. A discussion of the specif-
ic advantages and disadvantages of different animal models is given below and is
structured in the form of questions that those models might be used to answer.

Will Lipid-Based Formulations Enhance the Delivery 
of This Drug Candidate?

When initially confronted with a poorly water-soluble compound for which con-
ventional formulation approaches aimed at improving absorption (e.g., salt or
crystal form selection, particle size reduction, solid dispersions, or the addition of
surfactants) has failed, the first question typically raised is, “what type of formu-
lation strategy is going to allow further development of this drug?” For com-
pounds in which the primary limitation to absorption is poor aqueous solubility
and slow dissolution rate, and where intestinal permeability is not a limiting fac-
tor, (e.g., BCS II drugs) (77), a lipid-based formulation should be considered.

An indication of the potential utility of a lipid-based formulation can be
gained from knowledge of the drug physicochemical properties (e.g., water solu-
bility, log P, and solubility in lipids) and pharmacological properties (e.g., target
and anticipated dose) coupled with a reasonable understanding of the barriers to
drug absorption. However, before embarking on a series of studies to evaluate
specific lipid-based formulations, an initial proof-of-concept study is warranted.
Since the primary mechanism by which lipid-based formulations enhance drug
absorption stems from the solubilization of the drug, either directly or following
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interaction of the lipid excipients and their digestion products with endogenous
lipids and surfactants (e.g., phospholipids and bile salts), proof of concept can
often be demonstrated from a simple fed-fasted relative bioavailability (food
effect) study. In such a study, dietary lipid is often sufficient to produce solubiliz-
ing conditions within the gastrointestinal tract (GIT) and, in the majority of cases,
will be sufficient for assessing the maximum potential of a lipid-based formula-
tion to improve drug absorption.

There are, however, a limited number of situations where lipidic formula-
tions may provide advantage over and above that indicated by a food effect study.
These include instances where specific components of a lipidic formulation, most
commonly surfactants (which will not be present in a typical meal), may interfere
with intestinal efflux or metabolism processes thereby improving oral bioavail-
ability (11–18). It is also possible that the beneficial utility of food (or a lipidic
formulation) in terms of stimulation of drug solubilization, may be masked by an
opposing reduction of bioavailability resulting from a “negative” food–drug inter-
action, such as drug complexation with a food component. Conversely, for drugs
subject to extensive hepatic first-pass metabolism, food may increase oral
bioavailability via increased hepatic blood flow, a mechanism unlikely to be repli-
cated by the use of a lipid-based formulation. Food has also been shown to alter
the clearance and volume of distribution of highly lipophilic drugs, although the
changes are typically not very large (78,79). Finally, a key consideration when
assessing the utility of a lipid-based formulation is that of maximum drug-
loading capacity. An indication of drug solubility in the lipids and surfactants
being considered in the prototype formulation(s) is therefore an important early
indicator of the feasibility of a lipid-based formulation approach.

Notwithstanding the aforementioned considerations, food effect data gives
a quick and relatively facile first look at the potential utility of a lipid-based for-
mulation, prior to expending resources on formulation development studies. In
some instances, clinical data may be available (e.g., where the decision to explore
alternative formulation approaches has arisen as a result of bioavailability prob-
lems encountered, or confirmed during the early phases of a clinical program).
However, this will not often be the case, and an initial estimation of the likely
impact of food (and potential utility of lipid-based formulations) should occur
during preclinical development.

The most useful preclinical food effect data is likely to be obtained in non-
rodent species since most small rodent species used in laboratory investigations
will not typically eat on command, and generally consume a relatively low fat
diet. Hence, food effect data is most readily generated in beagle dogs. There is a
relatively small historical data base of food effect data in dogs, but in many cases
the available data well reflects food effect data in humans. In some instances,
however, food effects in dogs may be more pronounced that in humans due to the
higher luminal bile salt concentrations in dogs (80), resulting in greater increases
in postprandial solubilization and absorption. In our laboratory, the oral bioavail-
ability of danazol, a poorly water-soluble steroid derivative, was increased
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approximately 7.5-fold in fed beagle dogs (50), whereas previous human data
(81) demonstrated a more modest (three-fold) difference between pre- and post-
prandial administration (Fig. 1A). Similarly, the oral bioavailability of halo-
fantrine, a lipophilic antimalarial, was increased 10-fold in fed beagle dogs (82)
and only three-fold after postprandial administration to healthy human volunteers
(Fig. 1C) (83). In the case of celecoxib, a poorly water-soluble nonsteroidal
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Figure 1 Examples of the ability of food effect studies in both humans and dogs to indi-
cate the potential utility of lipid-based formulations. (A) Mean (n � 12) plasma profiles
for danazol after oral administration of a commercial 100 mg danazol capsule to healthy
volunteers after eight hours fasting (�) or postprandially (�). Source: From Ref. 81. (B)
Plasma profiles (mean � SE, n � 4) for danazol after oral administration of 15 mg of
danazol as a powder-in-capsule formulation to beagle dogs after an overnight fast (�) or
postprandially (�), or after administration of 15 mg of danazol in a self-microemulsifying
formulation containing soybean oil, Maisine® 35-1 and Cremophor® EL (�). Source:
From Ref. 50. (C) Mean (n � 6) plasma profiles for halofantrine (Hf) after oral adminis-
tration of 250 mg Hf HCl as a simple tablet formulation to healthy volunteers after an
overnight fast (�) and postprandially (�). Source: From Ref. 83. (D) Plasma profiles
(mean � SE, n � 4) for Hf after oral administration of 250 mg of Hf HCl as a simple tablet
formulation to beagle dogs after an overnight fast (�) or postprandially (�) (Source: From
Ref. 82) or after administration of 233 mg of Hf base (molar equivalent to 250 mg Hf HCl)
in a self-emulsifying formulation containing peanut oil and Tagat® TO (surfactant) (�).
Source: From Ref. 105.



anti-inflammatory, a similar trend was also reported where feeding increased oral
bioavailability three-fold in the dog, but only marginally in humans (84). In this
instance, however, these differences were ascribed to the lower drug dose admin-
istered to human subjects and also to the fact that intestinal transit times in
humans are approximately twice as long as those in dog, thereby resulting in
improved drug dissolution in the fasted state and a correspondingly lower impact
of food on absorption.

Examples from the literature where positive food effect data has been indica-
tive of the potential utility of lipid-based formulations include cyclosporine (79,85),
saquinavir (86,87), and vitamin E (88–90), although in each case the relative impact
of formulation components on solubility, permeability, and lymphatic transport are
unclear. In our hands, the positive food effect data described above led to evalua-
tion of the utility of lipid-based formulations for danazol and halofantrine (Fig. 1).
In the case of danazol, the positive food effect was reflected in enhanced oral
bioavailability after oral administration to dogs of a lipid-based microemulsion pre-
concentrate (50). However, the low solubility of danazol in the tested formulation
precluded the development of a practical clinical formulation (Fig. 1B).
Interestingly, the lipid formulation employed appeared capable of matching the
bioavailability-enhancing effect of food, suggesting achievement of maximal
bioavailability.

In the case of halofantrine, lipid-based formulations have been shown to
enhance oral bioavailability (Fig. 1D) (91–93), and in general, lipid-based formu-
lations incorporating excipients comprised of long chain FA substituents appear
to be more effective than those comprised of short or medium chain FA. These
effects appear to reflect advantages of long chain FA on both drug solubilization
and lymphatic transport (49,93,94), but with either excipient class, enhanced
bioavailability is predicted by the large positive food effect seen both clinically
and preclinically.

Is Intestinal Lymphatic Transport a Factor in the Biopharmaceutical
Profile of This Drug Candidate?

Although intestinal lymphatic transport may not contribute significantly to the
overall transport of drug from the intestine to the systemic circulation for many
currently marketed oral drug products, there are a number of highly lipophilic
molecules, and an increasing number of newly discovered, candidate drug com-
pounds for which lymphatic transport does play a significant role in drug
transport following oral administration. From a drug development perspective,
early information as to the possible role of lymphatic transport and its formula-
tion dependence is important for several reasons. Firstly, drug transported lym-
phatically avoids hepatic first-pass metabolism and may lead to significant
improvements in oral bioavailability for high hepatic extraction ratio drugs. A
good example of this is the use of the highly lipophilic undecanoate ester of
testosterone to promote intestinal lymphatic transport and improve delivery of
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testosterone to the systemic circulation. In this example, while the proportion of
the testosterone undecanoate dose delivered systemically via the intestinal lymph
is low (2–3%), recent studies from our group, in collaboration with colleagues at
NV Organon, have shown that this accounts for greater than 80% of the system-
ically available testosterone (95). Thus, lymphatic transport of even a relatively
modest proportion of the drug dose may be clinically relevant when hepatic first
pass metabolism is significant (95). Secondly, if the proposed site of drug action
is in the lymph (e.g., immunodulatory or antineoplastic agents), enhanced deliv-
ery to the lymphatics and exposure of the lymphatic capillaries to relatively high
drug concentrations may be therapeutically advantageous. Finally, data from our
laboratories and those of others have suggested that the clearance of drugs deliv-
ered to the systemic circulation associated with lymph chylomicrons may be dif-
ferent from that of the same drug absorbed via the portal blood (65,93). This has
significant implications for the design and conduct of preclinical safety studies,
particularly if the formulation used results in a different proportion of the
absorbed drug dose being delivered lymphatically as compared to the clinical for-
mulation. This may be especially pertinent for the highly lipophilic, poorly water-
soluble compounds that are likely candidates for significant lymphatic transport,
as these are often dissolved or suspended in lipids to achieve maximal exposures,
and to facilitate identification of target organ toxicities and assignment of 
safety margins.

It should be clear that an early indication of whether lymphatic transport is
likely to play a significant role in drug uptake is important. Recently, a number of
animal models for estimating intestinal lymphatic drug transport [based on the
original surgical preparation described in (99)] have been described and reviewed
(93,96–98), and the majority of studies have been conducted either in rats or
dogs. Drugs or drug candidates that are transported to the systemic circulation via
the intestinal lymphatics are highly lipophilic, and possess very low aqueous
solubilities. In order to assess the relative propensity for lymphatic transport,
therefore, conditions and models should be sought, which first maximize drug
absorption into the enterocyte and subsequently, enhance the fraction of the total
amount absorbed that is transported into the intestinal lymph. Since postprandial
administration often enhances absorption of lipophilic drugs and also provides a
ready supply of lipids to drive chylomicron formation and intestinal lymphatic
drug transport, coadministration with food may, in many cases, represent a sim-
ple means for overcoming luminal solubility and dissolution limitations to drug
absorption. As described above, useful postprandial drug absorption data is most
readily gathered in larger, nonrodent animal species and as such, our preference
is to use a dog model to provide initial proof of concept data for intestinal lym-
phatic transport. The triple cannulated dog model has been described in detail in
the literature (94,96) and has recently been applied to examine the lymphatic
transport of halofantrine (71,94) (Fig. 2A), testosterone undecanoate (95),
and several experimental drug candidates (100). Assuming that the quantity of
dietary lipid is known, by monitoring TG levels in the lymph the efficiency of
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Figure 2 Lymphatic transport of halofantrine (Hf) after administration to greyhounds
and rats in lipid-based formulations comprised of lipids with different fatty acid chain
lengths. (A) Cumulative recovery (expressed as % Hf dose, mean � SD, n � 3/4) of Hf in
greyhound thoracic lymph after oral administration of 50 mg Hf in self-emulsifying for-
mulations of Hf containing Cremophor® EL and either long chain lipids (●), or medium
chain lipids (▲). Source: From Ref. 71. (B) Cumulative recovery (expressed as % Hf dose,
mean � SE, n � 4) of Hf in rat mesenteric lymph after oral administration of 2.5 mg Hf
dissolved in long chain triglyceride lipid (●), medium chain triglyceride lipid (▲) or as a
simple lipid-free aqueous suspension (�). Source: From Ref. 93.



lipid absorption and lymphatic transport can be readily monitored and used as a
quality control indicator of the health and absorptive status of the test animal.
This study design allows reasonably accurate assessment of the relative contribu-
tion of lymphatic transport to overall drug exposure, often with as little as two test
animals. Practical considerations for this dog model, however, involve the rela-
tively high study cost and procedural complexity, and the attendant ethical issues
involved in conducting terminal studies in large animals. Consequently, screening
studies examining the impact of various formulation approaches on the extent of
lymphatic transport are most appropriately conducted in smaller species such as
rats. However, data from these studies should be interpreted with care since
methodologies employed for the study of lymphatic drug transport often differ
between research groups, making cross-comparison of results difficult. The most
common differences include the sites of lymph fistulation and exteriorization of
the cannula (101), the extent of hydration and fasting/fed state of the animal sub-
sequent to fistulation (102), whether the experiment is performed in conscious or
anesthetized animals (62,63), and the site of drug/lipid administration (62). For
example, we have previously examined the impact of anesthesia, degree of for-
mulation dispersion and administration route on the lymphatic transport of halo-
fantrine in rats (62,63). In anesthetized animals, where the drug was administered
by intraduodenal infusion, a clear relationship was seen between formulation per-
formance in vivo and the extent of lipid dispersion. Thus, the lymphatic transport
of halofantrine increased from as low as 3.9% of the administered dose after
administration of a simple lipid solution, to 11.8% after administration of an
emulsion formulation, and finally to 17.7% after administration of a highly-
dispersed, micellar formulation (63). In all cases, the type (2:1 molar mixture of
oleic acid:glyceryl monooleate) and volume of lipid administered (50 �l) was
identical. In contrast, when the same formulations were administered orally to
conscious animals the dependence of absorption on lipid dispersion was not
observed and the extent of lymphatic transport of halofantrine was similar for
both the lipid and micellar solutions (19.1% and 20.0% respectively) (62). These
data suggest that the reduction in intestinal processing inherent in anesthetized
animals, coupled with intraduodenal administration of the formulation, allowed
the degree of lipid dispersion to dictate the relative extent of drug absorption.
Conversely, following oral administration to conscious animals, improved gas-
trointestinal processing of the lipid solution formulation most likely led to effi-
cient in vivo lipid dispersion via bile salt/phospholipid mixed micelles, thereby
lessening the influence of initial formulation dispersion on drug absorption.

Figure 2B illustrates how data generated in conscious rats can be used to
screen for formulation-related changes in lymphatic transport, and that the rank
order data are comparable to that obtained in dogs (Fig. 2A). In this example, the
lymphatic transport of halofantrine after oral administration of a simple
lipid-solution formulation to conscious rats was increased after administration as
a medium chain lipid solution, when compared to a lipid-free suspension formu-
lation (93). Considerably more lymphatic transport was seen, however, after
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administration of halofantrine formulated in a long chain (C18) lipid solution
vehicle. These data presumably reflect the resynthesis of long chain FA to TG
within the enterocyte and subsequent transfer into chylomicrons, thereby provid-
ing a “lipid sink” into which the drug may partition. In contrast, medium chain
lipids typically diffuse through the enterocyte and are absorbed into the portal
blood, limiting the extent of lymphatic transport. Except in the case of liquid
dosage forms, a limitation to the use of rats for screening the performance of
prospective formulations is the inability to administer clinical dosage forms due
to the size of the individual capsule or tablet dosage units. However, the data in
Figure 2 suggest that the relative patterns of lymphatic transport seen in conscious
rats are reflective of results obtained in dogs following administration of a clinical
dosage unit (in this case soft gelatin encapsulated, self-emulsifying liquid formu-
lations based on medium and long chain lipids) (71).

Which Lipid Based Formulation Is the Most Useful 
for This Drug Candidate?

Once it has been established that a lipid-based formulation is of potential value
and following evaluation of the contribution of lymphatic transport to overall
drug exposure, the next phase of development is identification of a commercial-
izable formulation. These activities represent the most complex and costly phase
of formulation development and therefore, have stimulated considerable interest
in identifying rapid and relatively inexpensive in vitro methodologies for guiding
formulation development. Whilst ourselves and others have had some recent suc-
cesses with in vitro dissolution and dispersion tests and models of lipid digestion
(46,47,49–53) as methods for optimizing lipid-based formulations, the complex
dynamics of the interaction of these formulations with the gastrointestinal milieu
mandates in vivo evaluation for clearly establishing proof-of-concept.

The complexities and costs of lymphatic surgery are such that the majority
of formulation development studies, where an indication of intestinal lymphatic
transport is required, are typically conducted in rats prior to final confirmatory
studies in dogs (although initial proof-of-concept studies in dogs may replace those
conducted in rats). However, for drugs where lymphatic transport is unlikely to play
a significant role in bioavailability, the in vivo studies to support formulation
development may be conducted in either rats or dogs. In this case, studies in rats
provide time and cost savings, but the same complexities as those described
before with reference to lymphatic transport studies, such as the impact of anes-
thesia, and method of administration are equally important when addressing
absorption into the blood. A further consideration in interpreting the data from rat
studies is that rat bile flow is continuous and thought to be independent of food
intake, whereas in the dog, the presence of food or lipid in the GIT is required to
stimulate gall bladder contraction and bile release, and the cascade of events that
eventually lead to the digestion and absorption of lipids. While the constant
stream of bile in the fasted rat may be sufficient to process a small quantity of
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formulation lipid, a mass of lipid larger than that commonly used in oral formu-
lations may be required to stimulate optimal bile production and the related diges-
tive events in dogs. Therefore, results obtained in the fasted rat may not always
be mirrored in higher species, suggesting the need for evaluation of the clinical
prototype formulation in the dog. The capacity to dose prototype clinical formu-
lations and to examine the utility of this relatively small quantity of formulated
lipid (on a mg dose/kg body weight basis) is a significant advantage of the dog
model over smaller animals such as the rat, where clinical formulations are too
large to be administered and the quantities of lipid that can practically be dosed
is still relatively large. Thus a 50 �l dose of formulation to a 300 g rat provides
the equivalent load to administration of more than 10 mL of lipid to a human.
Particularly when assessing lipidic formulations, this final point becomes
extremely important. It is becoming increasingly clear that the principle design
criteria for efficient lipid-based formulations involve maintenance of the drug in
solution. That may be as a simple lipid solution or as a dispersion of any of a
number of colloidal particles, such as emulsion droplets, vesicles, micelles, or
microemulsions. By so doing, drug dissolution as a barrier to absorption is
reduced, thereby maximizing bioavailability. Under these circumstances, the
degree of dilution that the formulation undergoes in the GIT and the quantity of
lipid administered on a mg/kg basis can have a significant impact on drug solubi-
lization/precipitation patterns. For example, we have recently shown that in the
presence of a combination of bile salt, phospholipids, and relatively high concen-
trations of lipid digestion products derived from medium chain TG, a vesicular
phase is formed, which has a very high solubilizing capacity for lipophilic drugs,
including halofantrine and danazol (46,103). In contrast, at lower lipid concentra-
tions a phase change occurs resulting in the production of a micellar system with
significantly reduced solubilizing capacity (49,104). The estimation of absorption
using in vivo models, which accurately reflect the likely relative luminal concen-
trations of drug and formulation-derived lipid is therefore of particular signifi-
cance for lipid-based formulations, and will most accurately reflect drug absorp-
tion in humans.

SUMMARY

In summary, while advances in the in vitro assessment of lipid formulations have
been made, few of these approaches are, as of yet, robustly predictive of perform-
ance in vivo. As such, in vivo assessment of lipid formulations still remains the
mainstay by which decisive data can be generated. Under these circumstances,
the key to efficient development of a useful formulation is to minimize the num-
ber of relatively costly and time-consuming preclinical in vivo studies that need
to be conducted, to simplify those studies wherever possible, and to maximize the
quantity and quality of information flowing from each study. In this chapter, we
have described one strategic and stepwise approach to the in vivo evaluation of
lipidic formulations, starting with proof-of-concept studies in postprandial dogs
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that suggest both the potential downstream utility of lipidic formulations, and the
potential role of intestinal lymphatic transport in the drug absorption/transport
pathway. These proof-of-concept studies are followed by early formulation devel-
opment work and identification of appropriate lipidic excipients in either rats or
dogs (conducted in parallel with in vitro solubility, dispersion, digestion, and 
stability studies), and finally confirmation that full size clinical formulations per-
form as predicted by early preclinical screens—the latter studies typically con-
ducted in beagle dogs.

Integration of this preclinical information with knowledge of the basic bio-
pharmaceutical (permeability and metabolism) and physicochemical (aqueous
and lipid solubility, pKa, log P, etc.) properties of the drug candidate allows a
measured and justifiable approach to be taken in the identification of a prototype
clinical lipid-based formulation.

REFERENCES

1. Charman WN. Lipid vehicle and formulation effects on intestinal lymphatic drug
transport. In: Charman WN, Stella VJ, eds. Lymphatic Transport of Drugs. Boca
Raton: CRC Press, 1992:113–179.

2. Humberstone AJ, Charman WN. Lipid based vehicles for the oral delivery of poorly
water soluble drugs. Adv Drug Deliv Rev 1997; 25:103–128.

3. Porter CJ, Charman WN. Lipid-based formulations for oral administration: opportu-
nities for bioavailability enhancement and lipoprotein targeting of lipophilic drugs. 
J Recept Signal Transduct Res 2001; 21:215–257.

4. Porter CJ, Edwards GA, Charman SA. Lymphatic transport of proteins after s.c.
injection: implications of animal model selection. Adv Drug Deliv Rev 2001;
50:157–171.

5. Porter CJ, Charman WN. Intestinal lymphatic drug transport: an update. Adv Drug
Deliv Rev 2001; 50:61–80.

6. O’Driscoll CM. Lipid-based formulations for intestinal lymphatic delivery. Eur 
J Pharm Sci 2002; 15:405–415.

7. Anderberg EK, Lindmark T, Artursson P. Sodium caprate elicits dilatations in human
intestinal tight junctions and enhances drug absorption by the paracellular route.
Pharm Res 1993; 10:857–864.

8. Lindmark T, Nikkila T, Artursson P. Mechanisms of absorption enhancement by
medium chain fatty acids in intestinal epithelial Caco-2 cell monolayers. 
J Pharmacol Exp Ther 1995; 275:958–964.

9. Lindmark T, Schipper N, Lazorova L, de Boer AG, Artursson P. Absorption enhance-
ment in intestinal epithelial Caco-2 monolayers by sodium caprate: assessment of
molecular weight dependence and demonstration of transport routes. J Drug Target
1998; 5:215–223.

10. Hunt JN, Knox MT. A relation between the chain length of fatty acids and the slow-
ing of gastric emptying. J Physiol (Lond) 1968; 194:327–336.

11. Cornaire G, Woodley J, Hermann P, Cloarec A, Arellano C, Houin G. Impact of
excipients on the absorption of P-glycoprotein substrates in vitro and in vivo. Int 
J Pharm 2004; 278:119–131.

Using Preclinical Data to Dictate Formulation Strategies 199



12. Cornaire G, Woodley JF, Saivin S, et al. Effect of polyoxyl 35 castor oil and
Polysorbate 80 on the intestinal absorption of digoxin in vitro. Arzneimittelforschung
2000; 50:576–579.

13. Hugger ED, Novak BL, Burton PS, Audus KL, Borchardt RT. A comparison of 
commonly used polyethoxylated pharmaceutical excipients on their ability to inhib-
it P-glycoprotein activity in vitro. J Pharm Sci 2002; 91:1991–2002.

14. Nerurkar MM, Ho NF, Burton PS, Vidmar TJ, Borchardt RT. Mechanistic roles of
neutral surfactants on concurrent polarized and passive membrane transport of a
model peptide in Caco-2 cells. J Pharm Sci 1997; 86:813–821.

15. Nerurkar MM, Burton PS, Borchardt RT. The use of surfactants to enhance the per-
meability of peptides through Caco-2 cells by inhibition of an apically polarized
efflux system. Pharm Res 1996; 13:528–534.

16. Shono Y, Nishihara H, Matsuda Y, et al. Modulation of intestinal P-glycoprotein
function by cremophor EL and other surfactants by an in vitro diffusion chamber
method using the isolated rat intestinal membranes. J Pharm Sci 2004; 93:877–885.

17. Wacher VJ, Wong S, Wong HT. Peppermint oil enhances cyclosporine oral bio-
availability in rats: comparison with D-alpha-tocopheryl poly(ethylene glycol 1000)
succinate (TPGS) and ketoconazole. J Pharm Sci 2002; 91:77–90.

18. Batrakova EV, Han HY, Alakhov V, Miller DW, Kabanov AV. Effects of pluronic
block copolymers on drug absorption in Caco-2 cell monolayers. Pharm Res 1998;
15:850–855.

19. Phan CT, Tso P. Intestinal lipid absorption and transport. Front Biosci 2001;
6:D299–D319.

20. Nordskog BK, Phan CT, Nutting DF, Tso P. An examination of the factors affecting
intestinal lymphatic transport of dietary lipids. Adv Drug Deliv Rev 2001; 50:21–44.

21. Ros E. Intestinal absorption of triglyceride and cholesterol. Dietary and phar-
macological inhibition to reduce cardiovascular risk. Atherosclerosis 2000; 151:
357–379.

22. Nutting DF, Kumar NS, St Hilaire RJ, Mansbach CM, II. Nutrient absorption. Curr
Opin Clin Nutr Metab Care 1999; 2:413–419.

23. Carey MC, Small DM, Bliss CM. Lipid digestion and absorption. Annu Rev Physiol
1983; 45:651–677.

24. Hernell O, Staggers JE, Carey MC. Physical-chemical behaviour of dietary and bil-
iary lipids during intestinal digestion and absorption. 2. Phase analysis and aggrega-
tion states of luminal lipids during duodenal fat digestion in healthy adult human
beings. Biochemistry 1990; 29:2041–2056.

25. Ladas SD, Isaacs PE, Murphy GM, Sladen GE. Comparison of the effects of medi-
um and long chain triglyceride containing liquid meals on gall bladder and small
intestinal function in normal man. Gut 1984; 25:405–411.

26. Borgstrom B, Hildebrand H. Lipase and co-lipase activities of human small intestin-
al contents after a liquid test meal. Scand J Gastroenterol 1975; 10:585–591.

27. Staggers JE, Hernell O, Stafford R.J, Carey MC. Physical-chemical behaviour of
dietary and biliary lipids during intestinal digestion and absorption. 1. Phase behav-
iour and aggregation states of model lipid systems patterned after aqueous duodenal
contents of healthy adult human beings. Biochemistry 1990; 29:2028–2040.

28. Hoffman NE. The relationship between uptake in vitro of oleic acid and micellar sol-
ubilization. Biochim Biophys Acta 1970; 196:193–203.

200 Porter and Charman



29. Simmonds WJ. The role of micellar solubilization in lipid absorption. Aust J Exp
Biol Med Sci 1972; 50:403–421.

30. Shiau YF. Mechanism of intestinal fatty acid uptake in the rat: the role of an acidic
microclimate. J Physiol 1990; 421:463–474.

31. Thomson AB, Schoeller C, Keelan M, Smith L, Clandinin MT. Lipid absorption:
passing through the unstirred layers, brush-border membrane, and beyond. Can 
J Physiol Pharmacol 1993; 71:531–555.

32. Stremmel W. Uptake of fatty acids by jejunal mucosal cells is mediated by a fatty
acid binding membrane protein. J Clin Invest 1988; 82:2001–2010.

33. Stremmel W, Lotz G, Strohmeyer G, Berk PD. Identification isolation and partial
characterization of a fatty acid binding protein from rat jejunal microvillus mem-
branes. J Clin Invest 1985; 75:1068–1076.

34. Poirier H, Degrace P, Niot I, Bernard A, Besnard P. Localization and regulation of
the putative membrane fatty-acid transporter (FAT) in the small intestine.
Comparison with fatty acid-binding proteins (FABP). Eur J Biochem 1996;
238:368–373.

35. Ockner RK, Manning JA. Fatty acid-binding protein in small intestine.
Identification, isolation, and evidence for its role in cellular fatty acid transport. J
Clin Invest 1974; 54:326–338.

36. Besnard P, Niot I, Poirier H, Clement L, Bernard A. New insights into the fatty acid-
binding protein (FABP) family in the small intestine. Mol Cell Biochem 2002;
239:139–147.

37. Huang H, Starodub O, McIntosh A, Kier AB, Schroeder F. Liver fatty acid-binding
protein targets fatty acids to the nucleus. Real time confocal and multiphoton
fluorescence imaging in living cells. J Biol Chem 2002; 277:29139–29151.

38. McArthur MJ, Atshaves BP, Frolov A, Foxworth WD, Kier AB, Schroeder F. Cellular
uptake and intracellular trafficking of long chain fatty acids. J Lipid Res 1999;
40:1371–1383.

39. Kiyasu JY, Bloom B, Chaikoff IL. The portal transport of absorbed fatty acids. J Biol
Chem 1952; 199:415–419.

40. McDonald GB, Saunders DR, Weidman M, Fisher L. Portal venous transport of 
long-chain fatty acids absorbed from rat intestine. Am J Physiol 1980;
239:G141–G150.

41. McDonald GB, Weidman M. Partitioning of polar fatty acids into lymph and 
portal vein after intestinal absorption in the rat. Quart J Exp Physiol 1987;
72:153–159.

42. Mansbach CM, II, Dowell RF, Pritchett D. Portal transport of absorbed lipids in rats.
Am J Physiol 1991; 261:G530–G538.

43. Swartz MA. The physiology of the lymphatic system. Adv Drug Deliv Rev 2001;
50:3–20.

44. O’Driscoll CM. Anatomy and Physiology of the lymphatics. In: Charman WN,
Stella VJ, eds. Lymphatic Transport of Drugs. Boca Raton: CRC Press, 1992.

45. Porter CJH. Drug delivery to the lymphatic system. Criti Rev Ther Drug Carrier Syst
1997; 14:333–393.

46. Kaukonen AM, Boyd BJ, Porter CJ, Charman WN. Drug solubilization behavior 
during in vitro digestion of simple triglyceride lipid solution formulations. Pharm
Res 2004; 21:245–253.

Using Preclinical Data to Dictate Formulation Strategies 201



47. Kaukonen AM, Boyd BJ, Charman WN, Porter CJ. Drug solubilization behavior 
during in vitro digestion of suspension formulations of poorly water-soluble drugs 
in triglyceride lipids. Pharm Res 2004; 21:254–260.

48. Sek L, Porter CJ, Kaukonen AM, Charman WN. Evaluation of the in-vitro digestion
profiles of long and medium chain glycerides and the phase behaviour of their lipoly-
tic products. J Pharm Pharmacol 2002; 54:29–41.

49. Porter CJ, Kaukonen AM, Taillardat-Bertschinger A, et al. Use of in vitro lipid 
digestion data to explain the in vivo performance of triglyceride-based oral lipid 
formulations of poorly water-soluble drugs: studies with halofantrine. J Pharm 
Sci 2004; 93:1110–1121.

50. Porter CJH, Kaukonen AM, Boyd BJ, Edwards GA, Charman WN. Susceptibility to
lipase-mediated digestion reduces the oral bioavailability of danazol after oral
administration as a medium-chain lipid based microemulsion formulation. Pharm
Res 2004; 21:1405–1412.

51. Porter CJ, Charman WN. In vitro assessment of oral lipid based formulations. Adv
Drug Deliv Rev 2001; 50(suppl 1):S127–S147.

52. Zangenberg NH, Mullertz A, Kristensen HG, Hovgaard L. A dynamic in vitro lipol-
ysis model. I. Controlling the rate of lipolysis by continuous addition of calcium. Eur
J Pharm Sci 2001; 14:115–122.

53. Zangenberg NH, Mullertz A, Kristensen HG, Hovgaard L. A dynamic in vitro lipol-
ysis model. II: Evaluation of the model. Eur J Pharm Sci 2001; 14:237–244.

54. Reymond JP, Sucker H. In vitro model for ciclosporin intestinal absorption in lipid
vehicles. Pharm Res 1988; 5:673–676.

55. Pouton CW. Key issues when formulating hydrophobic drugs with lipids. Bulletin
Technique Gattefosse 1999; 92:41–49.

56. Pouton CW. Lipid formulations for oral administration of drugs: non-emulsifying,
self emulsifying and “self microemulsifying” drug delivery systems. Eur J Pharm Sci
2000; 11(suppl 2):S93–S98.

57. Ueda CT, Lemaire M, Gsell G, Nussbaumer K. Intestinal lymphatic absorption of
cyclosporin A following oral administration in an olive oil solution in rats. Biopharm
Drug Dispos 1983; 4:113–124.

58. Palin KJ, Wilson CJ. The effect of different oils on the absorption of probucol in the
rat. J Pharm Pharmacol 1984; 36:641–643.

59. Ichihashi T, Kinoshita H, Yamada H. Absorption and disposition of epithiosteroids in
rats (2): avoidance of first-pass metabolism of mepitiostane by lymphatic absorption.
Xenobiotica 1991; 21:873–880.

60. Grimus RC, Schuster I. The role of the lymphatic transport in the enteral absorption
of naftifine by the rat. Xenobiotica 1984; 14:287.

61. Myers RA, Stella VJ. Factors affecting the lymphatic transport of penclomedine
(NSC-338720), a lipophilic cytotoxic drug: comparison to DDT and hexachloroben-
zene. Int J Pharmaceut 1992; 80:51–62.

62. Porter CJH, Charman SA, Humberstone AJ, Charman WN. Lymphatic transport of
halofantrine in the conscious rat when administered as either the free base or the
hydrochloride salt: effect of lipid class and lipid vehicle dispersion. J Pharm Sci
1996; 85:357–361.

63. Porter CJH, Charman SA, Charman WN. Lymphatic transport of halofantrine in the
triple-cannulated anesthetized rat model: effect of lipid vehicle dispersion. J Pharm
Sci 1996; 85:351–356.

202 Porter and Charman



64. Hauss DJ, Fogal SE, Ficorilli JV, et al. Lipid-based delivery systems for improving
the bioavailability and lymphatic transport of a poorly water-soluble LTB4 inhibitor.
J Pharm Sci 1998; 87:164–169.

65. Hauss DJ, Mehta S, Radebaugh GW. Targeted lymphatic transport and modified sys-
temic distribution of CI-976, a lipophilic lipid-regulator drug, via a formulation
approach. Int J Pharmaceut 1994; 108:85–93.

66. Kwei GY, Novak LB, Hettrick LH, et al. Lymphatic uptake of MK-386, a sterol 
5-alpha reductase inhibitor, from aqueous and lipid formulations. Int J Pharmaceut
1998; 164:37–44.

67. Sieber SM. The lymphocytic absorption of p,p’-DDT and some structurally-related
compounds in the rat. Pharmacology 1976; 14:443–454.

68. Sieber SM, Cohn VH, Wynn WT. The entry of foreign compounds into the thoracic
duct lymph of the rat. Xenobiotica 1974; 4:265–284.

69. Laher JM, Rigler MW, Vetter RD, Barrowman JA, Patton JS. Similar bioavailability
and lymphatic transport of benzo(a)pyrene when administered to rats in different
amounts of dietary fat. J Lipid Res 1984; 25:1337–1342.

70. Charman WN, Porter CJH. Lipophilic prodrugs designed for intestinal lymphatic
transport. Adv Drug Deliv Rev 1996; 19:149–169.

71. Khoo SM, Shackleford DM, Porter CJ, Edwards GA, Charman WN. Intestinal 
lymphatic transport of halofantrine occurs after oral administration of a unit-dose
lipid-based formulation to fasted dogs. Pharm Res 2003; 20:1460–1465.

72. Charman WN, Stella VJ. Estimating the maximal potential for intestinal lymphatic
transport of lipophilic drug molecules. Int J Pharmaceut 1986; 34:175–178.

73. Khoo SM, Prankerd RJ, Edwards GA, Porter CJ, Charman WN. A physicochemical
basis for the extensive intestinal lymphatic transport of a poorly lipid soluble anti-
malarial, halofantrine hydrochloride, after postprandial administration to dogs. J
Pharm Sci 2002; 91:647–659.

74. Udata C, Patel J, Pal D, Hejchman E, Cushman M, Mitra AK. Enhanced transport of
a novel anti-HIV agent cosalane and its congeners across human intestinal epithelial
(Caco-2) cell monolayers. Int J Pharm 2003; 250:157–168.

75. Brown JR, Collett JH, Attwood D, Ley RW, Sims EE. Influence of monocaprin on
the permeability of a diacidic drug BTA-243 across Caco-2 cell monolayers and
everted gut sacs. Int J Pharm 2002; 245:133–142.

76. Meaney CM, O’Driscoll CM. A comparison of the permeation enhancement 
potential of simple bile salt and mixed bile salt:fatty acid micellar systems using the
CaCo-2 cell culture model. Int J Pharm 2000; 207:21–30.

77. Amidon GL, Lennernas H, Shah VP, Crison JR. A theoretical basis for a biopharma-
ceutic drug classification: the correlation of in vitro drug product dissolution and in
vivo bioavailability. Pharm Res 1995; 12:413–420.

78. Humberstone AJ, Porter CJ, Edwards GA, Charman WN. Association of halofantrine
with postprandially derived plasma lipoproteins decreases its clearance relative to
administration in the fasted state. J Pharm Sci 1998; 87:936–942.

79. Gupta SK, Manfro RC, Tomlanovich SJ, Gambertoglio JG, Garovoy MR, Benet LZ.
Effect of food on the pharmacokinetics of cyclosporine in healthy subjects following
oral and intravenous administration. J Clin Pharmacol 1990; 30:643–653.

80. Kostewicz ES, Carlsson AS, Hanish G, et al. Comparison of dog and human
intestinal fluid and its impact on solubility estimations. Eur J Pharm Sci 2002;
17:S111.

Using Preclinical Data to Dictate Formulation Strategies 203



81. Charman WN, Rogge MC, Boddy AW, Berger BM. Effect of food and a monoglyc-
eride emulsion formulation on danazol bioavailability. J Clin Pharmacol 1993;
33:381–386.

82. Humberstone AJ, Porter CJ, Charman WN. A physicochemical basis for the effect of
food on the absolute oral bioavailability of halofantrine. J Pharm Sci 1996; 85:525–529.

83. Milton KA, Edwards G, Ward SA, Orme ML, Breckenridge AM. Pharmacokinetics of
halofantrine in man: effects of food and dose size. Br J Clin Pharmacol 1989; 28:71–77.

84. Paulson SK, Vaughn MB, Jessen SM, Lawal Y, Gresk CJ, Yan B, Maziasz TJ, Cook
CS, Karim A. Pharmacokinetics of celecoxib after oral administration in dogs and
humans: effect of food and site of absorption. J Pharmacol Exp Ther 2001;
297:638–645.

85. Vonderscher J, Meinzer A. Rationale for the development of Sandimmune Neoral
Transplant Proc 1994; 26:2925–2927.

86. Perry CM, Noble S. Saquinavir soft-gel capsule formulation. A review of its use in
patients with HIV infection. Drugs 1998; 55:461–486.

87. Hoffmann-La-Roche F. Fortovase (saquinavir) Soft Gelatin Capsules. Product
Information. 2003.

88. Iuliano L, Micheletta F, Maranghi M, Frati G, Diczfalusy U, Violi F. Bioavailability
of vitamin E as function of food intake in healthy subjects: effects on plasma perox-
ide-scavenging activity and cholesterol-oxidation products. Arterioscler Thromb
Vasc Biol 2001; 21:E34–E37.

89. Julianto T, Yuen KH, Noor AM. Improved bioavailability of vitamin E with a self
emulsifying formulation. Int J Pharm 2000; 200:53–57.

90. Barker SA, Yap SP, Yuen KH, McCoy CP, Murphy JR, Craig DQ. An investigation
into the structure and bioavailability of alpha-tocopherol dispersions in Gelucire
44/14. J Control Release 2003; 91:477–488.

91. Khoo SM, Porter CJ, Charman WN. The formulation of Halofantrine as either non-
solubilizing PEG6000 or solubilizing lipid based solid dispersions: physical stabili-
ty and absolute bioavailability assessment. Int J Pharm 2000; 205:65–78.

92. Khoo SM, Humberstone AJ, Porter CJH, Edwards GA, Charman WN. Formulation
design and bioavailability assessment of lipid-based self emulsifying formulations
of halofantrine. Int J Pharm 1998; 167:155–164.

93. Caliph SM, Charman WN, Porter CJ. Effect of short-, medium-, and long-chain fatty
acid-based vehicles on the absolute oral bioavailability and intestinal lymphatic
transport of halofantrine and assessment of mass balance in lymph-cannulated and
non-cannulated rats. J Pharm Sci 2000; 89:1073–1084.

94. Khoo SM, Edwards GA, Porter CJ, Charman WN. A conscious dog model for
assessing the absorption, enterocyte-based metabolism, and intestinal lymphatic
transport of halofantrine. J Pharm Sci 2001; 90:1599–1607.

95. Shackleford DM, Faassen WA, Houwing N, et al. Contribution of lymphatically
transported testosterone undecanoate to the systemic exposure of testosterone after
oral administration of two andriol formulations in conscious lymph duct-cannulated
dogs. J Pharmacol Exp Ther 2003; 306:925–933.

96. Edwards GA, Porter CJ, Caliph SM, Khoo SM, Charman WN. Animal models for the
study of intestinal lymphatic drug transport. Adv Drug Deliv Rev 2001; 50:45–60.

97. Hauss DJ, Fogal SE, Ficorilli JV. Chronic collection of mesenteric lymph from con-
scious, tethered rats. Contemp Topics Lab Animal Sci 1998; 37:56–58.

204 Porter and Charman



98. Boyd M, Risovic V, Jull P, Choo E, Wasan KM. A stepwise surgical procedure to
investigate the lymphatic transport of lipid-based oral drug formulations: cannula-
tion of the mesenteric and thoracic lymph ducts within the rat. J Pharmacol Toxicol
Methods 2004; 49:115–120.

99. Bollman JL, Cava JC, Grindley JH. Techniques for the collection of lymph from the
liver. small intestine and thoracic duct of the rat. J Lab Clin Med 1948; 33:1349.

100. Shackleford DM, Porter CJH, Charman WN. Lymphatic absorption of orally-admin-
istered prodrugs. In prodrugs: Challanges and rewards. Stella VJ, Borchardt RT,
Hageman MJ, Oliyai R, Tilley JW, Magg H. eds. Washington DC: AAPS Press,
2007:653–682.

101. Noguchi T, Charman WNA, Stella VJ. Lymphatic appearance of DDT in thoracic or
mesenteric lymph duct cannulated rats. Int J Pharmaceut 1985; 24:185–192.

102. Charman WN, Noguchi T, Stella VJ. An experimental system designed to study the
in situ intestinal lymphatic transport of drugs in anaesthetized rats. Int J Pharmaceut
1986; 33:155.

103. Kossena GA, Boyd BJ, Porter CJ, Charman WN. Separation and characterization of
the colloidal phases produced on digestion of common formulation lipids and
assessment of their impact on the apparent solubility of selected poorly water-solu-
ble drugs. J Pharm Sci 2003; 92:634–648.

104. Kossena GA, Charman WN, Boyd BJ, Dunstan DE, Porter CJ. Probing drug solubi-
lization patterns in the gastrointestinal tract after administration of lipid-based deliv-
ery systems: a phase diagram approach. J Pharm Sci 2004; 93:332–348.

105. Humberstone AJ. Physicochemical and biological factors which impact on the
bioavailability and pharmacokinetics of halofantrine. PhD Thesis, Monash
University, Australia, 1996.

Using Preclinical Data to Dictate Formulation Strategies 205





207

Physiological Processes Governing the
Gastrointestinal Absorption of Lipids

and Lipophilic Xenobiotics

Rachna Gajjar, Chun-Min Lo, and Patrick Tso
Department of Pathology, University of Cincinnati Medical Center, 

Cincinnati, Ohio, U.S.A.

9

INTRODUCTION

The transport of orally-administered lipophilic drugs and xenobiotics into the
systemic circulation relies, at least partially, on association with intestinal
chylomicrons (CM) followed by lymphatic transport to the venous blood supply.
This review discusses the digestion, uptake, and transport of dietary lipids by both
passive and active processes, the role of bile salts in the solubilization of lipid
digestion products and the impact these processes have on the absorption of
lipophilic drugs and xenobiotics by the gastrointestinal tract. Finally, the intra-
cellular trafficking and the resynthesis of complex lipids from lipid digestion
products are explored, and the formation and secretion of CM are described. This
chapter is intended to complement the discussion appearing elsewhere in this
book describing the use of preclinical data to guide formulation development
strategies for poorly water-soluble drugs.

TYPES OF DIETARY LIPIDS

In order to understand how fat absorption may affect the coincident absorption of
drugs and xenobiotics by the gastrointestinal tract, we must first have a thorough



understanding of the processes involved in the digestion, uptake, intracellular
metabolism, and packaging of dietary lipids into CM which are the major
lipoprotein particles carrying lipophilic compounds to the systemic circulation.
As will become evident, the processes involved are complex and physiologically
regulated. This review will include a thorough discussion on the possible role of
intestinal brush border membrane lipid transporters in the uptake of lipids by the
enterocytes, the physiological processes governing the formation and secretion of
CMs into the lymphatic system and how these processes can be manipulated to
control lymphatc drug uptake. We will also discuss the exciting findings by two
independent research groups on the ABCG5 and ABCG8 (1,2) which are involved
in the rare human genetic disorder of sitosterolemia and how they may play a 
role in the absorption of cholesterol and other lipophilic compounds. Readers
interested in learning more about cholesterol absorption are referred to the excel-
lent reviews by Dawson and Rudel (1) and the more recent review by Lammert
and Wang (3).

Dietary fat can be defined as the part of the diet that can be extracted by
organic solvents (2). Consequently, dietary fat is comprised of a wide array of
compounds ranging from the nonpolar hydrocarbons to the relatively polar phos-
pholipids (PL) and glycolipids. The classification of these various lipids and their
behavior in an aqueous system have been clearly reviewed by Carey and Small
(4). A lipid is classified as polar or nonpolar based on its interaction with water.
Nonpolar lipids are insoluble in the bulk water phase and therefore will not inter-
act with water (Fig. 1). Examples of nonpolar lipids include triglyceride, choles-
teryl esters (CE), hydrocarbons, some xenobiotics, and carotene. The polar lipids
can be classified into three categories: (I) insoluble nonswelling amphiphiles, (II)
insoluble swelling amphiphiles, and (III) soluble amphiphiles. The class I insol-
uble nonswelling amphiphiles, which do not interact with water, include
triacylglycerol (TG), diacylglycerol (DG), nonionized long-chain fatty acids
(FA), cholesterol, and fat-soluble vitamins. When added to water, these water
insoluble amphiphiles rise to the surface to form a lipid monolayer at the
air-water interface. The class II lipids, or the insoluble swelling amphiphiles,
include monoacylglycerols (MG), ionized FAs, and PLs. In addition to forming a
monolayer on the surface of water, this group of lipids has the unique ability to
interact with water to form a laminated, lipid–water structure known as a liquid
crystal. In the liquid crystalline state, the polar and nonpolar portions of these
amphiphilic molecules self-associate, thereby creating separate, ordered
hydrophobic, and hydrophilic environments, the latter of which associate with
water molecules from the bulk solution phase. This unique association of lipid
and water is referred as “swelling,” hence the classification of “swelling
amphiphiles.”

The class III lipid molecules, or the “soluble swelling amphiphiles,”
possess relatively strong polar groups that render these molecules soluble in water
at low concentrations. The soluble swelling amphiphiles can be further sub-divided
based on their propensity for lyotropic mesomorphism; when the aqueous
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concentration of these lipids approaches the critical micellar concentration, the
monomers aggregate to form the liquid crystalline state prior to forming micelles.
Sodium salts of long-chain FAs (e.g., sodium oleate) are examples of soluble
swelling amphiphiles possessing lyotropic mesomorphism. Bile salts are exam-
ples of soluble swelling amphiphiles not possessing lyotropic mesomorphism; as
such, they form micelles directly without passing through an intermediate, liquid
crystalline state.

The recommended maximum daily amount of dietary fat consumption has
been reduced over the years, and currently the USDA/HHS Dietary Guidelines 
recommend a diet that provides 30% or less of its total energy from fat and less than
10% of this energy from saturated FAs. The American Heart Association has also
adopted this standard. These guidelines apply to individuals two years of age and
older. Dietary fat constitutes a significant source of calories in the Western diet—as
much as 30% of total caloric intake, or 90 to 100 g per day. Dietary intake of fat has
received considerable attention in the last few decades since diets high in fat have
been linked to high blood lipids, especially cholesterol and increased risk of coro-
nary heart disease (5–7). It is generally accepted that diets rich in saturated FAs are
more cholesterolemic (raising blood cholesterol) than diets rich in polyunsaturated
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Figure 1 Classification of lipids based on their ability to interact with water.
Nonpolar lipids: octadecane, carotene, squalene, cholesteryl oleate, cholesteryl linoleate, and
paraffin oil. Polar lipids: (I) TGs, DGs, long-chain protonated fatty acids, and fat-soluble vita-
mins. (II) PLs, MGs, monoethers, and alpha-hydroxy fatty acids. (IIIA) Sodium salts of long-
chain fatty acids, many anionic, cationic and nonionic detergents, and lysophosphatidyl-
choline. (IIIB) Bile salts, sulfated bile alcohols, and saponins. Abbreviations: DGs, diacyl-
glycerols; MG, monoglycerols; PL, phospholipids; TG, triglycerols. Source: From Ref. 3.



FAs (8). Trans-FAs, which have double bonds, behave more like saturated FAs and
are considered to be just as atherogenic as saturated fat (9,10).

Over the past decade, there has been an increased effort to modify the FA
profile of naturally occurring TGs in order to obtain a particular physical property
or to influence a specific physiological function. This topic has been ably reviewed
by Heird et al. (11), Bell et al. (12), and more recently by Chan et al. (13). These
chemically modified TGs, also called structured triglycerides (STG), are produced
by the selective esterification of both medium- and long-chain FAs on the TG glyc-
erol backbone (14–19). From a drug delivery perspective, STGs that contain medi-
um-chain FAs may facilitate rapid hydrolysis and absorption because of their
smaller molecular size and greater water solubility as compared to long-chain
TGs. Tso et al. (20) demonstrated that STGs promote greater lymphatic absorption
of the vitamins A and E than a constituent physical mixture of similar FA compo-
sition. One interesting observation of this study was that the enhanced delivery of
the vitamins A and E into lymph by STGs occurred in animals with normal gas-
trointestinal function as well as those in which gastrointestinal absorptive func-
tions had been experimentally imparied by ischemia/reperfusion-induced injury.
On this basis, Tso et al. (20) proposed that STGs can also be potentially used as a
vehicle to enhance the lymphatic absorption of lipid soluble drugs. This possibili-
ty certainly warrants further investigation.

LUMINAL DIGESTION OF DIETARY LIPIDS

Gastric Lumen

Digestion of dietary lipids is initiated in the stomach by acid lipase, which is
secreted by the gastric mucosa. The distribution of gastric lipase in different 
parts of the human stomach is shown in Figure 2 (21). The highest gastric lipase
activity is detected in the fundus of the stomach, a finding that has been con-
firmed by an independent study conducted during the postmortem examination
of two healthy human subjects (22). Human gastric lipase has a pH optimum
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Figure 2 Localization of lipase
in the human stomach—the level
of lipolytic activity in the gastric
mucosa of four sampling sites.
Source: From Ref. 18.



ranging from 3.0 to 6.0 (21,23), and it exerts greater hydrolytic activity on 
medium-chain TGs as compared to long-chain TGs (24), yielding diglycerides
and free FA as its primarly hydrolytic products (21,23,25); gastric lipase does not
hydrolyze either PL or CE. Human gastric lipase has been cloned and found to
contain 379 amino acid residues (26) and shows considerable sequence homology
(78%) with rat lingual lipase (27) but minimal homology with pancreatic lipase
from this species.

The digestion of TG by gastric lipase in the stomach plays an important role
in lipid digestion, particularly in neonates, in whom the pancreatic lipase system
is not fully functional (28). Milk fat, the primary source of nourishment for
neonates, contains considerable medium-chain TG, and acid lipases work more
efficiently with medium-chain TG than with long-chain TG.

Gastric lipases also play an important role in lipid digestion in adults. This
is evident in patients with cystic fibrosis, who maintain their ability to absorb
dietary lipid even though pancreatic lipase secretion is markedly or completely
inhibited (29,30). Carriere et al. (31) demonstrated that although the gastric lipase
activity observed is lower in vivo, it was sufficient to initiate the digestion of a
significant portion of the ingested TG.

Preliminary emulsification of dietary fat in the stomach is an important
prerequisite for the subsequent efficient hydrolysis by pancreatic lipase. The
grinding action of the antrum, the retropulsion of antral contents back to the
corpus and the controlled ejection of the antral contents into the duodenum
provides most of the mechanical energy required for the initial emulsification of
dietary TG. As shown in Figure 3, gastric chyme is propelled forward through the
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Figure 3 Diagrammatic
representation of the 
consequences of antral
peristalsis. Source: From
Ref. 256.



antrum of the stomach, via the peristaltic waves of the corpus, to the pylorus,
which controls the forceful ejection of liquid and small particles in the chyme into
the duodenum. These contractions also cause repeated retropulsion of the unejected
gastric contents from the the terminal antrum back into the corpus for further
mixing and emulsification. The DG and FA that result from the action of acid
lipases in the stomach and the PL that is normally present in the diet further aid
in the subsequent, further emulsification of dietary fat.

Intestinal Lumen

The nascent, crude lipid emulsion formed in the stomach enters the small intes-
tine as fine lipid droplets less than 0.5 mm in diameter (32,33). In the presence of
bile, TG digestion occurs primarily through the action of pancreatic lipase, which
acts at the interface between the oil and aqueous phases in the proximal portions
of the small intestinal lumen (34–37).

Pancreatic lipase (EC 3.1.1.3) is abundantly present in pancreatic juice and
its relatively high activity and concentration (approximately 2–3% of the total
protein present in this secretion) ensures efficient digestion of dietary fat (49).
Consequently, only very severe pancreatic deficiency results in fat malabsorption.
The enzyme preferentially hydrolyzes the sn-1 and sn-3 positions of the TG
molecule to yield 2-MG and FA (42,44–46). Although 2-MG can isomerize to
form 1-MG in aqueous media, this process is slow relative to the rate of 2-MG
absorption and thus, 2-MG is likely the predominant form in which MG is
absorbed (47). Further hydrolysis of the 1- or 2-MG by pancreatic lipase results
in the formation of glycerol and FA (48). Pancreatic lipase has been purified from
a number of species, including humans (50–53). Porcine pancreatic lipase, which
has been sequenced, is a glycoprotein of 449 amino acid residues (54) possessing
a carbohydrate chain of approximately 2000 Daltons that is attached to an
asparagine residue at position 166 of the protein (55,56). In order to manifest
lipid hydrolytic activity, pancreatic lipase must first attach to the lipid droplet at
the oil/water interface by a process which appears to be mediated by the serine
residue at position 152 of the protein (57). Purification of pancreatic lipase from
native pancreatic secretions dramatically reduces its lipolytic activity in bile
salt–lipid mixtures. This interesting observation led to the discovery of colipase,
which, Morgan et al. demonstrated in 1969 to be necessary for elicitation of the
lipolytic activity of pancreatic lipase in the presence of bile salts (58). The 
surface of emulsified TG lipid droplets are highly enriched in bile salt molecules
which sterically hinder the attachment of pancreatic lipase. However, the binding
of colipase to the TG/aqueous interface provides a binding site allowing for the
efficient secondary binding of pancreatic lipase in a 1:1 ratio with colipase, thereby
allowing lipolysis to proceed (64). Most of our current understanding of the bio-
chemistry of colipase and its interaction with pancreatic lipase comes from the
laboratories of Professor Borgstrom in Lund, Belgium and Professor Desnuelle in
Marseille, France. Colipase has been purified from a number of animal species
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(59–62) and the mechanism by which pancreatic lipase hydrolyzes lipid is
discussed in detail by Erlanson-Albertsson (63).

Monolayer technique, so elegantly championed by Verger (38), has greatly
advanced our understanding of how the oil/water interface affects lipolysis. Using
this technique, the lipid under study is spread as a monomolecular film at the
air/water interface. This allows the investigtor to study the effects of the physico-
chemical properties of the lipid-water interface, as well as the relative lipid surface
area, on the rate of lipolysis. Only a small amount of lipid is required for study using
the monolayer technique, an obvious advantage when studying rare synthetic lipids.
A disadvantage of this technique, however, is that the lipolytic enzymes tend to
denature at the lipid/water interface, thereby creating in vitro conditions that are not
necessarily reflective of the actual conditions in the small intestine in vivo (39,40).
Despite this potential limitation, the monolayer technique has greatly advanced our
understanding of lipid digestion by pancreatic lipase (41–43).

Digestion of Phospholipids

The digestion of PL occurs primarily in the small intestine, as gastric lipase
(secreted in the stomach) is incapable of digesting PL. Over 90% of the PL occur-
ing in bile is phosphatidylcholine (PC) which distributes between bile-cholesterol
mixed micelles and TG droplets, favoring the mixed-micellar phase over the TG
oil phase (65). PC is then hydrolyzed by pancreatic phospholipase A2 (PLA2) 
(EC 3.1.1.4) at the sn-2 position, yielding one molecule each of a FA and
lysophosphatidylcholine (LPC) (66,67). Some phospholipase A1 (PLA1) activity
in pancreatic juice is probably due to pancreatic lipase (68). Pancreatic PLA2
possesses a molecular weight of approximately 14 kDa and is secreted as an anionic
zymogen which is activated by tryptic cleavage of an N-terminal heptapeptide
(69,70,82) in the presence of calcium (71,72) and bile salts (73). It possesses
multiple isoforms (74,75) and apparently requires a 2:1 bile salt to PC molar ratio
for optimal activity (76). PLA2 is heat stable and manifests maximum lipoloytic
acitivity at pH 8 to 9 (73).

PLA2 from porcine, canine, and human species has been sequenced
(77–80). Richmond and Hui (81) described the genomic organization of the PLA2
gene in the mouse and demonstrated high sequence homology for this enzyme in
the mouse, rat, dog, and human. Although the bulk of intestinal PLA2 activity is
derived from pancreatic secretions, there is probably some contribution from the
intestinal mucosa (83), where the enzyme is known to be concentrated in the
brush border. Tojo et al. (84,85) reported the presence of another lipolytic enzyme,
phospholipase B/lipase (PLB/LIP), in the jejunal brush border membrane. This
interesting enzyme contains four tandem homologous domains and a carboxyl
terminal membrane binding domain (86). The activity of the enzyme is located in
domain 2 of the tandem repeats and contains PLA2, lysophospholipase, and lipase
activities. Although the biochemical characterization of this enzyme is quite 
complete, its physiological function is not clear.
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Digestion of Cholesteryl Ester

The bulk of dietary cholesterol intake occurs as the absorbable, free sterol form,
with only 10% to 15% occurring as CE, which must first be hydrolyzed to free
cholesterol prior to absorption (87). Pancreatic cholesterol esterase (3.1.1.13), also
known as carboxylic ester hydrolase or sterol ester hydrolase, has been purified
from porcine (88,89), rat (90), and human pancreas (91,92) and rat, bovine, and
human pancreatic cholesterol esterases have been cloned (93–95). Human and
rat cholesterol esterases have molecular weights of about 100 kDa and 70 kDa,
respectively, and share 78% structural homology (90,91). Using site-directed
mutagenesis, DiPersio et al. (96) demonstrated that substitution of threonine or
alanine for serine at position 194 in rat cholesterol esterase abolished enzymatic
activity. Using a similar approach, DiPersio et al. (97) further demonstrated that,
in addition to serine, histidine in position 435 and aspartic acid (98) at position 320
formed a triad of amino acids comprising the catalytic site of this enzyme.

Human cholesterol esterase can hydrolyze CEs as well and phos-
phoglycerides but has little activity against mono-, di-, or triglycerides (99). Its
enzymatic activity is greatly enhanced in the presence of bile salts, particularly
trihydroxy bile salts such as sodium cholate, which promote self-association
of the enzyme into dimers and tetramers (90,92) thereby protecting it from pro-
teolytic inactivation.

MICELLAR SOLUBILIZATION AND UPTAKE OF DIETARY 
LIPIDS BY ENTEROCYTES

Much of our current understanding of the role of micellar solubilization in 
the gastrointestinal absorption of dietary lipids and their digestion products 
comes from the work of Hofmann and Borgstrom (100,101). This concept was 
subsequently modified by Carey et al. (33), who discovered the coexistence of 
unilamellar liposomes, which also played a role in lipid absorption in the small
intestine. The relative importance of these different vehicles in facilitating the
uptake of lipids by the enterocytes will be discussed in the following section.
While the uptake of lipid digestion products by enterocytes has been generally
accepted to occur via a passive process, a number of different investigators have
provided evidence that the absorption of cetrain lipids may occur via an energy-
dependent, carrier-mediated process.

Importance of Micellar Solubilization

Understanding the role of micellar solubilization in the uptake of 2-MG and FA by
enterocytes also requires an understanding of the intestinal unstirred water layer
(UWL), a concept first introduced by Dietschy et al. (102–104). As illustrated in
Figure 4, the UWL, which mixes poorly with the bulk fluid phase in the intestinal
lumen, forms a hydrophilic barrier through which solutes must pass in order to
gain access to the intestinal brush border membrane. Because the solubility of FA
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and MG in aqueous media is extremely low, very few of these molecules are able
to penetrate the UWL unaided (Fig. 4, arrow 1). Micellar solubilization, by greatly
increasing the aqueous solubility of FA and MG, promotes the diffusion of these
substances across the UWL allowing contact with the brush border membrane and
subsequent absorption by the enterocytes (Fig. 4, arrow 2).

Although bile salt mixed-micellar solubilization plays a central role in lipid
absorption, the mechanism(s) by which bile salts facilitate the uptake of lipid
soluble molecules and drugs by the small intestine may extend beyond their deter-
gent properties. For instance, several investigators have reported that trihydroxy
bile acids are more effective in promoting cholesterol absorption than dihydroxy
bile acids; however, the degree of solubilization was not measured in these exper-
iments (105–107). Watt and Simmonds (107) elegantly demonstrated the impor-
tance of micellar solubilization by bile salts in the uptake of cholesterol by the
small intestine by showing that a linear relationship exists between the amount of
absorbed cholesterol and the micellar cholesterol concentration. Their study
demonstrated that cholesterol uptake by enterocytes is dependent on the specific
planar structure of the bile acid by using Pluronic F-68, a nonionic surfactant with
different molecular geometry that promotes the micellar solubilization of choles-
terol (but not its uptake by enterocytes). A particularly important finding in this
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Figure 4 Diagrammatic representation of the effect of bile salt micelles (or vesicles) in
overcoming the diffusion barrier resistance by the unstirred water layer. In the absence of
bile acids, individual lipid molecules must diffuse across the barriers overlying the
microvillus border of the intestinal epithelial cells (arrow 1). Hence, uptake of these mol-
ecules is largely diffusion limited. In the presence of bile acids (arrow 2), large amounts
of these lipid molecules are delivered directly to the aqueous-membrane interface so that
the rate of uptake is greatly enhanced. Source: From Ref. 97.



study was that the degree of nonspecific binding of cholesterol to silicone tubing
was similar for micellar solutions of cholesterol, solubilized with either Pluronic
F-68 or bile acids. This suggests that intestinal cholesterol absorption is an active
process, possibly mediated by a transporter, and supports an earlier finding by
Sylven (111), that both cholesterol and beta-sitosterol (plant sterol) are present in
the human diet but that cholesterol, unlike beta-sitosterol, is well absorbed by the
small intestine. Sylven found that the ability of the small intestine to discriminate
between cholesterol and beta-sitosterol absorption is energy-dependent and com-
promised by deprivation of blood supply (111). The possibility that lipid trans-
porters are present at the brush border membrane is further suggested in patients
with beta-sitosterolemia, a condition where the intestine fails to discriminate
between cholesterol and beta-sitosterol (112–114). This topic will be discussed in
detail later in this chapter.

The dependence of cholesterol absorption on bile salt structure is further
illustrated by the fact that chenodeoxycholyl taurine (CDC-tau), which is a better
micellar solubilizer of cholesterol than cholyl taurine (C-tau), results in poorer
cholesterol uptake than C-tau (108–110). Despite the knowledge gained from
these studies and others, the manner in which bile salt structure affects its ability
to promote the absorption of cholesterol and other lipid soluble drugs and
xenobiotics is far from being clear.

Importance of Unilamellar Vesicles

When human jejunal contents obtained during digestion of a lipid meal were
ultracentrifuged, three distinct layers were isolated and included a solid pellet at
the bottom of the tube on which was layered an intermediate, micellar solution
phase topped by an oily layer (101). The oily layer was found to consist primarily
of TG, partial glycerides, and FAs; the intermediate micellar solution layer con-
sisted of bile salts, FAs, and MGs; and the pellet was composed primarily of cal-
cium salts of FAs (soaps). When Porter and Saunders (115) carefully compared
the micellar solution phase obtained after ultracentrifugation of intestinal 
contents to that prepared by passing the unprocessed intestinal contents through
a series of filters with progressively smaller pores (the smallest being 100 nm in
diameter), mild turbidity was noted, regardless of the method of preparation; 
in addition, these investigators noted the existence of a lipid concentration 
gradient in these samples. The importance of these observations was not fully
realized until subsequent studies of in vitro fat digestion, conducted under light
microscopy by Patton and Carey (116), identified the existence of a “viscous
isotropic phase” within the micellar solution phase, which consisted of a liquid
crystalline mixture of MG and FA. Thus, in addition to disc-shaped, bile salt
mixed micelles, the aqueous phase may contain liquid crystalline vesicles (121).
However, Carey et al. (33) proposed that when lumenal bile salt concentrations
exceed the critical micellar concentration, lipid digestion products are incorporated
into lipid-saturated, disc-like mixed micelles with a hydrodynamic radius of
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approximately 200 Å in size. However, when the amount of lipid in the aqueous
phase increases further, formation of liquid crystalline vesicles (liposomes) with
a hydrodynamic radius of 400 to 600 Å occurs, a process which does not require
bile (33,117). This finding may explain the reasonably good fat absorption seen
in patients with low intraluminal bile salt concentration (118) or in patiens with
bile fistulae (119). Thus, Carey et al. (33) proposed that the liquid crystalline vesi-
cles play an important role in the uptake of FA and MG by enterocytes in these
diseased states. Though it is generally assumed that absorption of highly
lipophilic drug occurs solely through micellar solubilization, the possibility that
liquid crystalline vesicles may also play a role in promoting the absorption of
these drugs cannot be ruled out.

Because liquid crystalline vesicles and mixed micelles coexist in the small
intestinal lumen and constantly exchange MG, FA, and bile salt molecules, their
relative roles in the uptake of FA and MG was unresolved for quite some time. 
A recent investigation by Heubi et al. (120) using a combination of human and
lymph fistula rat studies has clearly demonstrated that the absorption of FA can
be mediated by bile salt–lipid vesicles but that the absorption of cholesterol is
mediated solely by micelles.

Shoemaker and Nichols (122) observed that bile salts and lysophospho-
lipids form submicellar aggregates. These submicellar aggregates coexist with
artificial PL vesicles in an aqueous medium. Shortly thereafter, these investiga-
tors provided convincing evidence that these submicellar aggregates serve as an
efficient shuttle mechanism for the transfer of lysophospholipids between 
membranes (123). The existence of these submicellar aggregates in the intestinal
lumen and their role in delivering lysophospholipids as well as lipid soluble
molecules and drugs to enterocytes for absorption remains to be explored.

Intestinal epithelial cells have an apical brush border membrane made up of
many microvilli which impacts the uptake of lipid digestion products and lipophilic
drugs. For example, the microvilli of the intestinal epithelial cells have a width of
about 100 nm. The space between the microvilli is much smaller, ranging between
5 to 20 nm. Thus, to access the space between the microvilli, lipid carrying vehicles
cannot be larger than the width of the gaps themselves. Consequently, the lipid vesi-
cles and nanoparticles that are commonly used to transport drugs into the gastroin-
testinal tract are probably not able to enter the space between the microvilli.
However, submicellar and micellar particles are able to penetrate the gap thereby
facilitating the uptake and transfer of lipid soluble molecules from the vesicles to
the membrane of the microvilli, implicating the inportant interaction that must
occur between a lipid-based formulation the the endogenous lipid handling system
in order for efficient drug absorption to occur.

MUCOSAL BRUSH BORDER MEMBRANE LIPID TRANSPORTERS

It has been generally accepted that FA and MG are absorbed by enterocytes via
passive diffusion (124,125). This hypothesis was first challenged by Chow and
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Hollander, who demonstrated that linoleate uptake by the small intestine is
concentration-dependent, occuring via a carrier-mediated process at low concen-
tration but predominantly by passive diffusion at high concentrations (127).
Similar concentration-dependent absorption kinetics were found to apply to the
intestinal absorption of the fat-soluble vitamin A, whereas the intestinal uptake of
vitamins D and E and carotene occur by strictly passive processes (128).

Studies by Stremmel (126,129) suggested the existence of an intestinal
brush border membrane FA-binding protein (FABP) that plays an apparent role in
the uptake of FA by enterocytes. This FABP, which is predominantly localized in
the apical and lateral areas of the villus membrane in the regions of the tight junc-
tion and crypt, is also capable of transporting cholesterol, but not CE, and it was
shown that pretreatment of a jejunal loop with an anti-FABP antibody significantly
reduced cholesterol uptake (129). Consequently, this FABP appears to be a plau-
sible candidate as a transporter for not only cholesterol, but a whole array of
lipophilic molecules, including drugs. This hypothesis have been challenged for
two reasons: firstly, this transporter was subsequently demonstrated to be similar
to mitochondrial glutamic oxaloacetic transaminase, which is not involved in
lipid absorption (130); secondly, crypt cells, which are not involved in fat absorp-
tion, express this FABP.

More recent work has confirmed the presence of FA transporters in the
intestinal brush border membrane, the expression of which appears to be the
highest in the jejunum, followed by the duodenum and the ileum. Furthermore, a
diet rich in long-chain, but not medium-chain, FAs results in increased transporter
expression (144). Interested readers are referred to a review on this subject by
Abumrad et al. (145).

Other lipid-binding proteins have been identified, including GP330 (also
called megalin), CD36, SR-BI, caveolin, and more recently, the FATP4 (131).
GP330 is a member of the low-density lipoprotein receptor gene family and is an
endocytic receptor expressed in many absorptive epithelia, including the kidney
proximal tubules, Type II pneumocytes, mammary epithelium, and thyroid follicular
cells (132). It has been demonstrated that GP330 is involved in the renal uptake of
polybasic drugs (132–134), vitamin B12 (134), cholesterol carrying lipoproteins
(135), albumin (136), and proteases (133). Whether GP330 is expressed in the 
intestine is still uncertain (132).

Other potential FA transporters have been identified. Schaffer and Lodish
(146) cloned a long-chain FA in adipocytes. Stahl et al. (131,147) identified the
presence of FATP4, a member of the large family of FA transport proteins, in the
small intestine. This finding was initially confirmed by Hermann et al. (148) who
subsequently found that both FATP1 and FATP4 to be constituents of acyl-CoA
synthetase, with substrate specificity for very long-chain FA (149). Caveolin, the
first reported protein associated with caveolae, is another protein that binds
cholesterol (150). Caveolae are nonclathrin-coated invaginations present on the
surface of cells and are enriched with glycolipids (151), cholesterol (152),
glycosyl-phosphatidylinositol-linked proteins (153), and other proteins involved
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in potocytosis (154). It is currently unknown if caveolin plays a role in the intes-
tinal absorption of cholesterol, FAs, or lipid soluble drugs.

Several studies have reported that cholesterol absorption by the small
intestine is regulated by the adenosine triphosphate (ATP)-binding casette-1
(ABC-1), a reverse cholesterol transporter (155). If, indeed, ABC transporters
are reverse cholesterol transporters, are they as efficient in reversing intestinal
cholesterol transport as plant sterols? Are ABC transporters involved in the
reverse transport of other lipid soluble compounds such as lipid soluble drugs?
Will the physiological and therapeutic manipulation of ABC transporters modify
intestinal FA, cholesterol, sterol, and lipophilic drug absorption in animals and
humans? These questions remain to be answered.

To date, the most convincing data supporting the existence of a transporter
for cholesterol absorption is provided by studies of the hypocholesterolemic drug,
ezetimibe (Zetia®, Schering-Plough) (158,159). After being metabolized in the
liver, ezetimibe returns to the intestinal lumen to potently inhibit cholesterol
absorption. Although the mechanism by which ezetimibe inhibits intestinal cho-
lesterol absorption is far from clear, inhibition of Niemann-Pick C1-like protein
(160), a lipid transporter which has been recently demonstrated to be a binding
target for ezetimibe (161), has been suggested. Other possible mechanisms of
action include disruption of sterol uptake by the brush border membrane (162)
and inhibition of the endocytosis of cholesterol-rich microdomains secondary to
binding of ezetimibe to the aminopeptidase, N(CD13) (163). A better understand-
ing of how this drug inhibits cholesterol absorption could potentially provide new
and useful information regarding the mechanism of absorption of lipophilic drugs
and xenobiotics.

INTRACELLULAR TRAFFICKING OF TRIGLYCERIDE

While it is beyond the scope of this chapter to provide an in-depth account of intra-
cellular lipid trafficking, a brief summary will be included as these processes may
be involved in the intracellular trafficking of lipophilic drugs and xenobiotics and
could play a role in their transport by CM.

It is not known how the various absorbed lipids migrate from the site of
absorption in the intestine to the endoplasmic reticulum, where resynthesis of
complex lipids and TG destined for CM takes place. In addition, chylomicron
incorporation of lipophilic drugs absorbed by the enterocytes may involve some
of these same pathways. A FABP present in the small intestine, first isolated and
characterized by Ockner and Manning, has been suggested to play an important
role in the intracellular transport of absorbed FA (164,165). We know there are at
least two FABPs in enterocytes—the I-FABP (intestinal-FABP) and L-FABP
(liver-FABP)—and that these FABPs differ in their binding specificity: I-FABP
binds with high affinity to FA, whereas L-FABP binds to long-chain FAs, LPC,
retinoids, bilirubin, carcinogens, and selenium (166–168). While the functioning
of these FABP’s has not yet been investigated in vivo, NMR binding studies
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conducted by Cistola et al. (169) suggested that I-FABP is involved in the intra-
cellular transport of FA while L-FABP is involved in the intracellular transport of
MG and LPC (169). A thorough review of this subject has been conducted by
Storch and Thumser (170).

Investigating the functioning of FABPs and their role in intracellular lipid
trafficking in living animals has proven extremely challenging for a number of
reasons. Attempts at using “knock-out” animals, for which the gene encoding a
specific FABP is absent, have failed to yield definitive results, since the absence
of a specific FABP often results in the upregulation of other FABPs which are
capable of compensating for functions of the absent FABP. For example, when
Shaughnessy et al. (171) used the adipocyte FABP knockout mouse to study its
function, the keratinocyte FABP functionally compensated for the absence of the
adipocyte FABP. In other studies, investigators using I-FABP knock-out mice
found that these animals have higher plasma TG and greater body weight than
wild types (172), implying normal fat absorption in these genetically modified
animals. Although the L-FABP knock-out animals have been generated, their
ability to absorb lipid and lipid soluble drugs in the intestine has not been
examined and certainly warrants further investigation (173).

Other intracellular lipid carrier proteins include the sterol carrier proteins,
SCP-1 and SCP-2 (174,175). SCP-1 is involved in the intracellular transport of
cholesterol from cytoplasmic lipid droplets to mitochondria and the translocation
of cholesterol from the outer mitochondrial membrane to the inner mitochondrial
membrane (178). It also appears to be involved in the intracellular trafficking of
PC (179,180) and FAs (181). SCP-2, also known as the nonspecific lipid 
transfer protein, participates in the microsomal conversion of lanosterol to
cholesterol (177) and has also been proposed to play a role in peroxisomal 
FA-CoA binding (182).

Monoglyceride and Fatty Acids

2-MG and FA are reconstituted in the enterocyte to form TG, the primary
component of CM, via the MG pathway. As shown in Figure 5, 2-MG is reacy-
lated into TG by the consecutive action of MG acyltransferase (MGAT) and DG
acyltransferase (DGAT) (183,184). The enzymes involved in this MG pathway
are present in a complex called “triglyceride synthetase” (183,185), which has
been purified by Lehner and Kuksis (186). It is thought that the synthesis of TG
from DG is catalyzed by the enzyme acyl CoA:DGAT. The gene for this enzyme
has been isolated and a knockout mouse generated. Interestingly, this mouse can
synthesize normal amounts of TG in the intestinal mucosa (187), thus raising 
the question as to whether another enzyme(s) is involved in the formation of TG
from DG.

Wetterau and Zilversmit (195–197) demonstrated that a protein found in the
liver, small intestine, and several other organs promotes the transfer of TG and
cholesterol esterase between membranes. The small intestine and liver have the
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highest TG transfer activity, and both are active in packaging TG-rich lipopro-
teins. Therefore, Wetterau and Zilversmit proposed that this transfer activity plays
a role in the intracellular packaging of lipoproteins, including CM, which are
responsible for the transport of lipophilic drugs.

FORMATION OF INTESTINAL CM AND VLDLs

During fasting, very-low-density lipoproteins (VLDL) are the only lipoproteins
produced by the enterocytes of the small intestine (239–241). Compared to CM,
these lipoproteins are relatively small in size and contain proportionately lower
amounts of TG. Hence, the ability of VLDL to carry lipid soluble drugs is limited
in comparison to the substantially larger, TG-rich CM. In the fed state, however,
the CM is the predominant lipoprotein species produced by the small intestine and
it is this lipoprotein that is largely responsible for transporting the bulk of
lipophilic drugs in the lymph (241–242). Currently, CM and VLDL are distin-
guished from one another based on the manner in which they separate following
ultracentrifugation: lipoproteins that have a Svedberg flotation (Sf) rate exceeding
400 are classified as CMs whereas those with a Sf rate of 20 to 400 are defined as
VLDLs (243).

Over the past decade, we have acquired a considerable amount of new
information regarding the mechanism of the intracellular assembly, modification,
and secretion of lipoproteins from the small intestinal epithelial cells. Using sub-
cellular fractionation and pulse-chase techniques, Higgins et al. has provided new
insight into the process by which CM are assembled within enterocytes. These
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researchers demonstrated that the first and rate-limiting step in the assembly of
CM involves the formation of dense apo B48 PL-rich particles that accumulate
within the lumen of the smooth endoplasmic reticulum. The second step, which
occurs rapidly, results in the enrichment of the dense apo B48 PL-rich particles
with TG and additional PLs (226,227). Mansbach et al. (228), using a cell-free
system, has provided exciting new information showing that the transport of TGs
and apo B48 from the endoplasmic reticulum to the Golgi apparatus is vectorial,
temperature dependent (37oC) and requires ATP (a cytosolic protein) (228,229).
Additionally, they have isolated 200 nm vesicles from the endoplasmic reticulum
of enterocytes; presumably, these vesicles carry the TG-containing pre-CMs to
the Golgi apparatus (229). In 2003, Siddiqi et al. demonstrated that the COPII
proteins, Sar1, Sec23p, Sec24p, Sec13, and Sec31, are involved in the fusion of
the endoplasmic reticulum vesicles with the Golgi apparatus (230,231). The
importance of the COPII proteins in CM formation is further supported by the
recent finding that patients with CM retention disorder involve mutation of the
Sar1 GTPase of the COPII protein complex (232).

The differing FA composition of the TG contained in VLDL and CM has
suggested that these lipoproteins are produced in the enterocytes by two distinct
and separate pathways. Ockner et al. (239) demonstrated that intestinal VLDL
secretion is markedly increased by intraduodenal infusion of palmitate; infusion
of oleate and linoleate, however, had no effect on VLDL secretion but significantly
increased CM secretion. Further evidence in support of separate biosynthetic
pathways for VLDL and CM is provided by Vahouny et al. (245), who demon-
strated in rats that puromycin had no significant effect on the incorporation of
radiolabeled leucine into VLDL peptides but markedly inhibited the incorpora-
tion of the amino acid into CM peptides. In addition, an ultrastructural and
biochemical study of enterocytes conducted by Mahley et al. (244) showed that
CM and VLDL particles were contained in distinctly separate Golgi vesicles.
Studies conducted by Tso et al. (246,247) have shown in rats that duodenal infu-
sion of 0.5 mg/hr of the cationic surfactant, Pluronic L-81 (L-81), markedly
impairs lymphatic transport of TG and cholesterol by inhibiting the formation of
intestinal CMs; VLDL formation was not affected. Using this unique tool, Tso
et al. (248) further showed that intraduodenal infusion of egg PC in rats resulted
almost exclusively in the secretion of VLDL into intestinal lymph which was not
affected by the administration of L-81. However, when triolein, which is a sub-
strate for CM synthesis, was substituted for egg PC in the presence of L-81, the
lymphatic transport of TG was inhibited (246,247). These results led Tso et al.
(248) to propose separate pathways for the formation of CM and VLDL (Fig. 6).
Moreover, Tso et al. (248) distinguished these biosynthetic pathways by demon-
strating selective inhibition of the CM pathway by L-81 and the segregation of
pre-VLDL and pre-CM particles into separate vesicles within the enterocytic
Golgi apparatus, which supports the observations of Mahley et al. (244).
Additional in vivo and in vitro studies have supported the existence of separate
biosynthetic pathways for CM and VLDL. Nutting et al. (249) measured the time
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required for the appearance of radioactivity in the mesenteric lymph of rats 
following intestinal infusion of radiolabeled FA in control rats or those treated
with L-81, which selectively inhibits CM secretion but does not affect VLDL
secretion into the intestinal lymph. In the control rats, lymph radioactivity was
detected 10.8 minutes following infusion of radiolabeled FA whereas radioactiv-
ity was not detected in the lymph of L-81 treated rats until 16.2 minutes after the
FA infusion. Finally, using Caco-2 cells, Luchoomun and Hussain (250) demon-
strated that L-81 inhibits CM but not VLDL formation in vitro.

From a drug delivery perspective, selective stimulation of VLDL or CM
synthesis by coadministration of PC or TG, respectively, has implications for the
amount of drug that could be transported by this route as well as for the distribu-
tion of the drug, which could potentially be influenced by the metabolic fate of
the the lipoprotein with which it is associated.

In addition to their application as an in vitro model for assessing intestinal
drug permeability, intestinal cell culture systems (e.g., Caco-2 cells) have been
used extensively to study the formation and secretion of lipoproteins (233–237)
and the genetic expression and post-translational modification of apolipoproteins
(238). Using Caco-2 cells, a sequential assembly model for studying VLDL and
CM formation was described by Hussain et al. (233) and provided information on
the assembly of primordial lipoprotein particles, the synthesis of TG-rich lipid
droplets, and the lipoprotein core expansion occuring following the fusion of
primordial lipoproteins with nascent TG droplets (251).

Interpreting the results of studies employing Caco-2 cells, which are
derived from a human colon carcinoma cell line, should be done cautiously 
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Figure 6 Packaging and secretion of intestinal CM and VLDL. The diagram depicts
Golgi derived vesicles containing either pre-CM or pre-VLDL particles. Little mixing of
pre-CM and pre-VLDL particles in these vesicles occurs. Abbreviations: CM, chylomi-
crons; VLDL, very low-density lipoproteins.



as these cells differ from native small intestinal enterocytes in several 
important ways:

1. Caco-2 cells utilize the glycerol 3-phosphate pathway for the formation
of TG from FAs and glycerol, which is of substantially lower capacity
that the MG pathway used by native enterocytes for the formation of 
TG (252).

2. Enterocytes in the small intestine synthesize only apo B48, while
Caco-2 cells synthesize apo B48 and apo B100.

3. Native enterocytes primarily secrete CM particles during active fat absorp-
tion, wheras Caco-2 cells secrete VLDL which, as described 
earlier, has significantly lower drug-carrying capacity as compared to CM.

PORTAL TRANSPORT OF FAS AND LIPOPHILIC COMPOUNDS

As described previously, the bulk of absorbed FA and an often significant fraction
of lipophilic xenobiotics is transported by intestinal lymph in association with
CM and VLDL. However, there is growing evidence for hepatic portal transport
of these molecules in healthy individuals and in instances where the normal path-
ways for intestinal lipid absorption have been disrupted secondary to disease.
Inhibition of CM synthesis, which is associated with abetalipoproteinemia in
humans or can be induced experimentally in puromycin-treated rats (255,256) or
following ischemia/reperfusion injury to the small intestine, has been shown to
result in increased portal transport of FA secondary to compromised resynthesis
of TG by the enterocytes. Similarly, increased portal transport of FA has been
shown in bile fistula rats, again resulting from reduced TG by the enterocytes,
which requires the presence of bile salts in the intestinal lumen (253,254).
Reduction or elimination of intestinal bile and/or lipase would compromise the
hydrolysis of TG to FA, thereby reducing the lumenal concentration of FA.
Various studies have suggested an inverse relationship between the lumenal con-
centration of FA and the fraction of FA absorbed via the portal pathway. For
example, McDonald et al. (259) demonstrated, in rats, that at low duodenal infu-
sion (0.3 �mol/hr) of linoleic acid, a substantial amount of the absorbed FA
(58%) was transported in the portal blood. Physiologically, it is unlikely to have
such low FA concentration in the intestinal lumen. However, in humans with bile
or lipase deficiency, this condition may prevail and the portal route may become
important for intestinal FA transport by the intestinal mucosa. Using the rat as a
model, Mansbach et al. reported that as much as 39% of the FA infused into the
small intestinal lumen was absorbed via the portal circulation as TG (260).

Likewise, while highly lipophilic drugs and xenobiotics exhibit significant
transport in the intestinal lymph; these substances are often partially absorbed
directly into the portal blood (261). In a recent paper, Cavret et al. (262) demon-
strated that highly lipophilic, nonpolar compounds such as phenanthrene,
benzo[a]pyrene, and tetrachlorodibenzo-para-dioxin are all absorbed by the small
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intestine and transported, in part, by the portal blood. Further studies are needed
to determine the mechanisms governing the nonlymphatic transport of these 
highly lipophilic compounds as well as the specific carriers of these compounds in
the blood.

CONCLUDING REMARKS

Many orally administered, lipophilic drugs are transported to the systemic circu-
lation, at least in part, by the intestinal lymph in association with CMs and VLDL.
Therefore, a thorough understanding of the processes by which the body assimi-
lates hydrophobic molecules from the GIT, which includes the digestion, uptake,
intracellular metabolism, and packaging of these substances into CMs, is critical
to the design of effective oral delivery systems for hydrophobic, poorly water
soluble drugs. It is hoped that this review will stimulate investigators working on
theoretical and practical aspects of lipophilic drug delivery to further define the
mechanisms that govern the gastrointestinal absorption and transport of these
compounds. The next few years will be both exciting and challenging for inves-
tigators working in these areas as well as those involving the identification and
characterization of the various transporters of lipid ligands and the transporters of
the ABC family involved in the efflux of lipid ligands.
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RELEASE TESTING OF LIPID-BASED DOSAGE FORMS: WHAT DO WE
HOPE TO ACHIEVE?

Characterizing the release of an active pharmaceutical ingredient (API) is usually
performed for one or more of the following reasons:

■ to compare formulation candidates during product development
■ as a quality control procedure after manufacture
■ to assure that quality is maintained throughout the product shelf-life
■ to assure that quality is maintained from batch to batch
■ to assure that quality is maintained after a change is made in the 

composition or manufacturing procedure
■ to predict product performance in vivo.

According to the aims of the release test, the conditions may need to be
adjusted. For example, quite complex media might be required to predict in vivo
performance, and simplifications would be needed to transpose these tests into a
design that would be appropriate for routine quality control purposes.

Lipophilic dosage forms present special challenges to the design of release
tests. Unlike most immediate release (IR) solid oral dosage forms, the excipients in



lipophilic dosage forms often do not lend themselves to easy dispersion in simple
aqueous media such as those typically used for dissolution testing (e.g., dilute
hydrochloric acid, phosphate buffers, etc.). However, in the gastrointestinal tract,
dispersion will occur via emulsification in the stomach and small intestine.
Furthermore, for digestible lipids, the excipients will gradually disappear during the
digestion process in the small intestine, which will force the active pharmaceutical
ingredient (API) to come into contact with the intestinal fluids. Dynamic modelling
of release from lipophilic dosage forms resulting from lipolysis of the excipients is
discussed elsewhere in this book (Chapter 11) and will not be covered further here.

For APIs that are dissolved in a lipophilic vehicle, some release may occur via
partitioning processes prior to and during digestion of the excipients. In this case, it
is important to come away from classical notions of dissolution testing and recog-
nize that bulk partitioning processes are dependent on a different set of parameters
and that the usual Noyes-Whitney type of model will not be adequate in such cases.
For example, in a self-emulsifying system the lipid droplet size formed will have a
profound effect on the interfacial area between the lipid and aqueous phases and
hence, the kinetics of phase transfer. Other lipophilic vehicles may form micellar
phases rather than emulsions upon dispersion in the gastrointestinal fluids, and the
kinetics of drug transfer from the micellar phase into the aqueous phase may be rate-
determining to the overall release process. Of course, it is quite possible that both
emulsion and micellar phases are formed; here the kinetics of transfer will depend
on the relative rates of transfer out of the emulsion and from the micellar phase.

Finally, if the API is suspended in the lipophilic vehicle, any one of several
processes—dispersion of the vehicle, digestion of the vehicle or dissolution of the
API from the particles liberated from the vehicle—could be the rate-determining
step to release. In such cases, some effort should be directed to establishing the
rate-limiting step and designing the release test primarily around that process.

SPECIAL CONSIDERATIONS FOR DISSOLUTION TESTING 
OF LIPID-BASED FORMULATIONS

In this section, the considerations specific to designing release tests for lipophilic
dosage forms will be addressed. These include the ability of the lipid-based
vehicle to disperse into various types of media, whether the API partitions from
the vehicle into the aqueous medium from a solution in the lipophilic vehicle or
whether it is in suspension, and how to recover the API from the appropriate
phases in the release medium.

Dispersability of the Dosage Form into Aqueous Media

The Dosage Form Dissolves into the Aqueous Dissolution Medium

Sometimes vehicles are (somewhat misleadingly) classed as “lipophilic” when
they are really just “non-aqueous.” A typical example would be the use of poly-
ethylene glycol mixtures as vehicles for manufacture of soft gelatine capsule
dosage forms. As these excipients are highly water soluble, no special design of
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the release test is necessary: a simple aqueous buffer solution will suffice unless
the API itself is poorly water-soluble. The design of dissolution tests for poorly
soluble APIs has been discussed thoroughly elsewhere (1).

The Dosage Form Forms Micelles in the Aqueous Dissolution Medium

Many lipophilic vehicles contain high amounts of surfactants in the formulation
and, upon dispersion in the gastrointestinal fluids, these surfactants may form
micelles which partly or completely solubilise the API and other components of the
formulation. For these formulations as well, a complex media design for the release
test is unnecessary. However, it may be worth dispersing such formulations into var-
ious biorelevant media to check that micelles are formed as expected and that the
API and other components do not separate from the micellar phase. The currently
recommended compositions of FaSSGF (2), FaSSIF and FeSSIF are given in 
Tables 1–3. Care should be taken to use appropriate dilution volumes for such
experiments. For FaSSGF and FaSSIF a reasonable volume would be 250 mL, for
FeSSIF 500–1000 mL can be used. Measuring the micellar particle size of the
resultant fluid may also be useful to forecast the ability of the formulation to form
physically stable and reproducible micelles when it comes in contact with the gas-
trointestinal fluids. For experiments in FaSSGF the particle size distribution of the
dispersed phase can be determined by readily available techniques such as laser
light scattering or PCS. For FaSSIF and FeSSIF one would look for a change
(swelling) in the micellar size associated with dispersion of the dosage form.

The Dosage Form Forms an Emulsion in the Aqueous Medium

Self-emulsifying dosage forms usually contain high levels of surfactant to induce
emulsion formation in vivo. For these formulations, it is very likely that dispersion
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Table 1 Composition of a Medium Biorelevant for Gastric
Conditions in the Fasted State

FaSSGF Bile salt (sodium taurocholate) (�M) 80
Lecithin (�M) 10
Pepsin (mg/mL) 1
Sodium chloride (mM) 34.2
Hydrochloric acid to pH 1.6

Source: From Ref. 2.

Table 2 Composition of a Medium Biorelevant for Upper Small
Intestinal Conditions in the Fasted State

NEW FASSIF Bile salt (sodium taurocholate) (mM) 3
Lecithin (mM) 0.2
Phosphate/maleate buffer qs pH 6.5
Osmolality (mOsm/kg) 180
Buffer capacity (mEq/L/pH) 10

Source: From Ref. 1.



in the gastrointestinal fluids will result not only in a fine emulsion but that a micel-
lar phase will be formed either initially or as the dispersion comes in contact with
the lipases, bile salts and lecithin secreted into the duodenum from the pancreas
and gall bladder, respectively. Here too, attempts to better understand the disper-

sion process in vivo by diluting the formulation with biorelevant media may aid
development of systems which behave robustly under gastrointestinal conditions
(see p. 243). Since at least part of the API will initially be located in the emulsion
phase, centrifugation and subsequent analysis of the oily and aqueous phases for the
API will give some indications of the relative importance of the various phase trans-
fer mechanisms to the overall release rate. If most of the API resides in the emul-
sion initially, obviously bulk partitioning is going to be more important than if the
API has already partly transferred into the aqueous phase as a result of the dilution
procedure. A third point to consider is whether the API has remained in solution
during the dilution: this can be investigated by comparing turbidometric measure-
ments in formulations with and without API present, in both the oily and aqueous
phases obtained after centrifugation.

The Dosage Form Is Already an Emulsion

Sometimes the API is presented in an emulsion, rather than a self-emulsifying
formulation. In this case, the question of whether the droplet size of the emulsion
will be changed when the formulation comes in contact with the gastrointestinal
fluids may well be important to the rate of phase transfer. Interestingly, the motility
pattern in the stomach comes into play here. Studies in the food industry indicate
that, regardless of the initial droplet size of an emulsion, the droplet size will be
adjusted to 15 to 20 �m by the time it is emptied through the pylorus. This phenome-
non is observed both with coarse emulsions (�20 �m) and fine emulsions like
processed milk, which has a droplet size of about 1 �m (3,4). To study release from
ready-made emulsion products with droplet sizes greater than 20 �m under intestinal
conditions, shearing the emulsion to produce an appropriate droplet size may
improve predictions of in vivo release behaviour. However, for physical stability rea-
sons, most pharmaceutical emulsions aim to have a fine droplet size, far less than
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Table 3 Composition of a Medium Biorelevant for Upper Small
Intestinal Conditions in the Fed State

Composition “NEW-FeSSIF”

Bile salt (mM) 7.5
Lecithin (mM) 2
Glyceryl mono-oleate (mM) 5
Sodium oleate (mM) 0.8
Citrate buffer qs pH 5.80
Osmolality (mOsm/kg) 390
Buffer capacity (mEq/L/pH) 25

Source: From Ref. 1.



15–20 �m. For such products, one could contemplate breaking the emulsion, though
admittedly this might be difficult to achieve with any degree of reproducibility.

Partitioning of the API From the Dosage Form into the Aqueous Phase

The Drug Is in Solution in the Lipid-Based Formulation

If the drug is truly in solution in the lipophilic phase of the dosage form, and the
lipid is digested by the gastric and intestinal lipases, release of the API may be
governed by the kinetics of lipolysis. Pancreatic juice contains at least three
lipolytic enzymes (5).

The first enzyme, usually referred to as lipase, is a glycerol–ester hydrolase
that hydrolyses a wide variety of insoluble esters of glycerol at an oil–water inter-
face; it requires the cooperation of surface active agents such as bile salts and of
co-lipase which is also secreted by the pancreas. Its pH optimum depends on the
substrate and ranges from pH 7 to 9. The rate of reaction will depend on the lipids
that are used in the formulation. For example, triglycerides with chain lengths of
16 to 20 are good substrates for lipolysis, but those with longer chain lengths are
only slowly, if at all, digested. Long chain triglycerides (C16 and C18) often form
the basis for lipophilic formulations, but medium chain triglycerides are being
increasingly used for formulation, as well.

The second enzyme hydrolyses esters of secondary and other alcohols, such
as those of cholesterol, at an optimal pH of 8.0 and also requires the presence of
bile salts. The third enzyme hydrolyzes water-soluble esters.

In addition to hydrolyzing triglycerides, lipase can also remove one of the
esterified fatty acid molecules from di-glycerides to form mono-glycerides and the
reaction can proceed further, resulting in the formation of free fatty acids and glyc-
erol. Many commercial lipid vehicles contain a mixture of glycerides with varying
fatty acid chain length and/or degree of glycerol substitution. For example, soybean
oil is a long chain triglyceride, whereas Peceol® consists of long chain mono- and
diglycerides, and Capmul® of medium chain mono- and di-glycerides. The mono-
glycerides, in particular, enjoy some water solubility. For example, glycerol
monooleate is soluble in water up to a maximum concentration of about 8–10 mM.
Monoglycerides also act as water-in-oil emulsifiers and thus promote generation of
interfacial area, which will facilitate both API partitioning into the aqueous phase
and hydrolysis of the triglycerides. Thus, their presence will encourage faster release
of the API from the lipid vehicle. In addition, many formulations contain one or 
more additional surfactants such as Labrasol and Softigen 767 [principally 
macrogol-C8/C10-(partial)glycerides], Gelucire 44/14 (Lauryl macrogol 32 
glyceride containing a range of C10 to C18 fatty acid chains), Tweens (e.g.,
POE-sorbitan-monolaurate and -monooleate) and Vit E TPGS. These additional sur-
factants can improve the dispersability of the formulation in aqueous systems sub-
stantially. This in turn will increase the interface available for both API partitioning
and digestion, although the question remains as to whether interactions of the surfac-
tants with co-lipase, lecithin and bile salts favour or hinder the digestive process.
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Nondigestible oils for example, paraffin oil, appear not to release lipophilic
APIs readily into the aqueous phase. In fact, their continued use has been shown
to lead to deficiencies in fat-soluble vitamins. This is a strong indication that
digestion of the lipid vehicle is a key factor in the release of the dissolved API
from the vehicle.

The Drug Is Suspended in the Lipid-Based Formulation

If the API is suspended rather than dissolved in the lipid vehicle, the slowest of the
various processes involved in release from the vehicle will determine the overall
rate. Thus, digestion of the lipid vehicle, which enables contact of the solid API
with the aqueous medium or dissolution of the API in the aqueous medium after
digestion of the lipid surrounding it may determine the overall rate of release. On
the other hand, if the drug is very poorly soluble, the particle size of the suspend-
ed material may be crucial to the overall rate of release.

APPROACHES TO RELEASE TESTING OF LIPID-BASED DOSAGE FORMS

Compendial Approaches

One approach to release testing of lipid-based dosage forms is to argue that the for-
mulation should be as robust to the gastrointestinal physiology as possible.
Following this line of reasoning, the best formulations in terms of reproducibility of
performance will be the ones that can release the API into even simple, aqueous
media. Common pharmacopieal media such as those described in the United States
Pharmacopeia (USP) and International Pharmacopeia (Ph.Int.) of the World Health
Organisation (WHO) would be applicable for formulations developed in this context.

Simulated Gastric Fluid

Typically used media for testing robustness of release are simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF). Recipes for these vary among the differ-
ent pharmacopeia, but generally speaking SGF contains a dilute hydrochloric acid
solution (mimicking normal gastric pH, although the pH of SGF is a bit on the low
side—see the formula for FaSSGF in the tables), some sodium chloride to adjust
the osmolarity to a value close to that of gastric aspirates and pepsin, the main
digestive enzyme in the stomach. For the purposes of studying release from lipid-
based vehicles, the addition of pepsin offers few advantages since it is a protease,
not a lipase. Additionally, the amounts of pepsin suggested by the USP are very
high compared to those recovered in gastric aspirates from healthy volunteers (6).

Simulated Intestinal Fluid

SIF consists of a phosphate buffer to adjust the pH to 6.8 (a value typical of the
mid-jejunum) (7) and pancreatin, which is an extract of the pancreas rich in 
amylase, proteases and lipase. For lipid-based dosage forms it could obviously be
quite important to include the pancreatin in the medium. However, at the USP
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suggested concentration of 2000 lipase Units/mL, the concentration exceeds, by
far, the concentration that would be expected in the fasted state in the intestine of
healthy human volunteers.

It should also be taken into consideration that the lipase levels in the fed
human small intestine exceed by far the concentration actually required to com-
plete lipolysis, and for release testing purposes it is not necessary to use the fed
state physiological concentration. One only needs to make sure there is enough
pancreatic lipase added to digest the modest concentrations of lipid in the dosage
form to be tested. Moreover, at 2000 Units/mL lipase, the equivalent concentra-
tion of pancreatin will not dissolve completely and this can lead to analytical
difficulties.

How much lipase is necessary? Assuming that the formulation contributes
about one gram of fat/oil, and assuming a density of about 0.9 g/mL, this would
correspond to about 900 mg of digestible lipid. Using a molecular weight of just
under 900 (e.g., triolein), this corresponds to a concentration of about 1 mMole,
which would require 1000 Units of lipase for digestion. Assuming a media
volume of 500 mL per vessel in a Biodis (Type III) dissolution apparatus, this will
require the addition of about 10 Units/mL. To be on the safe side, a lipase
concentration of 100 Units/mL is suggested, which corresponds to one-twentieth
of the concentration of pancreatin recommended by the USP for use in SIF.

Addition of Surfactants to Compendial Media

For APIs that have low solubility in aqueous media, it may be useful to consider
adding a surfactant to the medium for quality control (QC) testing. Sodium
laurylsulphate and Tween 80 are two surfactants that are often used to boost
release rates for QC testing. This approach is discussed and elaborated in the new
General Chapter on dissolution testing of the USP (8).

Case Example

In some cases, it has been possible to generate in vitro–in vivo correlations
(IVIVC) using modified compendial methods. A case example has been described
by Schamp et al., who studied a variety of lipid formulations of an experimental
Merck API (9). In these studies, lipid semisolid formulations of EMD 50733, a
poorly soluble, neutral drug candidate were developed using Gelucire 44/14 and
Vitamin E TPGS as the lipid vehicles, and tested both in vitro and in a dog model.
The media used in vitro were SGF with a surfactant added to lower the surface ten-
sion to physiologically relevant levels (SGF�, the forerunner of FaSSGF), FaSSIF
and FeSSIF. Results clearly indicated that the release for the Gelucire formulations
is robust—maximum concentrations achieved in SGF� were similar to those
obtained in the biorelevant intestinal media and a supersaturated concentration of
the API was sustained for more than an hour. The results in SGF� also predicted
that the API would be better absorbed from the Gelucire than from the other 
formulations studied (Table 4). The bioavailability of the various formulations in
dogs were measured and compared to that of a standard formulation consisting of
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a lactose/drug mixture and to i.v. administration in the same dogs. As predicted,
the best results with respect to bioavailability were obtained with the Gelucire
44/14 formulation (Fig. 1).

Surface tension measurements showed that the Gelucire 44/14 formulation
formed micelles during dissolution in aqueous media: the molecular dispersion of
the drug in this self-forming micellar system was postulated to protect the drug
from precipitation in vivo as well as in vitro. For other formulations tested, neither
the in vitro nor the in vivo performance indicated sufficient drug solubilizing 
properties. It was concluded that to achieve adequate and reliable dissolution of
poorly soluble drugs in vivo, lipid excipients should not only have appropriate sol-
ubilizing properties for the drug in the formulation, but should also assist in main-
taining drug in solution during release in the GI tract.

From this study it appears that for self-microemulsifying drug delivery
systems (SMEDDS) and similar types of formulations, the compendial media, or
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Table 4 Solubilities of EMD 57033 in Different Dissolution Media and Maximum
Concentrations Resulting from Dissolution of Different Formulations

Cmax during Cmax during Cmax during
dissolution from dissolution from dissolution from

Solubility of lactose mixture Gélucire vitamin E TPGS
EMD 57033 at formulation formulation formulation 

Media 37°C (�g/mL) (�g/mL) (�g/mL) (�g/mL)

SGF� 7.8 9.2 26.1 30.9

FaSSIF 6.4 5.7 29.3 not tested
FeSSIF 12.6 12.2 29.3 not tested

Source: From Ref. 9.

Figure 1 Absolute bioavailability in dogs of an experimental Merck API from three
formulations: a lactose/API mixture packed into capsules, a vitamin E TPGS-based formu-
lation and a Gelucire-based formulation. Source: From Ref. 9.



slight modifications to them, may be able to adequately address both QC and
IVIVC needs, especially when they are used as the basis for formulating APIs
with medium lipophilicity. More work is needed to determine how wide the field
of application is in terms of both API and formulation type.

Biorelevant Dissolution in Compendial Apparatus

The biorelevant media were conceived to provide better forecasts of oral bioavail-
ability for poorly soluble APIs. The idea was to account for the better wetting and
solubilisation of the APIs in presence of bile components. These effects can
improve API solubility and dissolution rate by more than an order of magnitude.
A prerequisite for the improvement in solubility is that the API has lipophilicity
sufficient for interaction with the mixed micelles; typically the logP value should
be greater than two to facilitate the partitioning and as the logP increases, so will
the extent of solubilization. A more complete discussion of the prediction of
absorption of lipophilic APIs with biorelevant dissolution tests can be found in
the review article by Dressman and Reppas (10).

Intestinal Biorelevant Media

For many lipid-based formulations, dispersion in the aqueous environment will
be aided and abetted by the bile components in the biorelevant media and, if a
single phase is formed, characterizing release into the biorelevant media may well
be sufficient to forecast the release properties in the intestine. The current
composition of the intestinal media is provided in Tables 2 and 3.

Gastric Biorelevant Media

In many cases, dispersion and release will commence in the stomach and it may
be worthwhile to study these phenomena under gastric as well as intestinal
conditions, especially during the development phase. A suitable, physiologically
relevant release-testing medium composition for the fasted state is given in 
Table 1. Simulation of the fed state in the stomach presents a significantly greater
challenge—due to the presence of fats, carbohydrates, and proteins one has to
deal with a multiphase medium and the associated problems with separating the
phases and analysing each for the API. Various approaches to simulating the fed
state conditions in the stomach have been addressed by Klein et al. (11). These
authors also proposed viscosified Ensure Plus (a total nutrition drink) as a release
medium which would simulate most of the physical properties of the gastric con-
tents in the fed state. In reality, this medium is difficult to work with and efforts
are continuing to design a medium which adequately addresses the gastric con-
tent composition and yet lends itself to analysis of the API without too much
investment of time and effort.

Current research efforts seek to identify a release test medium consisting of
a suitable dilution of heat-treated milk with a buffer simulating the gastric
secretions to create a kind of “snapshot” composition of the gastric contents
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corresponding to that observed about one hour after meal ingestion. Although use
of such a medium still requires centrifugation and separation of the proteins via
precipitation, and is therefore obviously unsuitable for routine QC purposes, it is
able to simulate the key processes that can occur in the stomach—partitioning into
the lipid phase, incorporation into milk protein (e.g., casein) micelles and disper-
sion into the aqueous phase. Thus the approach is well suited to studying a wide
variety of release mechanisms in a medium that can provide contributions of the
different mechanisms in roughly the same proportions as would be experienced by
the dosage form when ingested with a usual Western meal.

To summarize, the use of biorelevant dissolution media in a standard
compendial dissolution apparatus has the advantages of using well-known media
and equipment, and accounting for a range of release mechanisms, but brings
with it more work in terms of media preparation and sample analysis. Therefore,
this approach is best suited to formulation screening work and evaluating mech-
anism(s) of release. It is also somewhat limited in range by the fact that not all
lipid-based formulations will disperse well in these media.

Adaptation of Biorelevant Dissolution Tests for Screening 
of Lipid-Based Formulations

An important criterion for selecting a lipid-based formulation to improve API
bioavailability is that the solubility of the API is much better in the lipid-based
formulation than in aqueous media. The API solubility can be evaluated in a wide
variety of lipid-based formulations to determine which is the most favourable to
solubility. However, in addition to solubilizing capacity, the chosen formulation
must also be able to release the API under physiological conditions. At present, a
good screening method for this step in the process appears to be lacking.

To overcome this deficit, a project was initiated between F. Hoffmann-La
Roche (Basel) and the Johann Wolfgang University in Frankfurt (12). The approach
was to create a medium throughput screening tool based on a 96 well filter plate
system (MACA CO2 S5, Millipore). The system consisted of a 96 well receiver
plate, with a 96 well filter plate polycarbonate filter (PCF, 0.4 �m) placed on top.
Small holes between the wells in the filter plate enabled the removal of samples
from the receiver side without having to remove the filter plate from the set-up.
Figure 2 shows the configuration of the system, with a donor and a receiver com-
partment separated by the PCA filter, thus allowing the lipid formulation phase to
remain separated from the aqueous phase during the course of the experiment. The
concentration in the aqueous receiver compartment can thus be determined without
any further phase separation work. Since the filter is hydrophilic, it allows the aque-
ous phase to equilibrate with the filter and doesn’t impede passage of micellar solu-
tions (of the API and/or lipid phase) from the lipid phase into the aqueous receiver
compartment. Some key experimental considerations are:

1. To ensure the wettability of the filter membrane and to avoid genera-
tion of air bubbles in the system during the experiment, the filter is
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wetted with 25 �L of receiver medium prior to addition of the lipid-
based formulation into the donor compartment.

2. A typical volume for the lipid-based formulation in the donor compart-
ment is 100 �L, and a typical volume of 300 �L is used for the receiv-
er compartment.

3. Working with such small volumes, it is prudent to run the experiments
at room temperature to reduce evaporation of the media.

4. The receiver compartment is stirred with a miniature magnetic stirrer
(300 rpm).

5. Transfer is studied as a function of time, by removing volumes from
the receiver compartment at suitable times and replacing with fresh
medium.

6. Additionally, 5 �L samples can be removed and examined microscopi-
cally to determine whether the receiver phase remains homogeneous or
if phase separation occurs. Phase separation may occur if the surfactants
in the formulation interact unfavourably with those in the receiver medi-
um (typically, bile components in media such as FaSSIF and FeSSIF).
Figure 3 shows examples of lipid-based formulations that form homog-
enous systems with SGF, FaSSIF, and FeSSIF under these conditions
and some which phase separate.

The methodology was applied to an experimental Roche compound. With
a clogP value of 5.35, this API is highly lipophilic. Nevertheless, its solubility in
triglycerides was very low. Solubility in mono-/diglyceride mixtures was also
insufficient to completely solubilize the API dose (anticipated to be 5–20 mg) in

Characterizing Release from Lipid-Based Formulations 251

Figure 2 Equipment for medium throughput dilution test.



a single-unit dosage form volume of approximately 1 mL. However, the excipi-
ent, Capmul, provided somewhat better solubilization (21 mg/mL). Finally, the
API solubility in surfactants such as Labrasol and Tween 80 was even higher,
with additive effects observed in lipid/surfactant combinations.

Release tests were conducted for several formulations using biorelevant
media in the screening method. A typical set of results for the release test are
shown in Table 5. Concentrations of the API of about 0.1 mg/mL were achieved
within 100 minutes in SGF, FaSSIF, and FeSSIF from the Capmul formulation;
with addition of Tween 80 at a ratio of 9:1 the concentration after 100 minutes
rose to almost 0.2 mg/mL.

The formulations were subsequently administered to monkeys to determine
whether they would perform according to the predictions from the in vitro screen-
ing method. The results, shown in Figure 4, confirm the utility of the screening
method: the plasma levels of the Roche API were substantially higher with the
Tween/Capmul formulation than with Capmul alone. Even more interestingly, a
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Figure 3 Comparison of biorelevant media and formulation of Roche compound diluted
in biorelevant media (magnification � 100).



Labrasol/Capmul formulation showed poorer bioavailability (results not presented)
than the Tween/Capmul formulation, even though the solubility of the API was bet-
ter in the Labrasol/Capmul formulation. The screening method was also able to pre-
dict this result.

These findings illustrate the need to adequately assess not only solubility
improvement of APIs with lipid-based vehicles, but also their compatibility with
the gastrointestinal fluids and ability to transfer the API out of the dosage form
into the surrounding fluids.

Parallel Digestion and Dissolution

Although the methods described in the foregoing sections can probably be used
for a large number of lipid-based formulations, in some cases it will be necessary
to use a dynamic lipolysis model to fully characterize release from the dosage
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Table 5 Release of an Experimental Roche Compound from Several Formulations 
in the 96 Well Plate Screening Model (mg/mL) 

Tween 80-Capmul Formulations (starting concentration in 
the formulation was 20 mg/mL)

Formulation Medium 10min 30min 50min 70min 100min

Capmul SGF 0.126 0.106 0.136 0.148 0.112
s.d. 0.018 0.003 0.080 0.004 0.011
FaSSIF �0.001 �0.001 �0.001 �0.001 �0.001
s.d. — — — — —
FeSSIF 0.137 0.131 0.139 0.111 0.103
s.d. 0.005 0.010 0.036 0.012 0.002

Tween 80-Capmul 3:7 SGF 0.117 0.122 0.119 0.118 0.109
s.d. 0.003 0.013 0.007 0.008 0.001
FaSSIF 0.091 0.090 0.085 0.077 0.082
s.d. 0.001 0.004 0.004 0.001 0.002
FeSSIF 0.099 0.110 0.097 0.096 0.085
s.d. 0.002 0.018 0.006 0.003 0.001

Tween 80-Capmul 6:4 SGF 0.109 0.110 0.111 0.113 0.109
s.d. 0.002 0.002 0.002 0.003 0.004
FaSSIF 0.078 0.078 0.085 0.073 0.076
s.d. 0.003 0.005 0.004 0.002 0.004
FeSSIF 0.114 0.094 0.079 0.076 0.075
s.d. 0.001 0.003 0.004 0.003 0.002

Tween 80-Capmul 9:1 SGF 0.197 0.231 0.224 0.185 0.180
s.d. 0.010 0.001 0.029 0.027 0.009
FaSSIF 0.152 0.172 0.297 0.160 0.209
s.d. 0.013 0.026 0.014 0.021 0.042
FeSSIF 0.179 0.183 0.169 0.159 0.197
s.d. 0.009 0.008 0.008 0.003 0.012

Source: From Ref. 9.
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form. The reader is referred to Chapter 11 for a complete discussion of this
important topic.

SUMMARY

Since lipid-based formulations are quite diverse in terms of composition and prop-
erties, attention must be paid to the specifics of a formulation in order to come up
with an appropriate release method. In some cases, simple buffer media (perhaps
with addition of a surfactant) might be adequate, in other cases the simulation of
the conditions in the gastrointestinal tract must take into account wetting, solubil-
isation and digestion. Solubility of the API in the formulation, while obviously
important, should not be the only criteria in selecting a formulation. Screening for
dispersability of the formulation under a variety of conditions seems like a sensi-
ble next step for screening potential formulations. Provided the formulation dis-
perses well, the next consideration is the release mechanism and how quickly this
occurs. Depending on the type of formulation being contemplated, appropriate

Figure 4 Pharmacokinetic results for the Roche compound formulations in 
monkeys. (A) Administration of the Roche API in a Capmul formulation to three monkeys.
(B) Administration of the Roche API in a Tween 80/Capmul formulation to three monkeys.
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methodology should be selected. Following this approach should optimize the
bioavailability of the formulation and provide a solid understanding of the behav-
iour of the formulation under a variety of dosing scenarios, as well as providing
the basis for selection of quality control test methodology.
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INTRODUCTION

The development of effective oral dosage forms for hydrophobic new chemical
entities (NCE) continues to be a pressing problem for the pharmaceutical industry.
Many of these poorly water-soluble NCEs readily permeate biological membranes
thus making their maximum solubility and/or dissolution rate in the gastrointesti-
nal tract (GIT) rate-limiting steps to their absorption. These biopharmaceutical
properties describe Biopharmaceutics Classification System (BCS) Type II com-
pounds, which usually present with both low and variable bioavailability that is
frequently influenced by the dietary status of the patient (fed vs. fasted).

Small intestinal fluid contains various surfactants, including bile salts (BS)
and phospholipids (PL), which in combination with dietary or endogenous fats,
form mixed micelles with high solubilizing capacity for many BCS 2 compounds
(1–6). Several studies have demonstrated a correlation between drug lipophilicity
and improved compound in vitro solubility in BS media, relative to the
corresponding intrinsic water solubility (7–9).

During the fed state, several changes occur in the GIT, relative to the fasted
state, which can significantly impact the absorption of drug substances, particularly
BCS 2 compounds. These changes include an increase in the gastric retention time,



an increase in pH and ionic strength of the GI fluids, and the secretion of BS and
pancreatic juices (10), which catalyze the hydrolysis of dietary lipid to more water-
soluble species [e.g., free fatty acids (FFA) and monoglycerides (MG)], which are
subsequently emulsified with BS to form mixed micelles. The critical role of the
aqueous mixed micellar phase in the efficient absorption of dietary lipids is well
accepted and growing evidence has demonstrated a parallel role in facilitating the
absorption of concomitantly solubilized drugs (11).

This chapter describes an in vitro method for determining the behavior of
poorly soluble compounds under conditions simulating the fluids in the GIT. The
dynamic lipolysis model involves BSs, PLs, and generation of lipolysis products
(LP), more accurately reproducing the solubilizing environment of the GIT for
BCS 2 compounds, with the goal of allowing better prediction of drug absorption
under both fasted and fed conditions (12–15).

Liquid dosage forms that rely on the use of lipid and surfactant excipients
to fully solubilize the drug in the formulation include simple oil solutions,
emulsions, and self-emulsifying drug delivery systems (SEDDS). These formula-
tions are thought to improve the bioavailability of poorly water-soluble drugs by
obviating the need for preabsorptive dissolution in the GIT; however, the precise
mechanisms by which these formulations increase drug absorption are not fully 
understood.

Empirical development of lipid-based formulations relies on the following
parameters, which are believed to be important to formulation performance:

■ the drug solubility in the dosage form and dispersability of the formulation
in the GI fluids, and

■ for formulations containing a digestible lipid, the digestion rate of the
excipient matrix, which controls drug release and subsequent absorption
(16), and the solubility of the drug in the digested formulation (17).

At present, a rational formulation development strategy for oral lipid-based
formulations has been hampered by not only a lack of understanding of how these
formulations enhance drug bioavailability, but also by the lack of reliable in vitro
methods for directing formulation development and optimization. The dynamic
lipolysis model described in this chapter simulates small intestinal lipid digestion
and holds potential for predicting formulation performance in humans in both the
fed and fasted states.

SOLUBILIZATION PROCESSES IN THE GASTROINTESTINAL TRACT

While the maximum solubility of a drug in the GIT is probably the most critical
parameter controlling its absorption, decades of study have failed to identify a
reliable method for consistent and accurate prediction of in vivo drug solubility.
The in vivo dissolution rate and maximum solubility of a specific drug substance
in the GIT is determined not only by the physicochemical characteristics of the
drug substance (e.g., pKa, hydrophilicity, crystal structure, particle size, etc.), but
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also by the complex interaction of multiple GI physiological factors, each of
which is subject to considerable intra- and intersubject variation. Solubilization
by BS mixed-micelles, formed during lipid digestion, is thought to play a pivotal
role in the absorption of poorly water-soluble hydrophobic drugs. Lipid digestion
begins in the stomach, where gastric lipase hydrolyzes approximately 10% to
20% of ingested triglyceride (TG) to FFA and diglyceride (DG), both of which
possess surfactant properties and greater water solubility than the parent TG (18).
The crude lipid digestate enters the duodenum as a coarse emulsion which, pri-
marily under the influence of pancreatic TG lipase, is almost completely
hydrolyzed to 2-monoglyceride (2-MG) and additional FFA, which combine with
BS to form mixed micelles. The hydrolytic activity of pancreatic TG lipase is
dependent on the presence of colipase, which is essential for promoting its attach-
ment to the relatively hydrophilic surface of the crude TG emulsion formed in the
stomach (19–21). In vivo lipolysis is a dynamic process resulting in the formation
of multiple colloid phases (22–24). During lipolysis, a lamellar liquid–crystalline
phase, which is comprised of a relatively high ratio of LP to BS, forms continu-
ously at the surface of the TG droplets; upon subsequent enrichment in BS, mul-
tilamellar vesicles are formed and leave the surface of the TG droplets.
Progressive enrichment of these vesicles with BS leads to their transformation
into unilamellar vesicles and finally, mixed micelles, which form when the LP:BS
ratio decreases to less than unity. The mixed micelles transport the hydrophobic
LPs across the intestinal unstirred water layer, where upon arrival at the surface
of the intestinal brush border membrane, the acidic microclimate results in micel-
lar disintegration, releasing the hydrophobic LP in close proximity to the
lipophilic intestinal epithelium, where they are rapidly absorbed. The remnant BS
is returned to the intestinal lumen, where it is incorporated into nascent mixed
micelles. Following the completion of lipid absorption, which takes place largely
in the duodenum and upper jejunum, the BS is reabsorbed in the ileum by the
process of enterohepatic recirculation.

The small intestinal concentrations of BS that control the solubilization of
lipids and many hydrophobic drug substances, are not only influenced by dietary
status (fed vs. fasted), and by various disease states, but are normally subject to
considerable intra- and intersubject variation, as well. Human intestinal BS con-
centrations reported in the literature are dependent on the method of determina-
tion (e.g., site and sampling time with regard to meals and degree of dilution in
vivo). But in general, mean fasted state BS concentrations typically range from
1.5 mM to 6 mM (25–28), while mean postprandial concentrations typically range
from 8 mM to 20 mM, with values as high as 40 mM having been reported
(25,26,29,30). In a recent study, the level of human intestinal BS was found to be
1.8 mM and 8 mM in fasted and fed state respectively (30).

Small intestinal lipase activity in healthy human subjects varies with dietary
status and is assumed to be in excess since approximately 95% of ingested dietary
lipid is absorbed. It should also be emphasized, however, that lipase activity varies
not only with the specific lipid substrate (e.g., compared to long chain TG, short
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chain, and medium chain TG are better substrates for pancreatic lipase), but also
with the physical presentation of the lipid substrate to the GIT. For instance, the
lipolysis rate is inversely proportional to the lipid droplet size (31), whereas
the presence of certain surfactants used in lipid formulations (32,33), as well as
certain drugs themselves (33), have been shown to directly inhibit the rate of lipol-
ysis. And the excipient, Cremophor RH40 (hydrophilic ethoxylated triglyceride
surfactant), completely inhibited the lipolysis of medium chain triglyceride (MCT)
oil over a 90 minute period when the oil and surfactant were present in equal
amounts (32). Subsequent addition of Imwitor 988 (which is a mixture of medium
chain mono- and diglycerides) allowed lipolysis to occur, presumably due to a
change in the orientation of the surfactant at the oil-water interface. Finally, the
lipid excipients Peceol and Gelucire 44/14 have been demonstrated to inhibit
pancreatic lipase activity in a concentration-dependent manner (34). The number
and complexity of these factors make it difficult to accurately estimate the actual
lipase activity in the small intestine (25). However, Armand et al. (35) has report-
ed a 15-fold increase in lipase activity, relative to the fasted state, upon intragas-
tric administration of a test meal containing 48 g triglyceride to healthy human
volunteers. In summary, accurate and quantitative in vitro assessment of the
solubilization, trafficking, and intestinal absorption of hydrophobic drug
substances has remained elusive, emphasizing the need for further work in 
this area.

THE DYNAMIC LIPOLYSIS MODEL

Description of the Model

Based on the foregoing discussion of intestinal lipid digestion and absorption, the
reader should have gained an appreciation for the number and complexity of the
parameters which can influence gastrointestinal (GI) absorption of BCS 2 com-
pounds, many of which are absorbed via the same pathways as lipids. The in vitro
dynamic lipolysis model developed in our laboratories (Fig. 1), which incorpo-
rates many of these parameters, has been used to study the processes governing
the absorption of BCS 2 drugs as well as the interactions of formulation and food
on these processes. The pH of the media in the lipolysis model was chosen based
on the small intestinal pH in the fed (pH 6.5) and fasted (pH 5.5) states (18,36),
the pH range for optimal pancreatic lipase activity (between pH 6 and 10) (37)
and the average pKa of FFAs (pH 6.4) (38).

Due initially to economic considerations, in vitro lipolysis models have
employed crude porcine bile (39–41) and pancreatic extracts (which contain
approximately equimolar concentrations of colipase and lipase) (42) in lieu of the
more costly purified BSs (43–48) or purified colipase and lipase enzymes, respec-
tively (39,40,49,50). While use of purified BSs and pancreatic lipases allows the
researcher to study the mechanism of lipolysis under more controlled conditions,
the use of crude extracts will produce a system closer to the in vivo situation due
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to the presence of phospholipase and other enzymes present in the normal
physiological secretions. The pancreatic lipase solution used in our experiments is
prepared by dissolving in water, an amount of the crude extract appropriate to
the enzymatic activity desired followed by centrifugation to remove insoluble
particulate matter. The lipase activity of the resulting solution can be assayed by
several different methods; for example, the USP (51) describes a method based on
the hydrolysis of a gum arabic/olive oil-in-water emulsion but another assay, based
on tributyrin hydrolysis, is also widely used (52). It should be noted that the meas-
ured lipase activity is dependent not only on the lipid substrate but also on the oil
droplet surface area presented to the lipase enzyme. Therefore, results generated
by different experimental methods should not be compared.

The approximate composition of the crude porcine bile extract used in our
experiments is glycochenodeoxycholic acid (42.0%), glycocholic acid (23.6%),
glycohyocholic acid (16.4%), taurochenodeoxycholic acid (5.2%), chenodeoxy-
cholic acid (5.1%), glycohyodeoxycholic acid (3.2%), taurocholic acid (3.0%), and
hyocholic acid (1.4%). The total concentration of BS in the extract is determined
colorimetrically and is expressed as the amount of 3�-hydroxy bile acids present
(40). Due to a very low PL content in bile extract, egg phosphatidylcholine (PC) is
added to the media in a BS:PC ratio of 5:1, to approximate the normal physiologi-
cal conditions (10). It should be noted that regardless of the source of BS employed,
PL must always be added to achieve a physiological BS:PL ratio.
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Figure 1 The dynamic lipolysis apparatus consists of a thermostatically controlled,
double wall reaction vessel, a computer controlled pH-stat with an auto-burette for the 
addition of NaOH, and a peristaltic pump for the continuous, controlled addition of calcium
chloride. All experiments are performed under continuous agitation via magnetic stirring.



Ionized calcium has been shown to have a significant, positive influence on
the lipolysis rate of triglycerides in the presence of BSs, presumably by diminish-
ing the electrostatic repulsion that occurs between enzyme and substrate,
thereby facilitating the binding of pancreatic lipase to the TG droplets
(12,19,39,40,49,50). In addition, lipolysis is thought to depend on the formation
of a catalytically active complex comprised of lipase, mixed micelles, and 
calcium (49,50). Accumulation of FFA on the surface of the TG droplets during
lipolysis will sterically hinder attachment of pancreatic lipase, resulting in a pro-
gressive decline in the lipolysis rate (43,50). The FFA chain length has been
found to influence the degree of inhibition, with long chain fatty acids (LCFA)
being more potent inhibitors of lipolysis than either short or medium chain fatty
acids (40). In vivo, solubilization of FFA in BS-PL micelles and subsequent
absorption prevents accumulation of FFA in the intestinal lumen thereby prevent-
ing inhibition of lipolysis. In the dynamic lipolysis model, continuous addition of
calcium chloride solution serves to control accumulation of FFA in the medium
by forming insoluble calcium soaps, which precipitate, thus removing FFA from
the system and preventing accumulation (32). During in vitro lipolysis experi-
ments, addition of calcium initially results in a relatively high lipolysis rate,
which subsequently declines and then stabilizes. This is presumably due to
increased concentrations of FFA in the dissolution medium and possibly due to
the loss of BS through the formation and precipitation of insoluble calcium-BS
complexes (Fig. 2) (24,32,33,39,42,50).

Dynamic lipolysis experiments are conducted in a jacketed thermostatically-
controlled reaction vessel maintained at 37°C and agitated continuously with a
magnetic stirring device (Fig. 1) (39–41). The reaction medium consists of a 
mixture of BS, PL, buffer, and lipid substrate (e.g., dietary lipid or lipid-based 
formulation incorporating the drug substance). Lipolysis is initiated by addition of
the lipase solution and the pH and free calcium concentration of the reaction 
mixture is maintained by the computer-controlled addition of sodium hydroxide
and calcium chloride solutions, respectively.

Samples of the reaction medium are withdrawn immediately following addi-
tion of the lipase solution and at serial time points subsequent to the initiation of
lipolysis. The lipolysis reaction is quenched by addition of the lipase inhibitor,
4-bromobenzene boronic acid, and the samples are subsequently ultracentrifuged,
resulting in the formation of three distinct phases:

■ a pellet comprised largely of insoluble calcium soaps of fatty acids,
■ an intermediate aqueous layer, consisting of BS mixed-micelles and

various lipid vesicles, and
■ an upper-most, oily layer comprised of DG, and unhydrolyzed TG.

The aqueous phase is of greatest interest in the study of the GI absorption
of hydrophobic drugs. This phase has been extensively characterized with regard
to its composition and content of LP and solubilized drugs as well as the identity
and size of its component micellar and vesicular entities (39,40,53).
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Simulating Fed State Effects Using the Lipolysis Model

During lipid digestion, a drug dissolved in a substrate lipid vehicle will either 
(i) remain in the lipid, (ii) be solubilized in the aqueous phase in combination
with LPs, or (iii) precipitate.

During lipolysis, the trafficking of a particular drug between these various
phases will be controlled by multiple factors, many of which are poorly under-
stood, but are thought to include the drug lipophilicity and affinity for the various
lipolytic phases.

Zangenberg et al. (41) conducted dynamic lipolysis experiments on the 
poorly water-soluble drug substances, danazol (Log P 4.5) and probucol (cLog P 11)
at up to 75% total lipolysis of the lipid content of model long chain triglyceride
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Figure 2 The lipolysis of triglycerides (TG) in the dynamic lipolysis model over 40 minutes,
measured as mM fatty acids (FA) titrated, at three different rates of Ca2� addition in the pres-
ence of 8 mM bile salts. In this series, 18.3 mM of titrated FA are equivalent to 
complete hydrolysis of the added TG into FA and monoglycerides. These experiments demon-
strate a clear correlation between the lipolysis rate and the rate of Ca2� addition. The initial,
high rate of lipolysis declines and remains relatively constant at approximately five minutes
after initiation of Ca2� addition. Each line represents a different rate of Ca2� addition, as
defined below: (a) 0.072 mmol Ca2�/min, final conc. � 9.4 mM Ca2� (– - - –); 
(b) 0.135 mmol Ca2�/min, final conc. � 17.4 mM Ca2� (– - –); (c) 0.181 mmol Ca2�/min,
final conc. � 23.0 mM Ca2� (– –); (d) 0.0 mmol Ca2�/min, final conc. � 0.0 mM Ca2� (- - );
(e) 17.4 mM Ca2� added at the initiation of the experiment (———); this concentration of
Ca2� corresponds to the final concentration in (b) and results in a similar rate of lipolysis. All
experiments were conducted in duplicate. Source: From Ref. 39.



(LCT) emulsion formulations of these drugs. For danazol, the relatively high drug
concentration in the aqueous phase was found to be directly correlated with the con-
centrations of surfactants (BS, PL) and LP (FA, MG) present. In comparison,
probucol, which had a relatively high Log P and poor solubility in the aqueous
phase, remained largely solubilized in the oil phase, due to its relatively high cLog P.
The inverse relationship between Log P of the drug substance and solubilization in
the aqueous phase was replicated by Kaukonen et al. (43), who conducted dynam-
ic lipolysis experiments over 30 minutes on five poorly soluble drug substances
ranging in log P from 2 to 8.1. At the termination of the experiments, in which only
42% or 61% of the added TG had been hydrolyzed, a considerable amount of undi-
gested oil remained in which the most lipophilic compounds (cinnarizine, log P 5.5
and halofantrine, log P 8.1) were preferentially retained. However, it should be
emphasized that in these experiments the entire amount of calcium chloride was
added to the lipolysis medium at the initiation of the experiment, in contrast with
the controlled, continuous addition of calcium chloride in the dynamic lipolysis
model, as it has been described by Zangenberg et al. (41) and this could have influ-
enced the extent of lipolysis.

Christensen et al. (40) employed a lipolysis model to study the solubilization
of probucol (Log P 10.9), LU28-179 (Log P 8.5), and flupentixol (Log P 4.5), in
media containing 2.8% TG and 20/4 mM BS/PL; lipase-free media was included as
a control. The solubility of flupentixol in the lipolysis medium was higher than
the added amount, resulting in nearly complete solubilization of the drug prior to the
initiation of lipolysis. At 30 minutes subsequent to the initiation of lipolysis, the sol-
ubility of flupentixol in the medium was observed to decrease (Fig. 3A). The most
likely explanation for this observation is that the continuous addition of Ca2�

required to maintain the rate of lipolysis resulted in progressive neutralization of the
negative surface charge of the mixed micelles weakening the electrostatic attraction,
and subsequently decreasing the solubility of the protonated flupentixol molecules.
In contrast, the aqueous concentrations of LU 28-179 and probucol increased as
lipolysis progressed, presumably due to the formation of LP in which these drugs
had relatively high solubility (Figs. 3B and 3C). During lipolysis, the average micel-
lar size increases, most likely due to the incorporation of newly formed LP. Prior to
the initiation of lipolysis, slight increases in micellar size were observed, possibly
due to the high concentration of counterions in the media. Immediately following the
initiation of lipolysis, a lag phase preceded the incorporation of the drug into the
aqueous phase. This may have been due to an initial, preferential association of LP
with the undigested oil phase immediately following the initiation of lipolysis or sub-
sequent to the precipitation of insoluble drug-BS complexes prior to the accumula-
tion of solubilizing mixed micelles as lipolysis progressed.

Studies carried out with fed dogs have shown enhanced absorption of the
poorly soluble LU 28-179, relative to the fasted state (Internal report,
H. Lundbeck). Similar findings have been demonstrated for probucol, adminis-
tered to mini-pigs (54). The enhancing effect that food has on the absorption of
many drugs is due, at least in part, to the generation of LPs with surface-active
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and solvent properties. The dynamic lipolysis model, employing LCT as a model
dietary lipid, has proven valuable for studying food effect in vitro.

Simulating Hydrolysis of Lipid-Based Formulations by Use of the
Lipolysis Model

Development of a lipid-based formulation almost always involves the identification
of lipid and surfactant excipients in which the drug can be fully solubilized (55).
Development of SEDDS formulations requires additional formulation optimization
to confer adequate resistance to drug precipitation following dispersion in vivo.
Another factor not routinely addressed in formulation development involves the
impact of in vivo lipid digestion on drug solubilization and formulation perform-
ance. Studies conducted with the dynamic lipolysis model, in the presence of rele-
vant amounts of dietary and formulation-derived lipid substrates, can be useful in
achieving this objective.

The first attempt to use an in vitro lipolysis model to predict the in vivo per-
formance of lipid-based formulations was described in 1988 by Reymond and Sucker
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Figure 3 The concentration of drug in the aqueous phase in the long chain triglycerides
(LCT) studies with (�) and without (�) addition of lipase (n � 3, �S.D). (A) Flupentixol
(added at 200% (w/w) of the maximum solubility in LCT); (B) LU 28-179 (added at 80%
(w/w) of the maximum solubility in LCT); (C) Probucol (added at 80% (w/w) of the
maximum solubility in LCT). Source: From Ref. 40.



(44,56). However, no in vitro–in vivo correlation (IVIVC) was found, possibly due to
an in vitro TG hydrolysis rate that was lower than that occurring in vivo.

An IVIVC has been demonstrated for the oral absorption of LU 28-179 in
dogs and the drug release observed in the lipolysis model from a hydroxypropyl-
�-cyclodextrin reference solution, a SMEDDS formulation, oil solutions, and dry
emulsion formulations containing either LCT or MCT (57). Compared to the
reference solution, the absorption of LU 28-179 in dogs was substantially greater
for the SMEDDS and dry emulsion formulations, which correlated with the rate
and extent of drug release observed in the in vitro lipolysis model.

De Smidt et al. (16) investigated the influence of vehicle dispersion and
digestibility on the GI absorption in rats of the poorly soluble drug, penclomedine,
in rats administered as either an undispersed solution in MCT and D-�-tocopheryl
polyethyleneglycol 1000 succinate or in emulsions prepared to contain oil droplet
sizes of 160 or 720 nm. When coadministered with the lipase inhibitor tetrahydro-
lipstatin (THL), the emulsion droplet size had minimal impact on drug absorption;
however, drug absorption from the undispersed solution was substantially reduced
in the presence of THL. Although in vitro lipolysis studies were not conducted on
these formulations, the influence of in vivo lipolysis on formulation performance is
evident from the results.

Porter et al. (47) characterized LC-SMEDDS and MC-SMEDDS formula-
tions of danazol containing comparable amounts of either long (LC) or medium
chain (MC) TG. Following approximately 200-fold dilution in 0.1 N HCl, lipid
droplet sizes of approximately 40 nm were formed, with the droplet size being
independent of the TG fatty acid chain length. In addition, dispersion of these for-
mulations in test media containing 5 mM BS and 1.25 mM PL resulted in minimal
drug precipitation. However, 30 minutes after the initiation of lipolysis, 69% of the
drug precipitated from the MC-SMEDDS, as compared to only 6% from the LC-
SMEDDS. The degree of drug precipitation was inversely correlated with danazol
bioavailability in dogs, which was 5.7-fold greater from the LC-SMEDDS for-
mulation relative to the MC-SMEDDS formulation. Studies conducted with the
antimalarial drug halofantrine showed a similar relationship between drug precipi-
tation resistance during in vitro lipolysis and superior bioavailability (46).

Several published studies of SEDDS formulations have described an
inverse correlation between lipid droplet size and degree of drug absorption
(58–61). However, it should be noted that the formulations investigated in these
studies were not controlled for either surfactant or lipid type or amount. Since it
has been well documented that SEDDS formulations of different qualitative or
quantitative composition, but similar lipid droplet size frequently result in different
bioavailabilities for a particular drug, no clear-cut conclusion with regard to
impact of droplet size on bioavailability can be drawn (47,62,63). To further
investigate the effect of droplet size on drug absorption, two SEDDS formulations
containing probucol were developed, which differed only in the lipid droplet size.
One formulation, a self-nanoemulsifying drug delivery system (SNEDDS),
contained lipid droplets of 45 � 3.4 nm in size, while a SMEDDS formulation
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contained droplets of 4.58 � 0.84 �m in size (54). The dynamic lipolysis model
was used to evaluate the lipolysis rate and release of probucol from both of these
formulations in comparison to a simple oil solution formulation of the drug (64).
The solubilization of probucol by the aqueous phase was substantially lower from
the oil solution compared to either the SNEDDS or SMEDDS formulations, for
which drug solubilization was essentially identical. An in vitro–in vivo relation-
ship was demonstrated between the drug release profiles obtained in vitro using
the dynamic lipolysis model, and the drug plasma concentration profiles obtained
in a previous bioavailability study conducted in mini-pigs (52). While these initial
results are very encouraging, more work is needed in order to further define the
lipolysis model with the goal of consistently generating reliable and reproducible
projections of formulation performance in man.

CONCLUSIONS

The clear relationship that exists between the GI absorption of many poorly water-
soluble, hydrophobic drugs and the solubilization afforded by lipid-based formu-
lations is well accepted by the scientific community. In addition, the 
frequently observed enhancing effect of the postprandial state on poorly-soluble
drug bioavailability suggests important roles for endogenous lipid and surfactant
substances and the GI lipid handling pathways in determining the absorption of
these drugs. The dynamic lipolysis model described in this chapter was developed
to expand upon the utility of earlier biorelevant dissolution media by attempting to
more accurately reproduce the process of GI lipid digestion in vitro. Although this
technique is relatively unexplored, it has shown great promise as a rapid, cost-
effective model for studying and optimizing the performance of lipid-based formu-
lations in vivo as well as for assessing their impact on mitigation of positive food
effect seen with many poorly water-soluble drugs.
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INTRODUCTION

Oral administration of highly lipophilic, poorly water-soluble drugs often results in
poor and highly variable bioavailability due to poor dissolution in vivo. 
One approach for improving the absorption of these drugs involves the use of 
self-emulsifying drug delivery systems (SEDDS) (1–6) which rapidly disperse 
following oral administration yielding an o/w emulsion or microemulsion contain-
ing the solubilized drug.

SEDDS formulations are typically developed by an empirical, trial-and-
error approach (2,3) although some useful guidelines have emerged from charac-
terization of successful formulations such as the Neoral® formulation of
cyclosporine A (7–8). The literature on microemulsion formulations describes a
multitude of compositions and functional characteristics producing varying
degrees of drug absorption enhancement in both animals and humans (2–4).
Formulation scientists are frequently presented with a series of challenging 



decisions during the development of SEDDS formulations including choice of
formulation strategy, excipient selection, solubility and stability assessment, for-
mulation optimization, scale-up and production of the final product.

However, the key consideration in development of a SEDDS formulation
involves solubilization of the drug and preventing its precipitation following dilu-
tion with aqueous media which requires that the drug molecules remain within
the formulation lipid phase following dilution.

Spontaneous generation of a microemulsion following aqueous dilution of
a SEDDS requires a high surfactant concentration relative to the other formula-
tion components; an insufficient amount of surfactant can yield a coarse emulsion
with increased propensity for drug precipitation. Selection of the lipid component
for the SEDDS formulation is commonly based on the physical and/or interfacial
characteristics of the resulting formulation (4–5) without understanding the 
manner in which the lipid influences drug absorption. The selection of a lipid for
optimal enhancement of in vivo absorption of the drug is often an iterative, empir-
ical and slow process (2,3).

This chapter describes the design and development of SEDDS formulations
with enhanced oral bioavailability as illustrated with two highly lipophilic and
poorly soluble drugs, namely, PNU-74006 (Clog P 5.8; water solubility,
50 ng/mL, pH 6.5) and Drug X (Clog P~7, water solubility, ~5 �g/mL, pH 6.5).
The influence of the SEDDS formulation variables on the rate and the extent of
absorption of lipophilic drugs in animals and in humans is presented along 
with the in vitro characterization methods employed in determining the emulsifi-
cation spontaneity and the dispersibility of the SEDDS formulations. This 
article describes a systematic approach for developing lipid-based formulations
of poorly soluble and lipophilic drugs. In addition, a possible mechanism for the
enhanced uptake of the drugs from the SEDDS formulations in the intestine is
discussed.

IN VITRO EVALUATION OF SEDDS FORMULATIONS

There are a number of physicochemical attributes of SEDDS formulations that
are important with respect to oral bioavailability. Although several in vitro test
methods have been applied to characterize the performance of SEDDS formula-
tions (9–16), there is a lack of consensus concerning the methodology and the test
methods that should be used in their evaluation.

During our exploration and development of SEDDS formulations, in-vitro
test methods were developed and these served as a guide in formulation screening
and optimization. The three key in vitro performance measures of a SEDDS 
formulation are:

1. ease of emulsification,
2. dispersibility (i.e., droplet size), and
3. drug solubilization.

274 Gao and Morozowich



These three attributes of SEDDS formulations are conceptually illustrated
in Figure 1 and these attributes can be evaluated in vitro with appropriate test
methods. The ease of emulsification of a SEDDS formulation in the aqueous
medium is important and a number of test methods have been reported (9,12). As
shown in Figure 1, the slope of the release profile from the SEDDS formulation
observed at the initial stage (e.g., the first 30 minutes) with the use of a conven-
tional drug release test is indicative of its emulsification spontaneity. The emulsi-
fication spontaneity of the SEDDS formulation to yield an emulsion or a
microemulsion upon contact with an aqueous medium may affect the drug release
kinetics and therefore, the extent of drug absorption.

The dispersibility of the SEDDS formulation is evaluated by the droplet
size of the resulting emulsion or microemulsion that is generated upon dilution
with water. This is considered as a key factor in the performance of SEDDS for-
mulations since the droplet size determines the rate and extent of drug release in
vivo and subsequent absorption, as reported by Shah et al. (13). Although the
emphasis on generation of a microemulsion is inherent with this technology, the
influence of droplet size on the absorption of poorly soluble drugs has not been
clearly established (17). It is desirable to assess the lipid droplet size associated
with complete drug release in vitro (Fig. 1). However, due to the complexity of
the analytical methodologies and instrumentation in the droplet size measurement
and corresponding test condition, a reliable droplet size profile from a SEDDS
formulation is commonly obtained by multiple analytical methods (the choice of
methods is dependent on the range of droplet size) in parallel as a separate test.

The extent of drug solubilization in the test medium upon the release from
the SEDDS formulation may change and the drug may precipitate. As indicated
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Figure 1 In vitro characterization of the key attributes of an SEDDS formulation is con-
ceptually illustrated: emulsification spontaneity, dispersibility (i.e., microemulsion/emulsion
droplet size), and the extent of solubilization in a test medium. Abbreviation: SEDDS, self-
emulsifying drug delivery systems.



in Figure 1, the extent of drug solubilization as a function of time can be conve-
niently determined as part of an in vitro drug release test. It is worth noting that
the choice of a test medium with appropriate composition and volume is a crucial
factor since the solubilization capacity of the test medium will inevitably affect
the extent of drug solubilization and the precipitation process.

CASE STUDY WITH PNU-74006

Development of SEDDS Formulations

PNU-74006 (Fig. 2) is a potent antioxidant and membrane stabilizing agent 
with a MW of 607.1, a high CLog P of 5.8, and an extremely low intrinsic 
aqueous solubility of only 25 ng/mL. With two pKa values of 6.1 and 6.8, the 
pH-solubility profile of PNU-74006 shows excellent solubility (�10 mg/mL) at
pH 3 and below, however, at pH 6.8, the solubility of PNU-74006 is only
~40 ng/mL (Fig. 3).

The oral bioavailability of PNU-74006 is only about 2% in monkeys and
6.7% in humans when dosed as a low pH (pH 3) aqueous micellar (containing
polysorbate 80) solution formulation. The low oral bioavailability is probably due
to the rapid precipitation of PNU-74006 free base in the duodenum because of the
low water solubility at pH 6.

The SEDDS formulation approach was explored for enhancing the oral
absorption of PNU-74006. It was anticipated that the drug would be highly solu-
ble in the typical surfactant-lipid vehicles. Upon dilution with water, PNU-74006
should remain partitioned within the resulting emulsion or microemulsion
because of the high CLog P value (5.8) of the drug. Three SEDDS formulations
(SEDDS-a, SEDDS-b, and SEDDS-c, see Table 2 for compositions) were pre-
pared and contained either medium chain mono-/di-glycerides (Capmul MCM),
glyceryl monooleate (GMO-K®) or glyceryl mono-/di-oleate mixture (Maisine®).
A description of the aforementioned excipients is provided in Table 1.
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Figure 2 Structure of PNU-74006.
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Figure 3 Aqueous solubility of PNU-74006 versus pH. The solid line is fitted to the
experimental data and the resulting pKa values are 6.1 and 6.8.

Table 1 Lipid Excipients Used in the Case Studies

Excipient Chemical definition Vendor

Capmul MCM C8/C10 Mono-/diglycerides Abitec
Cremophor EL Polyoxyethyleneglycerol triricinoleate 35 BASF
Capmul GMO-K Glycerol mono-oleate Abitec
GDO Glycerol di-oleate Croda
GMO Glycerol mono-oleate Croda
Miglyol 812 C8/C10 Triglycerides Huls America
Maisine 50% GDO, 35% GMO, 10% GTO Gattefosse

(Glyceol trioleate) and 5% glycerol (18)

To determine the formulation dispersibility and degree of drug solubiliza-
tion, the SEDDS formulations were diluted with various aqueous media formu-
lated to simulate the endogenous fluids of the human stomach and duodenum
(Table 2). Capmul MCM, which is a mixture of mono- and di-glycerides of
C8–C10 fatty acids, was used in the SEDDS-a formulation, whereas GMO-K
(mainly glyceryl monooleate, or GMO) was used in the SEDDS-b formulation.
Fifty-fold dilution of these two formulations with a simulated gastric fluid (SGF),



Table 2 Composition of the PNU-74006 SEDDS Formulations, Behavior in the 
In Vitro Dilution Test and Oral Bioavailability Data

Aqueous SEDDS-a SEDDS-b SEDDS-c
Ingredient solution (mg/mL) (mg/g) (mg/g) (mg/g)

PNU-74006 25 50 50 50
EtOH 95% — — — 105
PG 200 370 395 105
Polysorbate 80 50 100 — —
Cremophor EL — 100 400
Capmul MCM — 400 — —
Captex 300 — 100 — —
Capmul GMO-K — — 500 —
Maisine — — — 340
Citric acid 78 — — —
NaOH To adjust final 

solution pH �3.0 — — —
Water q.s. 30 5 —

In vitro dilution test
Dilution with Solution with Coarse Coarse Microemulsion

SGF (1:10) turbidity emulsion emulsion (p.s. ~130 nm)
Dilution with Solution with Coarse Coarse Microemulsion

SIF (1:5) turbidity emulsion emulsion (p.s. ~21 nm)

In vivo PK data (dose � 80 mg/kg in monkeys, n � 4, fasted)
Cmax � SD 0.22 � 0.05 0.26 � 0.08 0.79 � 0.17 1.28 � 0.10

(�g/mL)
AUC � SD 1.23 � 0.28 3.00 � 1.10 7.54 � 0.91 15.13 � 0.90

(�ghr/mL)
Oral F% 2.0 4.9 12.4 24.6

(estimated)
(Crossover) (Noncrossover)

Abbreviations: EtOH, ethanol; PG, propylene glycol; SEDDS, self-emulsifying drug delivery 
systems; SIF, simulated intestinal fluid; SGF, simulated gastric fluid.

comprised of 0.01M HCl � 0.15M NaCl, pH � 2.0, followed by an approximate,
10-fold dilution in simulated intestinal fluid (SIF), comprised of 0.05 M phos-
phate buffer, pH � 6.8, resulted in coarse emulsion formation (10–100 �m
droplet size) with no evidence of drug precipitation suggesting that these formu-
lations should prevent PNU-74006 precipitation upon dilution in the GI tract 
in-vivo. In comparison, the SEDDS-c formulation, which contained Maisine 
(a mixture of 55% GDO, 50% GMO, and 5% GTO (18) yielded a microemulsion
upon dilution with water as evidenced by instantaneous formation of a transparent
solution with a faint opalescence.
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Oral Bioavailability of the PNU-74006 SEDDS Formulations

The absolute bioavailability of an 80 mg/kg dose of PNU-74006, administered in
the three SEDDS formulations, was determined in fasted cynomolgus monkeys in
comparison to an aqueous micellar solution of polysorbate 80 adjusted to pH 3
(Table 2). The pharmacokinetic results are shown in Table 2.

The highest PNU-74006 exposure (Cmax and AUC) was observed with the
SEDDS-c formulation, for which the oral bioavailability was 24.6% (approxi-
mately 12-fold higher than that for the pH-adjusted aqueous micellar solution.

Extrapolating from the droplet-size determinations made following aque-
ous dilution in vitro, the superior in vivo performance of the SEDDS-c formula-
tion may be due to the formation of a smaller droplet size following dilution in
the GI tract in vivo. However, due to the differing compositions of the SEDDS
formulations, this assertion cannot be made with certainty.

The PNU-74006 bioavailability of the SEDDS-a formulation was only
~5%, whereas the bioavailability was ~12% with the SEDDS-b formulation.
Relative to the SEDDS-c formulation, the inferior performance of the SEDDS-a
and SEDDS-b formulations, which differ from one another in the type of the sur-
factant (i.e., polysorbate 80 vs. Cremophor EL) and lipid (i.e., Capmul MCM vs.
GMO-K) may similarly be due to the relatively poor dispersion of the formula-
tions observed upon aqueous dilution in vitro. However, differing formulation
compositions cannot be ruled out as having contributing to the performances of
these formulations. First, a much lower level of Cremophor EL was used in
SEDDS-b as compared to SEDDS-c. Second, GMO-K was used in SEDDS-b
with a higher concentration while the glycerol mono-/di-oleate mixture as a 
marketed product (Maisine®) was used in the SEDDS-c formulation.

CASE STUDY WITH DRUG X

Development of High Drug Load SEDDS Formulations of Drug X

Drug X is highly lipophilic with an intrinsic Log P of ~7, a MW of ~600 and an aque-
ous solubility of ~5 �g/mL in the physiologically relevant pH range of pH 2 to 7.
Since Drug X has pKa values of ~6 and ~9, a di-sodium salt was prepared and the 
di-sodium salt bulk drug was filled, as the bulk drug, into hard gelatin capsules for
clinical evaluation. SEDDS formulations were developed as an alternate dosage form
of Drug X. The solubility of Drug X in the selected pharmaceutically acceptable
excipients is shown in Table 3. Since a high dose of Drug X was anticipated, SEDDS
formulations containing 300 mg/g Drug X, as the free acid form, is developed.

The SEDDS formulations of Drug X were evaluated and optimized as
described below with respect to the following key variables:

1. in-vitro emulsification spontaneity,
2. droplet size upon dilution, and
3. the type of the lipid excipients.
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Table 3 Solubility of Drug X in Formulation Excipients

Excipient Drug X solubility (mg/g excipient)

Ethanol 1950
Propylene glycol 710
PEG 400 670
Glycerol �10
Polysorbate 80 500
Cremophor EL 430
Capmul MCM 20
GDO/GMO (8:2) 11
Soybean oil �20
Miglyol 812 20

Abbreviations: EtOH, ethanol; PG, propylene glycol; GDO, glycerol di-oleate;
GMO, glycerol mono-oleate.

Table 4 Composition of the 300 mg/g Drug X SEDDS Formulations, Their Properties
and Bioavailability in Fasted Rats After an Oral Dose of 20 mg/kg

Formulation composition (mg/g)
Drug X: 300

EtOH/PG (1:1): 200
Cremophor EL: 425
GDO/GMO (8:2): 75

Processing Initial emulsion Microfluidized emulsion

Droplet size � SD (nm) ~1000 221 � 115
No. of rats dosed 8 6
Mean AUC/dose [(�g�hr/mL)/(mg/kg)] 2.7 � 0.4 6.8 � 4.0
Mean Cmax � SD (�g/mL) 14.1 � 4 33.9 � 19
Absolute oral F% � SD 21 � 3 53 � 31

Note: The two pre-dispersed emulsions differing in droplet size were obtained from the same lot of
the SEDDS formulation wherein a portion of the lot was processed with the microfluidizer.
Abbreviations: GDO, glycerol di-oleate; GMO, glycerol mono-oleate; PG, propylene glycol;
SEDDS, self-emulsifying drug delivery systems.

Influence of Dispersibility of the SEDDS Formulation of Drug X 
on Oral Absorption

The effect of dispersibility of the 300 mg/g Drug X SEDDS formulation on oral
bioavailability was evaluated by two different approaches. In the first approach,
the formulation composition was kept constant but the droplet size, upon dilution
of the formulation with water, was varied by mechanical reduction of the droplet
size using a microfluidizer.

The composition of the 300 mg/g Drug X SEDDS formulation is given 
in Table 4. In conducting the dispersibility test, the SEDDS formulation was



diluted 50-fold with water and subjected to mild agitation. This was achieved by
placing 1 g of the SEDDS formulation in 50 mL of water in a 100 mL cylindrical
bottle and then gently rocking the container manually back and forth (~90°) about
two times per second for a period of about 1 minute.

Dilution of the initial 300 mg/g Drug X SEDDS formulation followed by
agitation as described above, resulted in spontaneous generation of an emulsion
with a mean droplet size of ~1000 nm. Reduction of the droplet size was achieved
by processing the formulation with a microfluidizer (Microfluidics, MFIC
Corporation, Newton, Massachusetts, U.S.A.). A portion of the emulsion was
passed through the microfluidizer twice with a setting of 3500 psi which reduced
the mean droplet size of the emulsion to ~221 nm. The bioavailability of Drug X
was determined in fasted rats administered either with the initial emulsion
(droplet size of ~1000 nm) or the microfluidizer-processed emulsion (~221 nm).

A summary of the pharmacokinetic parameters of this study is shown in
Table 4. The Drug X bioavailability was 21% � 3% for the crude emulsion and
53 � 31% for the microfluidizer processed emulsion, which represents ~2.5-fold
enhancement attributable to droplet size reduction.

Although variable, the data suggest an inverse correlation between Drug X
bioavailability and the lipid droplet size of the emulsion formulations.

Development of a SEDDS formulation that could solubilize 300 mg of
Drug X per gram of formulation and spontaneously microemulsify upon dilution
was initially challenging because the high drug loading in the excipient matrix
resulted in a poorly dispersed emulsion.

In another study, pharmaceutically acceptable amine, diethanolamine
(DEA), was added to the SEDDS formulations, and this significantly reduced the
lipid droplet size upon dilution with water. The molar ratio between Drug X and
DEA investigated during formulation development ranged from 8:1 to 1:1
(0.25–5% total DEA content, respectively).

As shown in Figure 4, the population of the large droplets (�1 �m) upon
approximate, 50-fold dilution in SGF was inversely correlated with the amount of
DEA in the formulation. In the absence of DEA, a SEDDS formulation contain-
ing 300 mg/g Drug X was very poorly dispersed, with greater than 90% of the
droplets possessing a droplet size �1 �m.

Addition of 0.8% (w/w) or greater amounts of DEA reduced the fraction of
large droplets (�1 �m) to a negligible level. The effect of DEA on the dispersibil-
ity of the Drug X SEDDS formulations is rationalized as follows. Drug X is
partially neutralized by DEA which, upon dilution of the SEDDS with water,
results in a negative surface charge on the dispersed oil droplets, and reduced
coalescence as a consequence of electrostatic repulsion.

As shown in Figure 5, the mean droplet size of the emulsions generated
from the 300 mg/g Drug X SEDDS formulations upon mixing with water showed
a rapid reduction in droplet size as the percentage of DEA increased. The mean
droplet size was significantly reduced from ~1000 nm when the amine was absent
to ~150 nm with the use of ~0.8% amine. In conclusion, the presence of a small
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amount of DEA (~1%) effectively reduced the droplet size of the 300 mg/g
SEDDS formulation of Drug X to about 150 nm or less.

It was found that other organic amines including primary amines (e.g.,
tromethamine, ethylenediamine), secondary amines (e.g., diethanolamine,
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Figure 4 Population of large droplets (	1 �m) after dilution (100-fold) of the 
300 mg/g Drug X SEDDS formulation with SIF versus the DEA concentration (w/w) in the 
formulation. Abbreviations: DEA, diethanolamine; SEDDS, self-emulsifying drug deliv-
ery systems; SIF, simulated intestinal fluid.

Figure 5 The mean particle size of the 300 mg/g Drug X SEDDS formulations upon
dilution with SIF (dilution factor: 100X) versus the DEA concentration (w/w) in the for-
mulation. Abbreviations: DEA, diethanolamine; SEDDS, self-emulsifying drug delivery
systems; SIF, simulated intestinal fluid.



diethylamine), tertiary amines (e.g., triethylamine, triethanolamine, dimethy-
lethanolamine), and quaternary ammonium compounds (e.g., choline hydroxide)
behaved similarly in the SEDDS formulation by effectively improving the
dispersibility and generating a microemulsion on dilution with water.

In the second approach to evaluate the influence of the droplet size of the
SEDDS formulations on oral exposure of Drug X, the oral bioavailability of the
formulations, with and without an added amine, was determined and compared.
The in vivo pharmacokinetic results of these paired 300 mg/g Drug X SEDDS
formulations (same composition, differing only with respect to the presence or
absence of an amine) were obtained in rats, dogs and humans. The relative oral
bioavailability of Drug X from the paired SEDDS formulations are normalized
and plotted in Figure 6. The relative bioavailability of Drug X in rats (non-
crossover), dogs (crossover) and humans (crossover) was consistently improved
by approximately two- to three-fold following addition of 1.5% to 5.0% (w/w) of
DEA or the primary amine, tromethamine (Tris), to the SEDDS formulation.
These results again demonstrate that microemulsion formation following SEDDS
formulation dilution, appears to be an important determinant of the extent of
absorption of Drug X in animals and humans.

Influence of Lipid Excipient Characteristics on the Absorption
of Drug X from SEDDS Formulations

The specific characteristics of the lipid excipients (e.g., degree of esterification of
glycerides and fatty acid chain length) chosen for a SEDDS formulation can have
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Figure 6 Summary of the relative oral bioavailability of the 300 mg/g Drug X SEDDS
formulations in the presence and absence of an amine (either DEA or tris) in the rat, dog
(crossover), and human (crossover). Abbreviations: DEA, diethanolamine; SEDDS,
self-emulsifying drug delivery systems.



a profound effect on the oral bioavailability of poorly soluble drugs and this should
be taken into consideration during formulation screening and development (2,5).

In a series of four studies, we systematically evaluated the effect of the
following variables on Drug X bioavailability:

1. Is a lipid required for improving bioavailability?
2. If so, what is the optimum amount of lipid excipient required for

improving the bioavailability?
3. What effect does the degree of glyceride esterification have on

bioavailability?
4. What effect does the glyceride fatty acid chain length have on bioavail-

ability?

These variables were of particular interest since Drug X has relatively low
solubility (
20 mg/g) in the lipid excipients tested (Table 3). Therefore, the lipid
was initially considered as an optional component in the SEDDS formulation
described below in Examples 1–4.

Example 1

The effect of the long chain mono- and di-glycerides, GDO and GMO (Table 1),
on the oral bioavailability of Drug X was evaluated in fasted dogs administered
gelatin capsules containing two prototype SEDDS formulations [SEDDS-1 and
SEDDS-2, (Table 5)] containing 400 mg Drug X per gram of formulation. The
SEDDS-1 formulation contained 70 mg/g of an 8:2 (w/w) mixture of GDO and
GMO whereas the SEDDS-2 formulation contained no lipid; both formulations
contained 80 mg/g DEA Upon dilution with water, each formulation formed a
microemulsion with a mean droplet size of~100 nm. Although variable, the
GDO/GMO-containing SEDDS-1 formulation yielded approximately two-fold
greater Drug X exposure (as determined by the AUC) than that associated with
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Table 5 Bioavailability of Two 400 mg/g Drug X SEDDS Formulations in Dogs 
at a Single Dose of 20 mg/kg (n � 4, Crossover)

SEDDS-1 SEDDS-2

Composition (mg/g) Drug X 400 Drug X 400
EtOH/PG (1:1) 120 EtOH/PG (1:1) 160
Cremophor EL 330 Cremophor EL 360
GDO/GMO (8:2) 70 GDO/GMO (8:2) 0
DEA 80 DEA 80

Droplet size after dilution ~100 nm ~100 nm
with water (100X)

Mean AUC � SD 54.8 � 38.8 21.7 � 16.0
(�m . hr)

Mean Cmax (�M) 18.7 7.4

Abbreviations: EtOH, ethanol; GDO, glycerol di-oleate; GMO, glycerol mono-oleate; 
PG, propylene glycol; SEDDS, self-emulsifying drug delivery system.



the SEDDS-2 formulation (Table 5). The results of this study suggest that, despite
similar dispersibility, presence of a solubilizing glyceride excipient in the
formulation may improve Drug X absorption.

Example 2

To examine the effect of glyceride fatty acid chain length on the absorption of
Drug X, a bioavailability study was conducted in dogs comparing SEDDS formu-
lations that contained either Capmul MCM (C8–C10 mono-/di-glycerides) or an
8:2 mixture of GDO/GMO, at concentrations of 75 mg/g or 180 mg/g (Table 6).
At the 75 mg/g lipid concentration (SEDDS-1a and SEDDS-1b), Drug X
bioavailability was similar; however, at the 180 mg/g lipid concentration, the
SEDDS formulation containing the GDO/GMO mixture (SEDDS-1c) produced
greater Drug X exposure (AUC and Cmax) than the formulation containing an
equal concentration of Capmul MCM (SEDDS-1d).

Example 3

Medium chain mono- and di-glycerides (e.g., Capmul MCM) and tri-glycerides
(MCT) are commonly used in oral SEDDS formulations where they may promote
more facile drug absorption than long chain glyceride excipients (19). To investi-
gate the effect of the degree of glyceride esterification on Drug X absorption, two
SEDDS formulations of similar fractional composition, differing only in the lipid
excipient used, were administered to fasted rats as predispersed emulsions
(200–300 nm lipid droplet size), prepared by 50-fold dilution in water (Table 7).
The lipids employed were Capmul MCM (a mixture of medium chain mono- and
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Table 6 Bioavailability of the 300 mg/g Drug X SEDDS Formulations at a Single 
Dose of 20 mg/kg in Dogs (n � 4, Crossover)

SEDDS-1a SEDDS-1b SEDDS-1c SEDDS-1d

Composition (mg/g) Drug X 300 Drug X 300 Drug X 300 Drug X 300
EtOH/PG EtOH/PG EtOH/PG EtOH/PG

(1:1) 190 (1:1) 190 (1:1) 200 (1:1) 200
Cremophor Cremophor Cremophor Cremophor

EL 420 EL 420 EL 280 EL 280
GDO/GMO MCM 75 GDO/GMO MCM 180

(8:2) 75 Tris 15 (8:2) 180 DMAE 45
Tris 15 DMAE 45

Droplet size after ~150 nm ~140 nm ~120 nm ~160 nm
dilution with SIF, pH 2

Mean AUC � SD 50.3 � 18.8 43.6 � 20.7 50.7 � 18.7 36.5 � 20.2
(�m · hr)

Mean Cmax � 9.7 � 4.4 9.0 � 4.1 11.1 � 2.0 5.3 � 4.3
SD (�M) 

Abbreviations: EtOH, ethanol; GDO, glycerol di-oleate; GMO, glycerol mono-oleate;
SEDDS, self-emulsifying drug delivery systems; SIF, simulated intestinal fluid.



di-glycerides) or Miglyol 812 (a mixture of medium chain tri-glyerides) and each
animal received a total dose of 6 mg Drug X from formulations containing
300 mg/g of the drug.

The Miglyol 812-containing formulation produced less than half the bioavail-
ability of the Capmul MCM-containing formulation ( p � 0.05, paired t-test).
In conclusion, the absorption of Drug X was improved with the SEDDS formulation
containing medium chain mono-/di- glycerides (Capmul MCM) as compared to
that of the SEDDS containing the medium chain tri-glycerides (Miglyol).

Example 4

To evaluate the effect of the administered lipid volume on Drug X absorption, three
SEDDS formulations containing 300 mg/g Drug X were prepared which were iden-
tical in composition (see inset in Fig. 7) with the exception of the quantity of the lipid
excipient (an 8:2 mixture of GDO:GMO), which ranged from 50 to 180 mg/g; a
fourth SEDDS, from which GDO/GMO had been omitted, was prepared and admin-
istered as a control. Addition of 45 mg/g DEA to the formulations resulted in a mean
lipid droplet size of ~120–150 nm, which was independent of the lipid content. This
observation suggests that (i) the dispersion performance of these SEDDS formula-
tions is dictated by the presence of a small amount of an organic amine (vide supra)
and (ii) the presence of a substantial amount of lipid in the formulation does not alter
the droplet size significantly. The Drug X exposure was determined in fasted rats
administered a 20 mg/kg dose of the drug as the predispersed microemulsion of each
SEDDS formulation (prepared by 50-fold dilution in water followed by manual agi-
tation). The mean, dose-normalized (AUC/dose) Drug X exposures were positively
correlated with the amount of GDO/GMO in the formulation between 50 and
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Table 7 Composition of the 300 mg/g Drug X SEDDS Formulations and Oral
Bioavailability in Fasted Rats at a Single Dose of 20 mg/kg

Miglyol 812 SEDDS Capmul MCM SEDDS

Composition (mg/g) Drug X 300 Drug X 300
EtOH/PG (1:1) 200 EtOH/PG (1:1) 200
Cremophor EL 275 Cremophor EL 275
Miglyol 812 180 Capmul MCM 180
DMAE 45 DMAE 45

Droplet size (nm) in water ~300 nm ~200 nm
No. of rats dosed 5 6
Mean AUC /Dose 2.9 � 1.6 6.6 � 1.5

(�g . hr/mL/mg/kg)
Mean Cmax � SD 20.4 � 10.8 30.2 � 13

(�g/mL)
Absolute oral 22 � 12 51 � 11

bioavialability � SD

Abbreviations: EtOH, ethanol; GDO, glycerol di-oleate; GMO, glycerol mono-oleate; 
PG, propylene glycol; SEDDS, self-emulsifying drug delivery system.



100 mg of GDO/GMO; however, there is virtually no difference in the dose-normal-
ized Drug X exposures when the GDO/GMO concentrations in the SEDDS formu-
lation range from 0 to 50 mg/g or from 100 to 180 mg/g (Fig. 7).

The study was repeated in fasted rats in a similar manner, except an equiv-
alent amount of Capmul MCM was substituted for GDO/GMO in the SEDDS
formulations described above. As with GDO/GMO, a positive correlation was
seen between the mean dose-normalized Drug X exposure and the amount of
Capmul MCM present in the formulation (Fig. 7). Again, there was little change
in the dose normalized Drug X exposure when the Capmul MCM concentrations
ranged from 0 to 50 mg/g. An increase in the dose-normalized Drug X exposure
was observed when the Capmul MCM concentration was increased to 180 mg/g
from 100 mg/g (Fig. 7). The difference in the dose-normalized Drug X exposures
between the two SEDDS formulations containing 0 and 180 mg/g mono-/di-glyc-
erides (in both series) is statistically significant ( p � 0.05, paired t-test).

Both GDO/GMO and Capmul MCM are mono- and di-glyceride mixtures
but they differ in the chain lengths of the esterified fatty acids. GDO and GMO
consists of C18 fatty acid esters (oleate) whereas Capmul MCM consists of
C8–C10 fatty acid glyceride esters (octanoate–decanoate). The dose-normalized
exposures to Drug X from SEDDS formulations containing 180 mg/g of 
either GDO/GMO or Capmul MCM are essentially the same in rats, indicating
that the excipient fatty acid chain length dose not appear to influence drug absorp-
tion (Fig. 7).

In summary, the bioavailability data with the GDO/GMO and the Capmul
MCM SEDDS formulations indicates that the bioavailability of Drug X in rats is
dependent on the amount of mono-/di-glyceride present in the formulation. The
small difference in the dose-normalized exposure of Drug X between the SEDDS
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Figure 7 Normalized AUC/dose ratios obtained in fasted rats with the Drug X SEDDS
formulations where the amount of lipid [either GDO/GMO (8:2) mixture or Capmul
MCM] is varied. The number of the rats is given in parenthesis.



formulations containing 100 and 180 mg/g GDO/GMO or Capmul MCM (Fig. 7)
indicates that ~100 mg/g of the mono-/di-glycerides is the optimal quantity required
for enhancing oral absorption.

Influence of Ethanol and Propylene Glycol Level on the Emulsification
Spontaneity with the SEDDS Formulations of Drug X

Ethanol (EtOH) and propylene glycol (PG) are commonly employed as cosolvents
in SEDDS formulations, where they promote spontaneous emulsification of
SEDDS formulations, which was observed in the following studies. Eight SEDDS
formulations of Drug X were prepared with their compositions reported in Table 8.
In four of the SEDDS formulations (2a–2d), the concentration of PG  was held con-
stant at 73 mg/g while the ethanol content was varied between 0 and 100 mg/g. In
the other four formulations (2e–2 h), the EtOH concentration was held constant at
100 mg/g while the PG level was varied between 0 and 75 mg/g.

An in vitro release test was conducted in 900 mL SIF (0.05 M phosphate
buffer, pH 6.8) at 37°C using a VanKel 7010 dissolution apparatus with a paddle
rate of 50 rpm. Since the presence of a solubilizing agent in the test medium
would affect the drug release profile and thus, reduce the differentiation of the
performance among the SEDDS formulations, no surfactant was added which
resulted in nonsink conditions for Drug X due to its poor solubility at pH 6.8.
Analytical samples were manually collected, without filtration, from the test
medium at predetermined times and assayed for apparent drug concentration.

The drug release profiles from the four SEDDS formulations containing
73 mg/g PG and in which the ethanol concentrations were varied from 0 to 100 mg/g
(SEDDS-2a to SEDDS-2d, Table 8) are shown in Figure 8. The initial slope and the
shape of the profiles indicate that an increase in the ethanol concentration gives an
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Table 8 Composition of 250 mg/g Drug X SEDDS Formulations with Variation in the
EtOH and PG Concentrations

Amount of excipient (mg)
SEDDS 

2a 2b 2c 2d 2e 2f 2 g 2 hformulation

Drug X 250
Propyl gallate 2
EtOH 0 30 60 100 100 100 100 100
PG 73 73 73 73 0 20 40 75
Cremophor EL 455
Capmul MCM 75
Tris/water (1:2) 45
Total weight (mg) 900 930 980 1000 927 947 967 1002

Abbreviations: EtOH, ethanol; PG, propylene glycol; SEDDS, self-emulsifying drug delivery systems.
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Figure 8 Effect of EtOH concentration (mg/g) on the release profile of Drug X from 
the SEDDS formulations containing 73 mg/g PG. Abbreviations: EtOH, ethanol; 
PG, propylene glycol.

Figure 9 Effect of PG concentration (mg/g) on the release profile of Drug X from the
SEDDS formulations containing 100 mg/g EtOH. Abbreviations: EtOH, ethanol; 
PG, propylene glycol; SEDDS, self-emulsifying drug delivery systems.



increase in the emulsification spontaneity with a concomitant increase in the extent
of drug release.

The drug release profiles from the four SEDDS formulations in which the
ethanol concentration was held constant at 100 mg/g but the PG content was var-
ied from 0 to 75 mg/g (SEDDS-2e to SEDDS-2 h, Table 8) are shown in Figure 9.
In contrast to the studies in which the SEDDS EtOH content was varied, the pro-
files indicate little impact of the PG concentration on the initial percent of drug
released. In all cases described above, less than 100% release of Drug X from
SEDDS formulations was observed which was attributed to both the high viscos-
ity of the formulation and high drug loading.

In conclusion, the release test for evaluating emulsification spontaneity and
dispersibility (i.e., droplet size) is useful in formulation optimization. During the
encapsulation of SEDDS formulations in soft gelatin capsules, a significant reduc-
tion in the PG and EtOH solvent concentration in the fill solution was found. This
was due to a combination of solvent (PG and EtOH) migration into the gelatin shell
and EtOH evaporation during the soft gelatin capsule drying process. Loss of solvent
from the fill solution in the final soft gelatin capsules can have a significant effect on
the in vitro dispersibility and the resulting oral bioavailability as described below.

CLINICAL EVALUATION OF THE SEDDS FORMULATIONS OF DRUG X
AND DEVELOPMENT OF IN VITRO–IN VIVO RELATIONSHIPS (IVIVR)

Clinical Evaluation of the SEDDS Formulations of Drug X

The di-sodium salt of Drug X was formulated as a wet-granulation tablet (WG-
tablet), a bulk drug filled capsule (HFC), a coated bead (CB) formulation, a bead
mixed with apple sauce (AS) (CB–AS) formulation and a prototype SEDDS formu-
lation. A total dose of 1200 mg of Drug X was administered to fasted human sub-
jects and the plasma profiles for each formulation are shown in Figure 10. The four
solid dosage forms produced very similar plasma profiles. In comparison, the mean
AUC and the Cmax values obtained with the 300 mg/g Drug X SEDDS formula-
tion was ~2.5-fold higher than those of the solid formulations.

Subsequently, three additional Drug X SEDDS formulations (containing
300 mg/g Drug X) were developed for further clinical evaluation in fasted sub-
jects (Table 9). The objective of this study was to explore the relationship between
the in-vitro performance (e.g., release profile and droplet size distribution) and
Drug X absorption from the SEDDS formulations.

The in vitro release of Drug X from the SEDDS formulations was evaluated
in a VanKel 7010 dissolution apparatus in 900 mL of SIF (pH 6.8) at 37°C with
50 rpm paddle speed. As shown in Figure 11, the “Tris/MCM” SEDDS HFC
showed the highest release value (60% at t � 60 minutes). The “No Tris” SEDDS
soft gelatin capsules performed poorly with a maximum Drug X release of only
13% at 60 minutes. The “Tris/GDO/ GMO” SEDDS soft gelatin capsules showed
an intermediate release value of 25% at 60 minutes.
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The results of the clinical studies with these SEDDS formulations and a total
Drug X dose of 1200 mg are shown in Figure 12. The “No Tris” SEDDS soft 
gelatin capsules showed the lowest AUC and Cmax values among the three SEDDS
formulations tested and the AUC was slightly lower than the AUC observed with
the hard filled capsule (HFC) containing the di-sodium salt of Drug X. The
“Tris/GDO/ GMO” SEDDS soft gelatin capsules showed a two-fold higher Cmax
and AUC as compared to that of the “No Tris” SEDDS soft gelatin capsules
formulation. It is worth noting that these two SEDDS formulations differ only in
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Figure 10 Plasma concentration profiles of Drug X observed from four solid dosage forms
of the di-sodium salt of Drug X (150 mg HFC, 300 mg CB, 300 mg CB with applesauce,
400 mg WG-CT) and the 300 mg/g Drug X SEDDS formulation after a single total dose of
1200 mg in fasted human subjects (n � 12). Abbreviations: CB, coated beads; 
SEDDS, self-emulsifying drug delivery systems; WG-CT, wet granulation compressed tablet.

Table 9 Composition of the Three 300 mg/g Drug X SEDDS Formulations of Drug X
Evaluated in the Clinical Study

SEDDS formulation composition (mg/g)

Ingredients “No Tris” “Tris/GDO/GMO” “Tris/MCM”

Drug X 300 300 300
Ethanol/PG (1:1, w/w) 175 180 180
Cremophor EL 453 428 428
GDO/GMO (8:2) 70 75 —
Capmul MCM — — 75
Tris (tromethamine) — 15 15
Propyl gallate 2 2 2
Dosage form Soft gelatin Soft gelatin Hard filled

capsules capsules capsules (HFC)
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Figure 11 Drug release profiles from three 300 mg/g Drug X SEDDS dosage forms
(i.e., “No Tris” softgel, “Tris/GDO/GMO” softgel and “Tris/MCM” HFC. The formula-
tion compositions are reported in Table 9). The test medium was 900 mL SIF (pH 6.5)
with a stirring speed of 50 rpm. Abbreviation: SEDDS, self-emulsifying drug delivery
systems.

Figure 12 Plasma concentration profiles of Drug X from three 300 mg/g Drug X SEDDS
dosage forms (compositions are reported in Table 9) along with the Drug X di-sodium salt
powder formulation in a HFC (control) with a single total dose of 1200 mg in fasted human
subjects (n � 15). Abbreviation: SEDDS self-emulsifying drug delivery systems.
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Figure 13 In vivo AUC values obtained from the clinical trial results (shown in Fig. 12)
are plotted against the in vitro percentage of drug release using three 300 mg/g Drug X
SEDDS formulations at t � 60 minutes (in vitro release profiles shown in Fig. 11).
Abbreviation: SEDDS, self-emulsifying drug delivery systems. 

the presence of 15 mg/g Tris in the former formulation (Table 9), confirming the
critical role of a small amount of amine in the formulation. The highest bioavail-
ability and Cmax were achieved with the “Tris/MCM” SEDDS HFC formulation.

Preliminary In Vitro–In Vivo Relationship (IVIVR)

The enhanced absorption of Drug X from the Tris containing formulations may be
due to the more rapid emulsification and the smaller droplet size upon dilution, as
described earlier in this chapter. Although the Tris/GDO/GMO SEDDS and
Tris/MCM SEDDS formulations of Drug X are very similar in composition, there
is a noticeable difference between the release profiles of these two dosage forms
(Fig. 11) as well as the droplet size upon dilution with water. Further investigation
revealed that both liquid formulations, without the use of the gelatin capsule,
showed little difference in emulsification spontaneity and release profile. This sug-
gests that the emulsification spontaneity of the SEDDS formulation is influenced
by soft gelatin encapsulation. After encapsulation of the Tris/GDO/GMO SEDDS
formulation in soft gelatin capsules, there was a substantial reduction of the sol-
vent levels (EtOHand PG) in the fill due to solvent migration into the shell and
ethanol evaporation during the drying process. In contrast, there was very little loss
of the solvent when the Tris/MCM SEDDS formulation was filled into hard gela-
tin capsules with appropriate packaging and storage conditions. These findings
suggest that the reduction of the solvent level (both EtOH and PG) in the fill solu-
tion associated with soft gelatin capsules manufacturing process inevitably affects
the drug release profile. This is an important factor that should be taken into con-
sideration during formulation design and optimization.



Figures 13 and 14 show the IVIVR plots of the mean in vivo AUC and Cmax
values with the three SEDDS dosage forms of Drug X observed in the clinical trial
against the percent of drug released at 60 minutes in the in vitro test. A rank order
correlation was observed between the in vitro release and the oral exposure of
Drug X among the three SEDDS dosage forms. In addition, there is a rank order
correlation between the bioavailability data and the population of large droplets
(�1 �m) formed upon dispersion in vitro. The in vitro dispersibility test showed
that the “Tris/MCM” SEDDS HFC yielded the smallest amount (~2.3%) of large
droplets (�1 �m) while the “No Tris” SEDDS soft gelatin capsules showed the
highest amount (~70%). The “Tris/GDO/GMO” SEDDS soft gelatin capsules had
an intermediate amount of large droplets (~12%, �1 �m). These results concur
with the Drug X bioavailability results in rats and dogs, as discussed above.

The IVIVR observed in the clinical trial is in agreement with previously
described nonclinical studies in which drug absorption was correlated directly
with in vitro emulsification spontaneity and inversely with droplet size formed
upon dilution in water. These combined results suggest that the in vitro release
test method described herein may be a useful tool in the development, optimiza-
tion and evaluation of SEDDS formulations.

POSSIBLE MECHANISM FOR ENHANCED PRESENTATION 
OF DRUGS TO THE INTESTINAL ENTEROCYTE BRUSH 
BORDER WITH SEDDS FORMULATIONS

The enhanced oral bioavailability observed with SEDDS formulations of poorly
soluble lipophilic drugs as compared to the bioavailability of a simple aqueous
suspension or the bulk drug in a capsule indicates that SEDDS formulations
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Figure 14 In vivo Cmax values obtained from the clinical trial results (shown in Fig. 12)
plotted against the in vitro percentage of drug release using three 300 mg/g Drug X
SEDDS formulations at t � 60 minutes (in vitro release profiles shown in Fig. 11).
Abbreviation: SEDDS, self-emulsifying drug delivery systems.



present the drug more efficiently to the intestinal enterocyte brush border. This
section suggests that the enhanced oral bioavailability seen with the SEDDS
formulations might be due to improved presentation of the poorly soluble drug to
the enterocyte brush border membrane.

Drugs with water solubility less than about 1 to 50 �g/mL frequently show
incomplete oral absorption. However, there are many other extremely insoluble,
highly lipophilic compounds that have solubilities orders of magnitude less than
1 to 50 �g/mL and, yet, they are absorbed orally.

The pioneering work of Borgstrom et al. (25–26) and later, Carey et al.
(27–29), as well as many others (30–61) contributed to the finding that the bile
acid mixed micelle (BAMM) in the fed state and the bile acid (BA) micelle in the
fasted state constitute the endogenous surfactant system that is responsible for
the delivery or presentation of extremely lipophilic drugs to the enterocyte brush
border region.

Cholesterol with a ClogP of 12 and a water solubility of ~10 ng/mL is
efficiently absorbed from the intestine by presentation of cholesterol dissolved in the
BAMM droplets to the enterocyte brush border mucosa with subsequent collisional
transfer to the glycocalyx (25–30). Many other extremely insoluble and lipophilic
compounds are absorbed more efficiently in the fed state where the BAMM is
present. The BAMM system is more effective that the BA system because of the
higher micellar concentration in the fed as compared to the fasted state.

Lipophilic drugs can partition into the BA/BAMM system (61–64) and 
predictive relationships have been reported (64).

Highly lipophilic compounds can equilibrate between size populations of
liposomes by collisional contact while less lipophilic compounds equilibrate
between populations of liposomes via the compound that is dissolved in the aque-
ous medium (73).

Based on the above, it appears that drugs could be delivered to the intest-
inal enterocyte brush border region by the aqueous diffusional pathway as well as
by the BA/BAMM pathway. The delivery of cholesterol from the BAMM to the
enterocyte surface occurs via collisonal transfer (50–52,55,56,58–60,67–73,75).

SEDDS formulations generate emulsions (E) or microemulsions (ME) upon
contact with water and they can undergo size reduction through a number of phe-
nomena such as the hydrolytic action of the pancreatic or membrane bound
enzymes or by the removal of the E/ME components by collisional transfer with
other lipophilic or solid materials in the intestine. Thus, drugs or other compounds
in the E/ME or the remnant E/ME can either dissolve in the aqueous medium or
they can undergo collisional transfer to the enterocyte brush border (24,52–75).

Based on this background, Figure 15 shows a possible scheme for the
presentation of poorly soluble lipophilic drugs in SEDDS formulations to the
intestinal enterocyte brush border by:

1. the aqueous pathway, or by,
2. equilibrating with the BA/BAMM pathway, or by,
3. mimicking the BA/BAMM pathway.
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After absorption into the enterocyte, the drug could diffuse across the 
enterocyte or, if the drug is highly lipophilic, the drug could partition into the 
chylomicrons in the fed state with subsequent transfer to the lymphatics and ulti-
mately to the systemic venous circulation (3,6,65,66). Moderately lipophilic
drugs could escape from the chylomicrons by partitioning or collisional transfer
with entry into the venous system.

The implication from the above proposal is that the selection of the excipi-
ents in the SEDDS formulation could have a profound effect on oral bioavail-
ability by affecting the delivery of the drug to the enterocyte brush border or by
affecting the transport across the enterocyte. Lipophilic drugs such as cyclosporin
in the emulsion generating Sandimmune® formulation show a strong food effect
with enhanced absorption in the fed state whereas the microemulsion-generating
formulation, Neoral®, shows virtually no food effect. This is attributed to the use
of glycerol mono-/di-oleate (Maisine®) in the Neoral® formulation (8,18) and it
is likely that this microemulsion or a remnant of this, delivers cyclosporin
efficiently to the enterocyte brush border and, in effect, this mimics the BAMM
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Figure 15 Proposed scheme for the enhanced oral absorption seen with poorly soluble
lipophilic drugs in SEDDS formulations. The drug (D) from the SEDDS formulation could
be presented to the interstinal enterocyte brush border region by either simulating or equili-
brating with the BAMM pathway with collisional transfer to the brush border or by the aque-
ous diffusional pathway. Abbreviation: SEDDS, self-emulsifying drug delivery systems.



system. It is difficult to predict the effect of lipid excipients in SEDDS formula-
tions on oral bioavailability and, therefore, the selection (and optimization) of the
key ingredients (e.g., lipid and surfactant) in the SEDDS formulations must be
guided by in vivo evaluation in animals and humans.

CONCLUSIONS

1. SEDDS formulations are useful in enhancing the oral bioavailability of
poorly soluble drugs. The highly lipophilic drug PNU-74006 (Log p �
5.8) and Drug X (Log P ~ 7) show a substantial increase in oral
bioavailability by use of appropriately designed SEDDS formulations.
The clinical evaluation of the a high drug load (300 mg/g) Drug X
SEDDS formulations revealed significantly enhanced oral bioavailabil-
ity relative to the solid dosage forms.

2. The in vitro test methods demonstrated with the Drug X SEDDS
formulations are useful in guiding the development of the SEDDS for-
mulations. The emulsification spontaneity, the resulting droplet size, and
the extent of drug solubilization in the aqueous medium are key attrib-
utes that are critical in achieving optimal oral exposure. Generation of
microemulsion from the 300 mg/g Drug X SEDDS formulation upon in
vitro dilution is proven to be crucial in improving the oral absorption of
Drug X in animals and humans. An agreement between the in vivo
oral bioavailability of Drug X from the SEDDS formulation and the
percentage of drug release at 60 minutes is observed.

3. The enhanced oral absorption of poorly soluble drugs with the SEDDS
formulation approach is presumably due to more efficient presentation
of rug to the enterocyte brush border region by:

a. Equilibration of the drug with the aqueous medium and subsequent
enterocyte uptake by the aqueous diffusional pathway or, alternatively.

b. Simulating or equilibrating with the BAMM system with transfer
by collisional contact with the brush border glycocalyx.
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INTRODUCTION

Background on Conventional Self-Emulsifying Drug Delivery
Systems and the Supersaturatable Formulations

Low water solubility is widely recognized as the main reason for the poor oral
absorption of many new chemical entities. Conventional solubilization approaches
such as salt formation, cosolvents and, more recently, surfactant-based micellar
systems, are now widely employed in enhancing the oral absorption of drugs,
primarily poorly soluble drugs. In particular, self-emulsifying drug delivery
systems (SEDDS) are commonly employed in improving the oral exposure of
poorly soluble, lipophilic drugs (1–5). However, a high surfactant level is needed
in the conventional SEDDS formulations in order to prevent precipitation of the
drug on dilution with water in the gastrointestinal (GI) tract. The surfactants that
are commonly employed in SEDDS formulations can increase the incidence of



GI side-effects (6,7) and, therefore, a reduced amount of surfactant in the formu-
lations should minimize the surfactant-induced GI side-effects (8–10).

The potential of increasing the thermodynamic activity of drug formula-
tions and, thereby, increasing the bioavailability of poorly soluble drugs through
supersaturation was recognized by Higuchi more than four decades ago (11).
Since then, a number of publications have appeared in the literature employing
supersaturated formulations as a means of enhancing bioavailability. While most
work on supersaturation reported in the literature has been devoted to topical
delivery (11–22), less attention has been focused on the use of supersaturation for
improving oral delivery of poorly soluble drugs (23–29).

Polyvinylpyrrolidone (PVP) was found useful in generating a supersaturated
state with a number of poorly soluble drugs (12–16,23,24,30). Other studies
reported the use of the water soluble cellulosic polymers such as HPMC
(17–20,22,25,26,31), methylcellulose (20), hydroxypropyl methylcellulose
phthalate (28,29), and sodium carboxymethylcellulose (32). The cellulosic poly-
mers are excellent crystal growth inhibitors and they are effective in maintaining
the supersaturated state of the drugs (16,18,31,32).

One of the most promising approaches for enhancing the oral bioavailabi-
lity of poorly soluble drugs is the use of the principle of supersaturation in the
development of supersaturatable formulations (33,34). It should be clearly recog-
nized that supersaturatable formulations differ from supersaturated formulations.
Supersaturated formulations are not thermodynamically stable and drugs in
supersaturated formulations can crystallize on storage. Therefore, the physical
stability of such formulations is fundamentally challenging and this limits their
practical utility. In contrast, supersaturatable formulations are thermodynamically
stable dosage forms; they yield a supersaturated state only after administration
in vivo.

Development of Supersaturatable Self-Emulsifying
Drug Delivery Systems 

To take advantage of supersaturation, the generation and maintenance of a
supersaturated system in vivo from supersaturatable dosage forms is a pre-
requisite. In our studies, we found that reducing the amount of surfactant in a
SEDDS formulation in order to generate a supersaturated state on dilution of
the formulation with an aqueous medium can result in rapid precipitation of the
poorly soluble drug. However, we found that incorporation of hydroxypropyl
methyl cellulose (HPMC) or other cellulosic polymeric excipients in the
SEDDS formulations can sustain the supersaturated state by preventing precip-
itation of the drug. These formulations are termed supersaturatable SEDDS or
S-SEDDS formulations.

This chapter describes the development of supersaturatable S-SEDDS
formulations using three poorly soluble drugs, namely, PNU-91325, paclitaxel,

304 Gao and Morozowich



and Drug X along with the behavior of these S-SEDDS formulations in an in vitro
dissolution/precipitation test. These studies show that the S-SEDDS formulations
containing a reduced amount of surfactant along with a supersaturation promot-
ing polymer can generate a supersaturated drug solution on contact with water
and the resulting supersaturated state can be maintained sufficiently long to
achieve enhanced absorption. These S-SEDDS formulations of poorly soluble
drugs have the potential of improving the tox/safety profile of the product due to
a reduced amount of surfactant and they can show higher oral bioavailability as
compared with the corresponding conventional SEDDS formulation of the same
drug. The studies described below clearly demonstrate that the supersaturatable
S-SEDDS formulation approach is a powerful approach for improving the oral
absorption of poorly soluble, lipophilic drugs.

TESTS FOR IN VITRO EVALUATION OF THE 
SUPERSATURATABLE FORMULATIONS

Prompted by the biorelevant dissolution system reported by Tang et al. (35), we
developed a small-scale in vitro dissolution/precipitation test for evaluating the 
S-SEDDS formulations and the related formulations of our poorly soluble drugs.
The biorelevant in vitro dissolution/precipitation test method employed herein
consists of a simulated gastric fluid (SGF) containing 0.01 M HCl and 0.15 M
NaCl (pH 2.0) stirred at 50 revolutions per minute (rpm) at 37°C with the use of
a VanKel 7010 dissolution apparatus. The total volume of the medium chosen was
50 to 100 mL which is the approximate combined volume of the residual stomach
fluid (~20–50 mL) and the amount of water (~30–60 mL) coadministered
commonly during dosing in the fasted dog or human. No surfactants were added
in the test medium to improve the solubility of the drug and, therefore, the com-
position and the limited volume of the test medium provide nonsink conditions
for the poorly soluble drugs under investigation.

A unit dose of the S-SEDDS formulation or related formulation was placed
in the aforementioned test medium and samples were withdrawn from the test
medium as a function of time followed by filtration (0.8 �m) and determination
of the total drug concentration in solution by assaying with high-performance
liquid chromatography (HPLC). The apparent solution concentration of drug thus
obtained is a measure of the total concentration of the drug in the filtrate present
in various states (i.e., emulsion, solid particle less than 0.8 �m, and free drug) in
the test medium (33,34).

The aforementioned in vitro dissolution/precipitation test and the resulting
apparent drug concentration versus time plots were employed in guiding the
development of the S-SEDDS formulations as illustrated with the three case
studies described below. This simple in vitro dissolution/precipitation test was
valuable in formulation screening and optimization as well as in developing in
vitro/in vivo relationships (IVIVR).
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CASE STUDY WITH PNU-91325

Physicochemical Properties of PNU-91325

PNU-91325 (Fig. 1) is an insulin-enhancing agent that is poorly water soluble
with a CLog P of 2.8 (33). The aqueous solubility of the PNU-91325 shows a U-
shaped pH-solubility profile with pKa1 (base) � 2.61 � 0.04 and pKa2
(acid) � 6.85 � 0.06 and an intrinsic solubility, S0, of 3 �g/mL. The solubility of
PNU-91325 is essentially constant at approximately 3 �g/mL within the physio-
logical pH range of 3 to 6.

In Vitro Dissolution/Precipitation Test with Four Formulations 
of PNU-91325

PEG400 Formulation

PNU-91325 (25 mg/g) was dissolved in PEG400 and this formulation is referred
to as the PEG400 formulation (Table 1). This formulation was filled into a hard
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Figure 1 Stucture of PNU-91325.

Table 1 Composition of the PNU-91325 Formulations

Propylene 
Tween 80 PEG400 S-SEDDS glycol � 2% HPMC 

Ingredients (mg) (mg) (mg) (S-cosolvent) (mg)

PNU-91325 25 25 40 25
PEG400 975 90
Propylene glycol 860
Water 80 95
HPMC (grade) 200 (E50LV) 20 (E5LV)
Tween 80 975
Cremophor EL (EL) 300
Dimethylacetamide 50
Pluronic-L44 180
Glyceryl dioleate/ 60

glyceryl monooleate
(8:2, w/w)

Total 1000 mg/g 1000 mg/g 1000 mg/g 1000 mg/g

Abbreviation: S-SEDDS, supersaturatable self-emulsifying drug delivery systems.



gelatin capsule just before the in vitro dissolution test. The PEG400 formulation
was readily miscible with water upon opening of the gelatin capsule in the dissolu-
tion medium (0.01 M HCl) and immediate precipitation of the drug was visually
apparent as evidenced by an increase in the solution turbidity. The apparent 
concentration of PNU-91325 in the test medium was determined as a function of
time and the data are plotted in Figure 2A. Based on the dilution factor (50X), the
theoretical concentration of PNU-91325 was 0.5 mg/mL if the complete drug is
dissolved. The observed apparent concentration of PNU-91325 was approximately
0.10 mg/mL at t � 0.5 hours (the first sampling time) and this decreased rapidly
to about 0.02 mg/mL at t � 1 hour as a result of drug precipitation.

Propylene Glycol � 2% HPMC Formulation

A supersaturatable cosolvent (S-cosolvent) formulation was prepared by dissolv-
ing 25 mg/g of PNU-91325 in propylene glycol (PG) with 20 mg/g (2%, w/w) of
HPMC suspended in the solution (Table 1). This formulation of PNU-91325,
referred to as the PG � 2% HPMC formulation, showed a unique concentration
versus time plot in the in vitro dissolution/precipitation test (Fig. 2B) with a peak
in the PNU-91325 concentration at 0.3 mg/mL observed at t � 0.5 hours (the first
time point) and the concentration gradually decreased to about 0.06 mg/mL at
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Figure 2 Apparent concentration-time profiles of PNU-91325 observed in the in vitro
dissolution/precipitation test using formulations with or without HPMC.



t � 3 hours. The drug concentrations were much higher in this case as compared
with those observed before with the PEG400 formulation during the three-hour
time course (Fig. 2A).

To determine the effect of 2% HPMC on drug precipitation, a PG formula-
tion was prepared identical to the previous formulation but without HPMC and this
was evaluated in the in vitro dissolution/precipitation test. Without HPMC, the
PNU-91325 concentrations were very low as shown in Figure 2B, and these were
similar to those observed with the PEG400 formulation (Fig. 2A). This was antic-
ipated because both the PEG400 and the PG formulations are simple cosolvent
formulations and they did not contain supersaturation-promoting polymers. The
higher drug concentration in the in vitro dissolution/precipitation test with the
PG � 2% HPMC formulation clearly indicates that a small amount of HPMC is
remarkably effective in generating and maintaining a high solution concentration
with PNU-91325 by retarding drug precipitation.

Tween 80 Formulation

A formulation of PNU-91325, 25 mg/g, was prepared by dissolving the drug in
neat Tween 80 (polysorbate 80) (Table 1). The PNU-91325 concentration versus
time profile observed in the in vitro dissolution/precipitation test (Fig. 2A) was
approximately 0.43 mg/mL at t � 0.5 hours and the concentration of PNU-91325
gradually decreased to approximately 0.16 mg/mL at t � 3 hours due to
precipitation of the drug. Precipitation of the drug from the neat Tween 80
formulation was slower than precipitation with the PEG400 formulation.
This was presumably due to partitioning of the drug into the Tween 80 micelles,
thereby reducing the degree of supersaturation.

Supersaturatable Self-Emulsifying Drug Delivery Systems

An S-SEDDS formulation of PNU-91325 was prepared containing cremophor EL
as the surfactant along with the additional excipients and containing 20%
(200 mg/g) HPMC (Table 1). This S-SEDDS formulation of PNU-91325 was ini-
tially predispersed by contact with water (10 mL) using gentle hand shaking for
30 seconds and then, the in vitro dissolution/precipitation test was conducted. The
resulting drug concentration–time profile for the PNU-91325 S-SEDDS formula-
tion (Fig. 2C) was similar to that of the Tween 80 formulation (Fig. 2A).

A similar PNU-91325 SEDDS formulation was prepared containing the
same excipients but without HPMC. The apparent concentration of PNU-91325
from the SEDDS formulation (without HPMC) (Fig. 2C) was approximately 10-
fold lower than the PNU-91325 concentration obtained with the S-SEDDS for-
mulation containing HPMC during the time course of three hours.

In Vivo Evaluation of PNU-91325 Formulations in Dogs

The mean plasma concentrations of PNU-91325 in beagle dogs (n � 4, cross-
over) are plotted in Figure 3 as obtained upon oral dosing with the Tween 80
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formulation, the PEG400 formulation, the S-SEDDS formulation, and the
PG � 2% HPMC (S-cosolvent) formulation (Table 1). The mean dose, mean
AUC0 � ∞, Cmax, and the estimated absolute bioavailability (F%) observed with
each of the formulations are summarized in Table 2. The estimated oral bioavail-
ability (F%) of PNU-91325 in dogs was based on the actual dose of the drug from
each of the formulations along with the area under the curve (AUC) observed
after oral administration to the dogs and the mean AUC obtained from a separate
intravenous study (10 mg/kg) of PNU-91325 (33).

The PEG400 solution formulation showed the lowest absolute bioavailabili-
ty, namely, 12% (Table 2). As described before, the rapid precipitation of PNU-
91325 observed with the PEG400 solution formulation in simulated gastric fluid
(SGF) and the generation of large aggregates (�50 �m) were due to the high degree
of supersaturation. Thus, the low oral bioavailability observed with the PEG400
solution of PNU-91325 is due to the rapid precipitation of the drug in vivo.

As indicated by the in vitro dilution/precipitation tests, the PG � 2%
HPMC (S-cosolvent) formulation of PNU-91325 yielded a significantly higher
apparent drug concentration (Fig. 2B). This formulation resulted in an approx-
imately sevenfold higher Cmax (6.04 �g/mL) and fivefold higher oral bioavail-
ability (~60%) as compared with the PEG400 formulation that showed a lower
Cmax (0.88 �g/mL) and a lower oral bioavailability (~12%). These studies
clearly demonstrate the key role of supersaturation in enhancing the absorption
of PNU-91325 and the utility of HPMC in achieving and stabilizing the
supersaturated state.
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crossover) using four PNU-91325 formulations.



The PNU-91325 S-SEDDS formulation showed an oral bioavailability of
approximately 76% which is higher than the bioavailability of approximately 68%
observed with the Tween 80 formulation (Table 2). The weight ratio of drug:cre-
mophor EL is 1:7.5 in the S-SEDDS formulation while the weight ratio of
drug:Tween 80 is 1:39 in the Tween 80 formulation. Clearly, the surfactant level is
about fivefold higher in the Tween 80 formulation as compared with that in the
S-SEDDS formulation. Thus, it is likely that, on dilution, a lower free drug con-
centration of PNU-91325 in the test medium occurs with the Tween 80 formula-
tion as compared with that of the S-SEDDS formulation. The S-SEDDS formula-
tion yielded a supersaturated state on dilution as evidenced by the decline in the
apparent drug concentration with respect to time (Fig. 2C) and by the observation
of crystal formation in the in vitro dissolution/precipitation test medium.

In conclusion, the S-cosolvent and the S-SEDDS formulations containing
HPMC generate a supersaturated state with PNU-91325 with higher concentrations
in the in vitro dissolution/precipitation test and, as a result, the oral bioavailability
is significantly increased as compared with the same SEDDS formulation without
HPMC (33).

In Vitro–In Vivo (Dog) Relationship with the PNU-91325 Formulations

The AUC values observed in the dog with each of the four formulations of PNU-
91325 were normalized with respect to the dose. The dog AUC/dose ratios
observed with each of the four PNU-91325 formulations were obtained over the
time interval of 0 to 2 and 0 to 3 hours and the corresponding AUC/dose values
were used in developing an IVIVR. The in vitro AUC of each formulation was
obtained by integrating the in vitro dissolution/precipitation profile over the 0 to
2- and the 0 to 3-hour time periods (Fig. 2). The corresponding in vivo AUC/dose
values for the four formulations examined are plotted against the in vitro AUC
values as shown in Figure 4A and 4B.

The current in vitro dissolution/precipitation test method is simple, however,
other factors that occur in the GI lumen such as the lipid/surfactant lipolysis or
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Table 2 Oral Bioavailability of PNU-91325 Administered to Dogs as Four Different
Formulationsa

Mean % 
Mean dose Mean Cmax � Mean AUC � bioavailability

Formulation (mg/kg) SD (�g/mL) SD (�g hr/mL) (%F � SD)

S-SEDDS 15.96 8.19 � 4.09 9.15 � 3.17 76 � 26
PG � 2% HPMC 10.75 6.04 � 3.53 4.88 � 1.86 60 � 23
Tween 80 10.81 5.94 � 2.20 5.54 � 0.69 68 � 8
PEG400 11.82 0.88 � 0.12 1.03 � 0.21 12 � 2

aValues are the means � SD (n � 4).
Abbreviations: HPMC, hydroxy propyl methyl cellulose; PG, propylene glycol; SD, standard devia-
tion; S-SEDDS, supersaturatable self-emulsifying drug delivery systems.



digestion and the presence of the bile acid or salts are not considered. These factors
could affect the oral exposure of lipophilic, poorly soluble drugs as indicated in the
literature (4,36,37). The observed IVIVR trend suggests that the enhanced bioavail-
ability of PNU-91325 is related to the supersaturating effects of HPMC as demon-
strated in vitro. These results imply that, in this case, the other biological factors
encountered in vivo are not critical. Therefore, the IVIVR obtained in this case jus-
tifies the use of our simple biorelevant in vitro dissolution/precipitation test method
in formulation screening and optimization.
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Figure 4 Plot of the oral AUC data in dogs obtained with the four PNU-91325 formula-
tions against the AUC values obtained from the in vitro dissolution/precipitation profiles.
Both in vivo and in vitro AUC values are integrated from 0 to 2 hours in Figure 4A (IVIVR
at 0–2 hours) and from 0–3 hours in Figure 4B (IVIVR at 0–3 hours).



CASE STUDY WITH PACLITAXEL

Properties of Paclitaxel and Marketed Formulations Thereof

Paclitaxel is an antitumor agent that is widely used in the treatment of advanced
breast and ovarian cancer. Paclitaxel (Fig. 5) has a molecular weight of 853 and
a low solubility in water (�1 �g/mL) as well as a low solubility in common phar-
maceutical vehicles (38–40). The currently marketed intravenous (IV) formula-
tion of paclitaxel (Taxol®, Bristol-Meyers Squibb, BMS) contains 6 mg/mL of
paclitaxel, 527 mg/mL of cremophor EL (polyoxyethylenated castor oil), and
49.7% (v/v) of dehydrated ethanol (41). IV administration of paclitaxel using this
formulation is associated with severe side-effects that are attributed to the surfac-
tant, cremophor EL (39,42–44). The oral bioavailability of paclitaxel using the
Taxol® formulation is extremely low (�2%) in rats and in humans (45–48).
Coadministration of the Taxol® formulation orally along with cyclosporin A
(CsA), an inhibitor of P-gp and CYP3A enzymes, resulted in a sevenfold increase
in the plasma AUC value for paclitaxel in humans (45–48).

In Vitro Evaluation of the Supersaturatable Self-Emulsifying 
Drug Delivery Systems of Paclitaxel

In an effort to examine the applicability of the S-SEDDS technology, paclitaxel
was selected as a model drug and prototype S-SEDDS formulations were 
prepared. The in vitro and in vivo performance of the paclitaxel SEDDS formu-
lations without HPMC and the paclitaxel formulations with HPMC (S-SEDDS)
were evaluated and compared with the commercial Taxol® formulation. In 
addition, the in vivo oral bioavailability of paclitaxel from the S-SEDDS formu-
lation coadministered with CsA was also assessed in rats in order to assess the
maximal exposure possible and the potential role of P-gp inhibition when the
transporter is exposed to the supersaturated concentrations of paclitaxel.

A prototype S-SEDDS solution formulation containing approximately
60 mg/g of paclitaxel and 5% (w/w) HPMC (formulation A) was prepared with
the composition reported in Table 3. The apparent paclitaxel solution concentra-
tions in SGF (e.g., 0.01 M HCl � 0.15 M NaCl, pH 2.0) after dilution of the
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Figure 5 Structure of paclitaxel.



SEDDS formulation without HPMC (formulation C) and the S-SEDDS formula-
tion with 5% HPMC (formulation A) are shown in Figure 6. The theoretical
concentration of paclitaxel in the test medium with these formulations, differing
only in the presence or absence of HPMC, was 1.2 mg/mL based on the dilution
factor of 50 (i.e., 60 mg paclitaxel in 50 mL).

Immediately on dilution of the SEDDS formulation in the SGF test
medium, an opalescent solution characteristic of a microemulsion was formed.
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Table 3 Composition of the Paclitaxel Formulations Employed in the Dissolution/
Precipitation Test and in the Dog Oral Bioavailability Study

Formulation A Formulation B Formulation C Formulation D
Composition (mg/g) (mg/g) (mg/g) (mg/g)

Brief description S-SEDDS Taxol® SEDDS S-SEDDS �
(with HPMC) (BMS) (without cyclosporin A

HPMC)
Paclitaxel 57 6.8 62.5 60
Cyclosporin A — — — 30
Absolute EtOH 151.5 423.2 156.25 150
PEG400 151.5 — 156.25 150
Cremophor EL 400 570 417 400
Glyceryl dioleate 190 — 208 160
HPMC-E5LV 50 — — 50
Total 1000 1000 1000 1000
In vivo treatment A B and E C D

Abbreviations: BMS, Bristol-Meyers Squibb; EtOH, ethanol; S-SEDDS, supersaturatable self-
emulsifying drug delivery systems.

Figure 6 Apparent concentration-time profiles of paclitaxel observed from the in vitro
dissolution/precipitation test using the S-SEDDS formulation containing 5% HPMC
(curves 1 and 2) and the SEDDS formulation without HPMC (curves 3 and 4).



However, turbidity developed by the first sampling time (10 minutes) and was
confirmed to be crystalline paclitaxel. The formation of paclitaxel crystals in the
test medium indicates that the system was supersaturated with respect to
crystalline paclitaxel. The apparent paclitaxel concentration provided by this for-
mulation was about 0.12 mg/mL at the first sampling point (10 minutes) and this
decreased to approximately 0.03 mg/mL at t � 30 minutes and afterwards, due to
rapid precipitation of the drug. The apparent paclitaxel concentration
(~0.03 mg/mL) observed in the test medium from the SEDDS formulation over
the two-hour course was close to the equilibrium solubility of the drug in this
medium indicating the absence of appreciable supersaturation.

Similarly, the S-SEDDS formulation with HPMC (formulation A) initially
showed a transparent, translucent solution, indicating the formation of a
microemulsion with a small particle size (presumably �50 nm). The apparent
paclitaxel concentration produced by this formulation was high (~0.95 mg/mL) at
t � 10 minutes (Fig. 6) and this gradually decreased to approximately
0.12 mg/mL over two hours. The fact that the S-SEDDS formulation yielded an
apparent solution concentration much higher than the aqueous equilibrium solu-
bility of paclitaxel (~0.030 mg/mL) in the in vitro test medium suggests that this
formulation should produce and maintain a supersaturated drug solution in vivo.

These in vitro studies clearly show that the presence of a small amount of
HPMC (5%, w/w) in the S-SEDDS formulation is remarkably effective in sup-
pressing precipitation of paclitaxel and in generating a supersaturated state that is
maintained for longer than two hours.

Rat Oral Bioavailability of the Supersaturatable Self-Emulsifying 
Drug Delivery Systems of Paclitaxel

The mean plasma concentration of paclitaxel obtained in rats with the four oral
treatment groups (formulation A, S-SEDDS with HPMC; formulation B, Taxol®;
formulation C, SEDDS without HPMC; and formulation D, S-SEDDS with
HPMC and CsA) are plotted in Figure 7 and the pharmacokinetic parameters cor-
responding to these treatment groups are summarized in Table 4. The rank order
of the mean total exposure as given by the AUC0 � ∞ for the four formulations is:

S-SEDDS � CSA > S-SEDDS >> Taxol® > SEDDS
(Treatment D) (Treatment A) (Treatment ∫B) (Treatment C)

The difference in the pharmacokinetic profiles exhibited by the SEDDS and
S-SEDDS (with HPMC) formulations in Figure 7 is impressive because these two
formulations differ only in the content of HPMC (0% vs. 5%), respectively. The
SEDDS formulation (without HPMC) showed a very low Cmax of only 13.1 ng/mL
and an oral bioavailability of 0.9% whereas the S-SEDDS formulation (with HPMC)
resulted in a 20-fold increase in Cmax (~277 ng/mL) and an oral bioavailability of
9.5%. The S-SEDDS formulation with CsA and HPMC showed similar absorption
kinetics but slower elimination kinetics, resulting in a twofold increase in the oral
bioavailability over that of the S-SEDDS formulation with HPMC only. The rat
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bioavailability results indicate that the higher paclitaxel solution concentration 
generated by the S-SEDDS formulation in the in vitro dissolution/precipitation test
as a result of supersaturation is responsible for the enhanced oral bioavailability of
paclitaxel from the S-SEDDS formulation.
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Figure 7 Mean plasma concentration-time profiles of paclitaxel in rats after oral admin-
istration using four formulations.

Table 4 Pharmacokinetic Parameters for Paclitaxel in Rats Following Intravenous
(Dose � 2.5 mg/kg) and Oral Administration (Dose � 10 mg/kg) of Four Different
Formulationsa

Treatment group

A B C D E

S-SEDDS SEDDS
Brief (with Taxol® (without S-SEDDS� Taxol®

description HPMC) (BMS) HPMC) cyclosporin A (BMS)

Route of Oral Intravenous
administration
Target dose 10 2.5
(mg/kg)
AUC0–∞ 443 � 202 94.2 � 35.1 42.1 � 54.7 1050 � 545 1160 � 230
(ng hr/mL)
Cmax (ng/mL) 277 � 104 26.3 � 10.3 13.1 � 14.2 312 � 150 n/a
Tmax (hr) 0.63 � 0.12 1.02 � 0.23 0.42 � 0.15 0.79 � 0.17 n/a
Bioavailability (%) 9.5 2.0 0.9 22.6 n/a

aValues are the means � SD (n � 8) except the intravenous dose (n � 2).
Abbreviations: BMS, Bristol-Meyers Squibb; n/a, not available; SD, standard deviation; S-SEDDS,
supersaturatable self-emulsifying drusg delivery systems.



The Taxol® formulation (formulation B) generated a microemulsion as
evidenced by the formation of a nearly transparent solution on dilution with water
and no precipitation of paclitaxel was observed for several days after dilution of the
formulation with water. The inhibition of precipitation of the drug on dilution of this
formulation with water is due to the high cremophor EL content in the formulation
(weight ratio of cremophor EL:paclitaxel � 88:1) and this results in complete solu-
bilization of paclitaxel by the cremophor micelles. However, it is noteworthy that the
Taxol® (formulation B, Fig. 7) produced a low mean Cmax (~30 ng/mL) and a low
oral bioavailability (F~2%). The poor oral exposure of paclitaxel from the Taxol®

formulation in rats is probably due to the excess cremophor in the formulation and
this is consistent with the literature (49,50).

Significance of the Supersaturatable Self-Emulsifying Drug Delivery
Systems of Paclitaxel

The failure to provide high oral exposure of paclitaxel with the Taxol® formula-
tion is significant in that the common practice of formulating poorly soluble
drugs with high concentrations of surfactants inevitably results in reduction in the
free drug concentration and the thermodynamic activity. As revealed in the case
of Taxol®, a high content of surfactant in the formulation can prevent drug pre-
cipitation but this can also reduce oral bioavailability.

It is well known that micelle solubilization of poorly soluble, lipophilic
drugs can result in a low free drug concentration and this can reduce the rate and
possibly the extent of absorption (8–10). The work by Poelma et al. (8,9) is
especially noteworthy in that the kinetics of the intestinal absorption of griseoful-
vin in rats was found to be directly related to the concentration of the free
griseofulvin in the aqueous solutions containing Tween 80 (8). These workers also
showed a reduction in the absorption of griseofulvin from the small intestine of
rats in the presence of 10 to 20 mM of taurocholate and they attributed this to
micellar solubilization with subsequent reduction in the free drug level (9).
Likewise, Amidon et al. (10) recently showed that the presence of surfactants (cre-
mophor EL, RH40, and VE-TPGS with surfactant concentrations at 0.02% w/v or
higher) significantly decreased the apparent permeability of CsA in Caco-2 cells
and the magnitude of the decrease in permeability (2- to 12-fold) was clearly
dependent on the surfactant concentration. Again, the reduction in the apparent
permeability of CsA in the presence of surfactants was attributed to the decrease
in the free drug content of CsA in the solution as a result of micellar solubilization.

CASE STUDY WITH DRUG X

Physicochemical Properties of Drug X

Drug X was under development for preclinical and clinical evaluation. Drug X
has a log P of approximately 3.5, a water solubility of only approximately
5 �g/mL in the physiological pH range of 2 to 7 and it is nonionizable in this pH
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range. A human oral pharmacokinetic study using Drug X showed slow and
incomplete oral absorption using a powder formulation of the bulk drug in a
gelatin capsule, whereas rapid and more complete absorption was found with a
small particle aqueous suspension of Drug X. These data suggest that the absorp-
tion of Drug X is most likely dissolution-rate limited. To improve the rate and the
extent of the oral absorption of Drug X, a S-SEDDS formulation containing
HPMC along with a reduced amount of a nonionic surfactant was designed and
developed for evaluation in the clinic.

In Vitro Evaluation of Supersaturatable Self-Emulsifying Drug Delivery
Systems of Drug X and Relevance to Oral Bioavailability

Supersaturatable Self-Emulsifying Drug Delivery Systems Containing
Suspended HPMC Powder

The in vitro dissolution/precipitation test was used to evaluate the apparent Drug
X concentration profile on dilution of the prototype S-SEDDS formulations with
SGF (pH 2.0). Optimizing the effectiveness of HPMC in suppressing the precip-
itation of Drug X and in prolonging the supersaturated state was the main objec-
tive in the development of the S-SEDDS formulation. The in vitro
dissolution/precipitation test using 50 mL of SGF fluid (0.01 M HCl � 0.15 M
NaCl, pH 2) was employed in evaluating the performance of 1 g of the S-SEDDS
formulations containing 200 mg of Drug X filled into two hard gelatin capsules
(0.5 g per capsule). Based on a dilution factor of 50, the theoretical concentration
of Drug X in the test medium is 4 mg/mL.

The apparent Drug X concentration found with the SEDDS formulation
(without HPMC) in the in vitro dissolution/precipitation test is plotted in Figure 8A.
The concentration of Drug X in the medium was about 0.3 mg/mL at the first time
point (0.5 hours) and this remained unchanged over the six-hour test period. 
A white precipitate of Drug X was observed with the SEDDS formulation in the
dissolution/precipitation test medium at 0.5 hours and the precipitate was found to
be crystalline as shown by polarized light microscopy. The formation of drug crys-
tals in the test medium indicates that the solution was supersaturated with respect
to the crystalline form of Drug X.

In contrast, a markedly higher concentration of Drug X (~2.7 to 3.5 mg/mL)
was observed with the same SEDDS formulation in the in vitro dissolution/precip-
itation test that contained 12.5 mg (0.025%, w/v) of HPMC dissolved in the 50-mL
test medium (Fig. 8A). Comparison of the apparent concentration–time profiles
from these two SEDDS formulations shows that the presence of HPMC in the test
medium results in a markedly higher apparent concentration of Drug X (~2.7 to
3.5 mg/mL) as compared with that of the test medium without HPMC (Drug X
concentration, ~0.3 mg/mL). A supersatuarated state is generated, clearly shown
by the fact that the Drug X concentration decreases with time. The presence of
HPMC in the S-SEDDS formulation leads to a higher and a more extended time
period for the supersaturated state. The presence of HPMC at the remarkably low
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concentration of only 0.25 mg/mL in the test medium is sufficient to generate and
maintain the supersaturated state for at least six hours.

In an attempt to evaluate the effect of HPMC on the bioavailability of Drug
X when HPMC is suspended in the SEDDS formulation, the following study was
conducted. HPMC powder (44 mg) was suspended in the same SEDDS formula-
tion (1 g) as before and the resulting suspension formulation was filled into hard
gelatin capsules for evaluation in the in vitro dissolution/precipitation test under
the same conditions. This is referred to as an S-SEDDS formulation. The apparent
Drug X concentration observed with this S-SEDDS formulation containing
HPMC is plotted versus time in Figure 8A. The resulting concentration of HPMC

318 Gao and Morozowich

Figure 8 (A) Apparent concentration-time profiles of Drug X observed from the in vitro
dissolution/precipitation test using the same SEDDS formulation with and without HPMC.
All formulations were filled into gelatin hard capsules. (B) Mean plasma concentration
profiles of Drug X in the dogs (n = 6, crossover) using the two SEDDS formulations with and
without HPMC (solid line) as compared to an aqueous suspension formulation (dashed line).



in the dissolution/precipitation test medium is 0.88 mg/mL assuming that all of
the HPMC in the formulation is dissolved. This concentration (0.88 mg/mL) is
higher than the HPMC concentration of 0.25 mg/mL that was predissolved in the
test medium as discussed before. Little precipitation of Drug X was observed over
the six-hour test period and the Drug X concentration was approximately 3 to
3.5 mg/mL which is similar to that in the previous case where the HPMC was
predissolved in the SGF medium. The apparent Drug X concentration from the 
S-SEDDS formulation in the dissolution/precipitation test was about 10-fold
higher than the SEDDS formulation without HPMC in the dissolution medium.

The in vivo pharmacokinetics of both the SEDDS and the S-SEDDS
formulations of Drug X were evaluated after oral administration in dogs as
compared with an aqueous suspension. Figure 8B shows that the mean plasma con-
centration profile of Drug X obtained after dosing the S-SEDDS formulation (with
4.4% HPMC) is about threefold higher in the Cmax and the AUC is 2.5-fold larger
as compared with that of the same SEDDS formulation without HPMC. This clearly
indicates that the S-SEDDS formulation containing HPMC results in an increase in
both the rate and the extent of absorption of Drug X. The aqueous suspension and
the S-SEDDS formulation showed a similar pharmacokinetics profile in dogs.
However, the next section shows that the oral bioavailability of the S-SEDDS for-
mulation of Drug X is greater than that of the aqueous suspension in the human.

Supersaturatable Self-Emulsifying Drug Delivery Systems 
in a HPMC Capsule

The use of a HPMC capsule was explored as an alternate approach for incorporat-
ing HPMC into the S-SEDDS formulation. The same SEDDS liquid fill that was
used in the previous studies was filled into HPMC capsules (Size “00” Quali-V cap-
sules, Shionogi; capsule weight ~90 mg) and the capsules were manually sealed
with a HPMC solution. The in vitro dissolution/precipitation test was conducted
with these HPMC capsules. In this study, the volume of the in vitro dissolution/pre-
cipitation test medium was 100 mL rather than the 50 mL employed before.

Three dosage forms were selected for comparison in the in vitro dissolu-
tion/precipitation test. The formulations consisted of:

1. the SEDDS liquid formula filled in hard gelatin capsules,
2. the SEDDS liquid formula containing 44 mg of HPMC powder

suspended in a hard gelatin capsule and,
3. the SEDDS liquid formula filled into an HPMC capsule.

The SEDDS liquid formula in all three formulations was identical. Figure 9A
shows the apparent drug concentrations of Drug X as a function of time obtained
with these three dosage forms in the in vitro dissolution/precipitation test. As expect-
ed, the SEDDS liquid in the hard gelatin capsule showed a low Drug X concentra-
tion of approximately 1 mg/mL initially (15 minutes) in the dissolution test.
However, the Drug X solution concentration rapidly decreased to approximately
0.2 mg/mL within 30 minutes and the concentration remained unchanged. In con-
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trast, the 1-g SEDDS formulation containing 44 mg of HPMC suspended in hard gel-
atin capsules showed an almost constant drug concentration of approximately
1 mg/mL over the entire four-hour period (Fig. 9A). The SEDDS liquid filled into an
HPMC capsule showed essentially the same concentration–time profile as the
SEDDS formulation containing suspended HPMC powder filled into gelatin cap-
sules. In both cases, wherein HPMC is present either as suspended powder in the
SEDDS liquid or HPMC provided by the capsule shell, the Drug X concentration
was maintained at a level approximately five-fold higher than that of the SEDDS liq-
uid in a hard gelatin capsule. This set of data clearly indicate that an HPMC capsule
acts similar to HPMC powder suspended within the SEDDS liquid with respect to
maintaining the supersaturated state with Drug X.
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Figure 9 (A) Apparent concentration-time profiles of Drug X observed from the in vitro
dissolution/precipitation test using the three formulations with different capsule shells as
indicated. (B) Mean plasma concentration profiles of Drug X in the dogs from the three
formulation (n = 6, crossover).



The oral bioavailability study was determined in dogs (n � 6, cross-over)
with the three SEDDS formulations described previously. The mean plasma
concentration–time profiles of Drug X are plotted in Figure 9B. As expected, the
SEDDS formulation in the gelatin capsule showed a low Cmax and a low AUC.
However, the plasma concentration–time profiles observed for the SEDDS
formulation containing HPMC and the SEDDS formulation filled into HPMC
capsules were almost superimposable and the resulting Cmax and AUC values
were approximately two-fold higher than that of the SEDDS liquid without
HPMC in the gelatin capsule. The in vivo behavior of the three formulations is in
accord with the in vitro test results.

In summary, Drug X in S-SEDDS formulations containing HPMC either as
suspended powder or as HPMC in the capsule shell generates and sustains a
supersaturated Drug X solution on contact with water and this results in higher in
vivo oral bioavailability in dogs. Further evaluation in the clinic is discussed in
the following section.

Clinical Evaluation of the Supersaturatable Self-Emulsifying 
Drug Delivery Systems

With the exciting proof-of-concept from the in vivo dog study, a human clinical
trial was designed to evaluate the oral bioavailability of an S-SEDDS softgel
formulation of Drug X in comparison with two other formulations, namely a
powder formulation in a gelatin capsule and an aqueous suspension with fine par-
ticles of Drug X. A S-SEDDS formulation of Drug X containing suspended
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Figure 10 Human bioavailability study with three formulations of Drug X: formulated
powder filled in a hard gelatin capsule, an aqueous suspension, and a S-SEDDS  formua-
tion with HPMC in a softgel (n = 23).
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Table 5 Oral Bioavailability of Drug X in Humans Administered a 200-mg Dose as
Three Different Formulations (n � 23, Crossover)

Formulations

Pharmacokinetic Formulated powder
parameters in gelatin capsule Aqueous suspension S-SEDDS softgel

Cmax (ng/mL) 621 (45) 804 (45) 2061 (34)
Tmax (hr) 2.15 (42) 0.97 (43) 1.03 (36)
AUC [(ng/mL)ahr] 5060 (45) 4892 (45) 7004 (41)

aValues are the means (% CV).
Abbreviation: S-SEDDS, supersaturatable self-emulsifying drug delivery systems.

HPMC was encapsulated in softgels and these softgels were orally administered
to fasted humans (23 subjects, cross-over).

The plasma concentration versus time profiles for Drug X administered as
each of these formulations are shown in Figure 10 and the mean Cmax, Tmax, and
AUC values are reported in Table 5. The conventional powder formulation in the
gelatin capsule showed the lowest Cmax (621 ng/mL) and the aqueous suspension
showed a slightly higher Cmax (804 ng/mL). In contrast, the S-SEDDS softgel
showed the highest Cmax (2061 ng/mL) and this is an impressive 300% increase
in the Cmax and a 40% increase in the AUC as compared with that of the powder
formulation. The highest Cmax and the largest AUC along with the shortest Tmax
(~1 hour) were observed with the S-SEDDS softgel containing suspended HPMC
indicating rapid and more complete absorption. It is interesting to note that in the
dog, the same S-SEDDS formulation performed similar to the aqueous suspen-
sion (Fig. 8B) whereas in the human the S-SEDDS formulation of Drug X was
clearly superior with respect to Cmax and AUC (Fig. 10).

The remarkable improvement in the oral bioavailability of Drug X in the
S-SEDDS formulation containing HPMC in the clinical study is attributed to
the generation and the maintenance of a supersaturated state in the GI tract. 
A proposed mechanism for enhanced oral absorption of poorly soluble drugs in
S-SEDDS formulations is described next.

PROPOSED MECHANISM FOR ENHANCED ORAL
BIOAVAILABILITY WITH SUPERSATURATABLE
SELF-EMULSIFYING DRUG DELIVERY SYSTEMS

In Chapter 12 of this book, which deals with SEDDS formulations of poorly sol-
uble lipophilic drugs (1), it was suggested that the enhanced oral bioavailability
seen with the SEDDS formulations can be explained by improved presentation of
the poorly soluble drug to the enterocyte brush border region. This could be
achieved by equilibration of the emulsion/microemulsion (E/ME) arising from
contact of the SEDDS formulation with water or by equilibration of the drug in
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the remnant E/ME with the aqueous medium. The drug in the aqueous medium
could become absorbed by the aqueous diffusional pathway or the drug could
equilibrate with the BAMM with delivery to the enterocyte brush border mem-
brane by collisional contact. Alternatively, the E/ME remnant could simulate the
behavior of the BAMM in delivering the poorly soluble drug to the enterocyte
brush border region.

In this chapter, it was found that the S-SEDDS formulations containing a
small amount of HPMC (~40 mg/g of formulation) can result in generation of a
supersaturated state that can be maintained for a few hours and this leads to
enhanced absorption of poorly soluble, lipophilic drugs. The following discussion
supports this proposed mechanism.

The existence of the supersaturated state was shown in our in vitro disso-
lution test where the drug filtrate concentration for a S-SEDDS formulation of
PNU-91325 showed a maximum value of about 420 �g/ml at 30 minutes (Fig.
2C, S-SEDDS with HPMC). However, the SEDDS formulation of PNU-91325,
without HPMC, gave a drug filtrate concentration of only about 30 �g/ml at
three hours in the dissolution/precipitation test and thus, the approximate
degree of supersaturation with the S-SEDDS formulation of PNU-91325 is
420/30 or about 14.

The approximately 10-fold (and higher) degree of supersaturation observed
with the S-SEDDS formulation of PNU-91325, paclitaxel, and Drug X suggests
that intestinal absorption should be markedly increased as a result of the super-
saturated state. Based on intestinal flux theory, a drug with an aqueous solubility
of only approximately 5 �g/ml or less and a 200-mg dose would be expected to
be incompletely absorbed in humans assuming a maximum permeability (plateau
region) and a particle size of the drug in the micron range (51–55). The 10-fold
improvement of the aqueous concentration of the drug from the supersaturatable
formulations should allow complete absorption of 200 mg under the same
circumstances.

The ability to generate a supersaturated state with HPMC with the S-
SEDDS formulations is probably associated with the formation of a widely
spaced cellulosic polymer network created by the HPMC chains in water, which,
according to the literature, consists of “cellulosic bundles resulting in a tenuous
network of swollen clusters with hydrophobic substituents surrounded by sheaths
of structured water” (56,57). Studies on the mechanism responsible for inhibiting
crystallization of drugs in aqueous solutions containing HPMC suggest that the
HPMC polymer chain may inhibit nucleation as well as crystal growth by adsorp-
tion of the HPMC molecules onto the surface of the nuclei or on to the surface
crystals (15,23,58). The general applicability of the cellulosic polymers in
inhibiting crystallization of many pharmaceutical substances is widely reported
(16–18,20,22,26,28,29,31).

In conclusion, the mechanism responsible for the enhanced intestinal
absorption of poorly soluble drugs from S-SEDDS formulations containing
HPMC is probably due to enhanced presentation of the drug to the enterocyte
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brush border region by the aqueous pathway due to the increased free drug levels
achieved by supersaturation, and along with enhanced presentation of the drug to
the enterocyte brush border by mimicking or equilibrating with the BA/BAMM
pathway (1).

CONCLUSIONS

Raising the thermodynamic activity of a drug substance by the supersaturated
state and thereby improving topical drug absorption was proposed four decades
ago and now it is possible to achieve enhanced absorption by means of supersat-
uratable formulations. Increasing the free drug concentration by generating and
sustaining a temporarily supersaturated state in vivo with S-SEDDS formulations
is the fundamental concept in this approach. The S-SEDDS formulation approach
may be useful in overcoming the solubility- and dissolution-limited absorption of
other poorly soluble drugs. The three case studies including PNU-91325, pacli-
taxel, and Drug X discussed in this chapter demonstrate the utility of the 
S-SEDDS formulation approach in improving the oral bioavailability of poorly
soluble, lipophilic drugs. The other main advantage of the S-SEDDS approach is
the reduction in the amount of surfactant in the formulation, thereby achieving an
improved tox/safety profile with the S-SEDDS formulations.

We are exploring further applications of the supersaturatable formulation
technology and acquiring a scientific understanding of the precipitation kinetics
and the mechanism of supersaturation with the use of the polymeric substances.
The advances in this area will allow a better control of the supersaturated state
and improved oral delivery of poorly soluble drugs.
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