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1 Introduction
1.1 Formulation approaches for poorly soluble drugs
Solubility is one of the important factors affecting oral bioavailability of a drug.
Hörter and Dressman have defined a drug as ‘poorly soluble’ when its dissolution
rate is so slow that dissolution takes longer than the transit time of the drug in the
absorption site, resulting in incomplete bioavailability [1-3]. Up to 41% of newly
discovered chemical entities fail in the drug development process due to their poor
aqueous solubility despite having potential pharmacodynamic activity [4]. On the
other hand, marketed poorly soluble drugs are administered in higher doses than
actually needed to achieve the desired plasma level which consequently leads to
toxicity problems. Dissolution is often the rate limiting step if the drug has reasonable
membrane permeability [5-8]. Such characteristics are typical to compounds that
belong to class II in the biopharmaceutical classification system (BCS) [9].
Formulation design can be a useful approach to improve the absorption and thus the
oral bioavailability for such drug candidates. Drugs exhibiting poor solubility as well
as low membrane permeability are categorized as BCS class IV drugs. Formulation
approaches may improve the bioavailability of this class but they are likely to be
compromised by their poor membrane permeability [6]. These drugs are not
preferred for oral administration except in cases where they are potent enough to be
effective at low plasma levels [10]. Improvement of the bioavailability of class IV
drugs could be better achieved through returning to the lead optimization phases and
select a chemical entity with more appropriate biopharmaceutical properties.
Generally, for drugs with an aqueous solubility of less than 100 µg/ml bioavailability
problems can be expected [2]. Several formulation approaches are presently
employed to tackle the formulation challenges of poorly soluble drugs. The selection
of a particular formulation approach depends on the optimum bioavailability that can
be achieved.
According to Pouton, strategies for formulation of poorly soluble drugs include
crystalline solid formulations, amorphous formulations and lipid formulations [6]. In
the crystalline solid formulations, improvement of the dissolution rate is obtained
through reducing the particle size and therefore increasing the surface area of the
drug exposed to gastrointestinal (GI) fluids. Moreover, the crystalline drug will remain
1
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in a physically stable state throughout the dissolution phase in the gut lumen.
Strategies involved for such formulations include micronization [11-13], using
different milling techniques that results in particle size range of 0.1-25 µm, and
Nanosuspensions [14-22], produced by means of precipitation, pearl milling [e.g.
NanoCrystals® (particle size range obtained is 100-250 nm)], high-pressure
homogenization (e.g. DissoCubes®), and supercritical CO2 technology [10].
Modification of the crystal habit of a drug could be also utilized to improve the
dissolution and therefore the bioavailability as different polymorphs of a compound
can exhibit different physicochemical as well as biological activity [23-25].
Amorphous formulations, such as solid dispersions, offer many advantages over
other formulation techniques including dispersion of the drug in a carrier at a
molecular level, absence of crystal structure of drug in the formulation, and
improvement of wettability and/or solubilization effect [26-29]. Solid dispersions can
be formulated by solvent-based methods, such as casting and spray drying, or melt
extrusion which provide solvent-free process and therefore overcoming the problem
of residual solvents [30]. The most commonly used carriers included in the
formulation of solid dispersions are polyethylene glycol (PEG), polyvinyl pyrrolidone
(PVP), hydroxy-propyl methyl cellulose (HPMC), hydroxypropyl cellulose (HPC),
carboxymethylethyl-cellulose

(CMC),hydroxypropyl

methyl

cellulose

phthalate

(HPMCP), polyacrylates and polymethyl acrylates, urea, sugars, polyols, emulsifiers,
and organic acid derivatives [29]. Examples of drugs formulated as solid dispersions
are griseofulvin in PVP and in succinic acid [31, 32], acetaminophen in a urea system
[33], and tolazamide in PEG 8000 [34]. Complexation is also one of the approaches
used to improve the solubility of poorly soluble drugs. Complexing agents like
cyclodextrines and its derivatives and nicotinamide are used to enclose poorly
soluble drugs within its hydrophobic core environment resulting in increased solubility
[35-39].
The use of lipid based formulations has generated considerable interest as a
potential formulation approach to improve the oral bioavailability of poorly soluble
drugs [40-42]. Practically, lipid formulations can be described as a diverse group of
formulations with a wide variety of properties result from blending of up to five
classes of excipients ranging from triglyceride oils, through mixed glycerides,
lipophilic surfactants, hydrophilic surfactants, and water soluble surfactants [43]. The
appropriate formulation of a poorly soluble drug can decrease the intrinsic limitations
2
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of slow and incomplete dissolution of such drugs by facilitating the formation of
solubilized phases from which absorption takes place. The achievement of such
phases will not essentially take place from the formulation itself, but alternatively from
taking the advantage of the intraluminal processing to which lipids are subjected [44].
Porter et al have described in a recent review three possible mechanisms by which
lipids and lipophilic excipients affect absorption, bioavailability and disposition of the
co-administered drug. These are: (i) enhancing drug solubilization in the intestinal
milieu by changing composition and character of the colloidal phases formed within
the intestinal lumen such as vesicles and mixed micelles, (ii) by interacting with
enterocyte-based transport process and therefore potentially changing drug uptake,
efflux, disposition and formation of metabolites within enterocytes, (iii) by changing
the pathway of drug transport to the systemic circulation from the normal portal vein
pathway to the intestinal lymphatic system pathway which consequently reduce first
pass drug metabolism as it travels directly to the systemic circulation without passing
through the liver [45]. Lipid formulations include simple solutions, self-emulsifying
drug delivery systems (SEDDS), and systems with very little oil that disperse to form
micellar solutions [43]. Pouton has introduced the lipid formulation classification
system (LFCS) in which he classified lipid-based formulations into four groups
according to the polarity of the components used [6, 43]. Formulations with the drug
dissolved in triglyceride oils [mainly vegetable oil or medium chain triglycerides
classed as GRAS (generally regarded as safe) by regulatory agencies] and/or mixed
glycerides are classified as type I. Since solvent capacity of triglycerides are low, oil
solutions may be a realistic option for potent drugs or for compounds with log P>4.
For less hydrophobic drugs solvent capacity could be improved by mixing
triglycerides with other excipients such as mixed mono- and di-glycerides. The
solvent capacity can be improved more by the inclusion of a lipophilic surfactant
(HLB< 12) which also promotes efficient self-emulsification. This type of formulation
is known as SEDDS and referred to as type II systems. Formulations which include
water-soluble components, surfactant with HLB higher than 12, are referred to as
type III systems in the LFCS and are called self-microemulsifying systems due to the
optical clarity which can be obtained with these systems. Type III formulations could
be further split into type IIIA and type IIIB with the later containing higher proportion
of hydrophilic components. A recent modification has been introduced to the LFCS
through the inclusion of type IV which represents the recent trend towards
3
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formulations containing predominantly a mixture of hydrophilic surfactants and
cosolvents (table 1.1). This type of formulations offer the advantages of better solvent
capacity on dilution than cosolvent alone and reducing variability and irritancy caused
by high local concentrations of surfactants as the cosolvent facilitate its dispersion in
the GIT [6, 46].

Table 1.1 Lipid formulation classification system (LFCS) showing typical composition of
various types of lipid formulations according to Pouton [6]

Content of formulation (%, w/w)

Excipients in the formulation
Type I

Type II

Type IIIA

Type IIIB

Type IV

100

40- 80

40- 80

<20

▬

Water-insoluble surfactant (HLB<12)

▬

20- 60

▬

Water-soluble surfactant (HLB>12)

▬

▬

20- 40

20- 50

30- 80

Hydrophilic cosolvents (e.g. PEG, Propylene glycol,
transcutol)

▬

▬

0- 40

20- 50

0- 50

Oils: triglycerides or mixed mono and diglycerides

▬

0- 20

Characteristic features, advantages and disadvantages of various types of lipid
formulation included in the LFCS are shown in table 2.1. The in vivo performance of
lipid-based formulations and the fate of the co-administered drug in the GIT depend
on the physical changes that take place upon the dilution of the formulation and the
influence of digestion on drug solubilization. As stated before, the main advantage of
lipid formulations is their ability to maintain the drug in a solubilized state throughout
its residence time in the GIT. Care should be taken in the development of lipid based
formulations to prevent loosing such advantage and prevent precipitation of the drug
at any stage, which is more common to occur with systems with high concentration of
hydrophilic excipients. Using LFCS combined with appropriate in vitro tests such as
bile salt mixed micelle solubility testing, formulation dispersion/drug precipitation
investigations and in vitro digestion tests could be used to predict the likelihood of
drug precipitation and to optimize the choice of lipid formulation for a particular drug
[6, 47-51].
4
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Table 2.1 Characteristic features, advantages and disadvantages of the various types of lipid
formulations according to Pouton [6]
LFCS
Type I

Type II

Type IIIA

Type IIIB

Type IV

Characteristics
Non-dispersing; requires digestion

Advantages

Disadvantages

GRAS status; simple; excellent capsule

Formulation has poor solvent capacity

compatibility

unless drug is highly lipophilic

SEDDS without water-soluble

Unlikely to lose solvent capacity on

Turbid o/w dispersion (particle size

components

dispersion

0.25-2 µm)

SEDDS/SMEDDS with water-soluble

Clear or almost clear dispersion; drug

Possible loss of solvent capacity on

components

absorption without digestion

dispersion; less easily digested

SMEDDS with water-soluble

Clear dispersion; drug absorption

Likely loss of solvent capacity on

components and low oil content

without digestion

dispersion

Oil-free formulation based on

Good solvent capacity for many drugs;

Loss of solvent capacity on dilution:

surfactants and cosolvents

disperses to micellar solution

may not be digestible
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1.2 Self-emulsifying drug delivery systems
1.2.1 General
Self-emulsifying drug delivery systems (SEDDS) are considered one of the
promising approaches for tackling formulation problems associated with drugs with
poor aqueous solubility. SEDDS is an oral lipid dosage form composed of a mixture
of natural or synthetic oils, solid or liquid surfactants, or alternatively, one or more
hydrophilic solvents and cosolvents/surfactants [52-55]. These formulations disperse
freely when they come to contact with gastric fluids and form an oil-in-water emulsion
or microemulsion utilizing mild agitation conditions provided by gastric motility. In
such system, the lipophilic drug is presented in solution, in small droplets of oil,
leading to the elimination of the dissolution step which can be the rate limiting step in
the absorption of poorly soluble drugs and therefore improving the rate and extent of
drug absorption and the reproducibility of the plasma profile [56]. Fine oil droplets are
expected to be rapidly emptied from the stomach and promote a better distribution of
the drug throughout the GIT. This can minimize irritation caused by extended contact
between drug substance and the gut wall. Compared to conventional oily solutions,
SEDDS provide a large interfacial area which enhances drug absorption through
increasing the rate of diffusion from oil to the aqueous media of the GIT [53]. The
extent of drug absorption from lipid vehicles is significantly affected by the
dispersability of the administered lipid. Additionally, because of the inherent physical
instability, the large volume of the two phase emulsion and the poor precision of the
dose the use of conventional emulsions are problematic. The use of either
microemulsions or SEDDS helps overcoming these restrictive problems. Other
advantages offered by SEEDS include ease of formulation, enhanced solvent
capacity and high stability [57].

1.2.2 Formulation of SEDDS
Self-emulsification has been shown to be specific to the nature of the
oil/surfactant pair, the surfactant concentration, oil to surfactant ratio, and to
temperature at which self-emulsification takes place [52, 58]. In light of these
informations, it has also been demonstrated that only very specific combinations of
6
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pharmaceutical excipients could result in efficient self-emulsifying systems [52, 59,
60]. A large variety of liquid or waxy excipients, ranging from oils through biological
lipids, hydrophilic and hydrophobic surfactants, to water soluble cosolvents, are
available for SEDDS formulation. The earliest reports of Self-emulsifying systems
using pharmaceutical materials were of pastes, utilizing waxy alcohol ethoxylates
[61]. The selection of appropriate excipients for SEDDS formulation should take in
consideration their acceptability due to potential toxicity [62, 63]. As a general rule it
is reasonable to use the simplest most effective mixtures, limiting the number of
excipients used to a minimum [64]. Table 3.1 summarizes the most commonly used
excipients used to formulate SEDDS. Generally, the following classes of excipients
are currently employed in the formulation of SEDDS.

1.2.2.1 Oils
Oil is one of the most important component in the formulation of SEDDS because
of its ability to solubilize marked amounts of lipophilic drugs, to facilitate selfemulsification as well as increasing the fraction of lipophilic drug transported via the
intestinal lymphatic system and consequently increasing drug absorption from the
GIT which depends on the molecular nature of the triglyceride oil [65-69]. Both long
and medium chain triglycerides with different degrees of saturation have been used
for the design of self-emulsifying formulations. Medium chain glycerides derived from
coconut oil present a more attractive choice than other glycerides in formulating
SEDDS since, a) they are more stable against oxidation, b) Self-microemulsifying
drug delivery systems incorporating these glycerides can be formulated at ambient
temperature over a wide range of compositions, and c) they are reported to improve
the intestinal absorption of co-administered drugs [63, 70-76]. Edible oils could
represent a logical choice for the development of SEDDS but their use could be
limited due to the poor ability to dissolve large amounts of many lipophilic drugs.
Therefore, edible oils are mixed with more polar lipids such as partial glycerides and
PEGylated lipids to improve its solvent properties. Alternatively, modified or
hydrolyzed vegetable oils have been used since they have better emulsification and
drug solubilization properties [59, 60, 77]. Recently polyglycolyzed glycerides with
varying fatty acid and polyethylene glycol (PEG) chain lengths have shown their
ability to promote self-emulsification of oil in water and efficiently improve the oral
absorption and hence the bioavailability of lipophilic drug [54, 78]. These products
are derived from the reaction between selected, high purity food grade vegetable oils
7
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and pharmaceutical grade PEG and therefore expected to be well tolerated by the
body [77].

1.2.2.3 Surfactants
Surface active agents, or surfactants, are molecules characterized by having two
regions in their chemical structure, one hydrophobic, and the other is hydrophilic. The
hydrophobic region would consist of a hydrocarbon chain while the hydrophilic region
can be either an ionisable, or neutral water soluble group [79]. Several compounds
exhibiting surfactant properties may be used for the formulation of self-emulsifying
mixtures. The most widely used surfactants in pharmaceutical applications are nonionic or zwitterionic surfactants since they are less toxic and less affected by pH [63,
80] and ionic strength changes [77] but they may cause moderate reversible changes
in intestinal wall permeability [63]. This group of surfactants are characterized by
having a water soluble hydrophilic region which is not ionic and are based on
molecules such as polyoxyethylene, and include alkyl-polyoxyethylene ethers, such
as polyoxyethylene monohexadecyl ether [79]. Non-ionic surfactants have a
hydrophilic-lipophilic balance (HLB) range of 1-20. HLB is an empirical formula used
to select the suitable surfactant for emulsification of a given oil [81, 82]. Water-in-oil
emulsions (w/o) are formed using emulsifiers with HLB range of 3 to 8 while oil-inwater (o/w) emulsions are formed with a range of 8-18. In most cases, it is the right
blend of a low and high HLB surfactant that leads to the formation of a stable
emulsion even in the absence of a co-surfactant [77, 80, 83].
Commonly used emulsifiers for formulating SEDDS are various solid, semisolid or
liquid ethoxylated polyglycolyzed glycerides and polyoxyethylene 20 oleate [56].
Generally, emulsifiers of natural origin are favored as they are less toxic than
synthetic ones, but they have a limited self-emulsification capacity [56, 60].
In order to achieve good self-emulsification properties surfactant concentration in
a range of 30-60 % w/w should by employed but care should be taken since large
concentration of surfactants may cause gastro-intestinal irritation. Moreover, at
higher surfactant concentration, often higher than 65% depending on the surfactant
used, the progress of emulsification is compromised by the formation of a viscous
liquid crystalline gel which is formed at the oil-water interface [43]. Another factor that
contributes to the selection of the right emulsifier and its concentration is the
solubilization capacity of the formulation for the drug, as the drug should be kept in a
8
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solubilized form for a long time at the absorption site and precipitation of the drug
compound should be prevented [84]. Formulations with higher surfactant and
hydrophilic cosolvent to oil ratios can be referred to as self-microemulsifying drug
delivery systems (SMEDDS) as they disperse upon gentle agitation condition to form
an optically clear microemulsion [43]. This approach was used for the formulation of
cyclosporin A as Neoral ® [85-88].
It was shown in several research articles that there is a strong relation between
surfactant concentration and the droplet diameter of the diluted self-emulsifying
mixtures. This effect could be attributable to the localization of the surfactant
molecules at the oil-water interface leading to the dispersion and solubilization of the
oil droplets [89]. Conversely, the mean droplet diameter may also increase with
increasing surfactant concentration [90]. This phenomenon could be caused by the
interfacial disruption elicited by enhanced water penetration into the oil droplets
mediated by the increased surfactant concentration and leading to ejection of oil
droplets into the aqueous phase [56].

1.2.2.4 Co-solvents
The incorporation of a hydrophilic cosolvent in the formulation of SEDDS enables
the dissolution of large quantities of the hydrophilic surfactant in the lipid base [56].
Additionally, the motivation for using water-soluble cosolvents may also be to
increase the solvent capacity of the formulation for drugs with intermediate log P
(2<log P<4) [43]. Systems utilizing a water soluble cosolvent in addition to the
hydrophilic surfactant (HLB>11) are classified as type III in the LFCS (see table 1.1).
For these mixtures the water soluble components will tend to part from the oil during
emulsification, and become dissolved in the aqueous phase. As a result of this phase
separation, which may be in fact the driving force for emulsification by diffusion and
stranding, is loss of solvent capacity with a possibility of partial precipitation of the
drug [43].
Organic solvents such as ethanol, propylene glycol (PG), and polyethylene glycol
(PEG), suitable for oral delivery, are examples of commonly used cosolvents. A
limitation of the use of volatile cosolvents is the possible interaction with the shell of
soft or hard gelatine capsules and evaporation from the matrix of the self-emulsifying
mixture which could result in precipitation of the drug. Therefore, alcohol free
9
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formulations have been designed but their lipophilic drug dissolution ability may be
limited [56].

Table 3.1 Commonly used excipients to formulate SEDDS
Excipient

HLB

Chemical definition

®

4.3

Sorbitan oleate

®

2.8

Monoolein: Propylene glycol (90:10)

Arlacel 80
Arlacel 186
®

Capmul MCM

5.5–6

®

oil

C8/C10 diesters of propylene glycol from coconut oil

®

oil

C8/C10 triglycerides from coconut oil

4

Liquid lecithin

Captex 200
Captex 355
®

Centrophase 31
®

Cremophor EL
®

13.5

C8/C10 mono-/diglycerides from coconut oil

Polyoxyethylene glycerol triricinoleate 35 DAC

Labrafac CM 10

10

C8/C10 polyglycolyzed glycerides from coconut oil

®

3–4

Primarily oleic acid (C18:1) polyglycolyzed glycerides from

Labrafil M 1944 CSD

apricot kernel oil
®

Labrafil M 2125 CS

3–4

Primarily linoleic acid (C18:2) polyglycolyzed glycerides from
corn oil

®

Labrasol

14

C8/C10 polyglycolyzed glycerides from coconut oil

®

oil

C8/C10 triglycerides from coconut oil

®

oil

Distilled acetylated monoglycerides

Myverol 18-92

®

3.7

Distilled sunflower oil monoglycerides (90 % glyceryl linoleate)

Soybean oil

oil

Primarily oleic (25%) and linoleic (54%) triglycerides

®

11.3

Miglyol 812
Myvacet

Tagat TO
®

Tween 80
®

Solutol HS15

15
14-16

Polyoxyethylene (25) glycerol trioleate
Polyoxyethylene (20) sorbitan oleate
Polyoxyethylene esters of 12-hydroxystearic acid

10
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1.2.2.5 Other excipients
The addition of a polymeric precipitation inhibitor may stabilize a temporarily
supersaturated state of the drug after dispersion of SEDDS in the GIT. Such an
approach has led to the development of supersaturable SEDDS (S-SEDDS) which
incorporate Hydroxypropyl methyl cellulose (HPMC) as a precipitation inhibitor. The
addition of HPMC permits also to lower surfactant concentration in an attempt to
reduce surfactant side-effects [91, 92]. The S-SEDDS formulation, with a HPMC load
of 5%, led to a marked improvement in paclitaxel bioavailability. Furthermore, the
incorporation of CsA as an inhibitor of P-gp and CYP 3A4 enzyme into the S-SEDDS
further enhances the systemic exposure of paclitaxel [92].
The charge of the oil droplet in conventional SEDDS is negative due to the
existence of free fatty acids [56]. The incorporation of a cationic lipid such as
oleylamine at a concentration range of 1.0-3%, will result in SEDDS with a positive ζpotential with a value of about 34-45 mV [93-95]. Positively charged emulsion
droplets interact with the negative charge surface component of the gastro intestinal
lumen [94]. It was found in a bioavailability study performed on perfused rats that
administration of CsA in a positively charged SEDDS led to higher plasma levels
compared to the corresponding negatively charged formulation [66]. Additionally,
comparative oral bioavailability studies in young female rats using several different
liquid dosage forms of progesterone indicated that only the positively charged
SEDDS could be considered a potential effective dosage form for oral administration
of progesterone since it elicited the highest and most satisfactory absorption profile
[93].
Excipients such as antioxidants may be necessarily incorporated in SEEDS
formulation when the oil phase is susceptible to oxidation. Antioxidants as
tocopherol,

ascorbyl

palmitate,

butylated

hydroxytoluene

(BHT),

butylated

hydroxyanisole (BHA) and propyl gallate may be used [96].

11
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1.2.3 Mechanism of self-emulsification
The mechanism by which self-emulsification take place is not yet well understood.
It has been suggested that the process of self-emulsification occurs when the entropy
change that favours dispersion is greater than the energy required to increase the
surface area of the dispersion [97]. Moreover, the free energy of a conventional
emulsion formation is a direct function of the energy required to create a new surface
between oil and water phases and can be described by equation 1 [97].

ΔG = ∑ N 2π r 2σ

(1)

Where ΔG is the free energy associated with the process of emulsification, N is the
number of droplets of radius r, and σ represents the interfacial energy. The two
phases of the emulsion tend to separate by time in order to reduce the interfacial
tension and consequently the free energy of the system. Therefore, surfactants are
used in oil-water systems to decrease the interfacial energy between the two liquids
and thus promote the ease of dispersion. Surfactants were found to form a
monolayer around the emulsion droplet and hence reducing the interfacial energy as
well as providing a barrier to coalescence. Further strengthening of the interface
could be achieved by improving the viscous or elastic properties, or by providing
steric or electrostatic stabilization [98].
In the case of self-emulsifying mixtures, spontaneous emulsification takes place
because the free energy required to form the emulsion is either very low and positive
or negative [77]. In order for emulsification to occur, it is necessary for the interfacial
structure to have no resistance against surface shearing [99].
It has been suggested that the ease of emulsification is associated with the ease
of water penetration into various liquid crystalline (LC) or gel phases formed on the
surface of the oil droplet [100-102]. The interface between the oil and the aqueous
continuous phase is formed upon addition of a binary mixture, usually composed of
oil and a non-ionic surfactant, to water. This is followed by the solubilization of water
within the oil phase, subsequent to gentle agitation of SEDDS, as a result of aqueous
penetration through the interface which will continue until the solubilization limit, close
to the interface, is reached. Further penetration will result in the formation of a
dispersed LC phase. The actual amount of the formed LC phase depends on the
surfactant concentration in the binary mixture. As a consequence for the LC phase
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formation around the oil droplets, SEDDS become more stable to coalescence.
Wakerly et al. have extensively studied the involvement of LC phases in the
spontaneous emulsification process of SEDDS [52, 90]. Additionally, Craig et al.
used the combination of particle size analysis and low frequency dielectric
spectroscopy to evaluate self-emulsification properties of a series of SEDDS
comprising Imwitor 742 and Tween 80 [55, 103]. This study showed evidence of the
formation of liquid crystalline phases at concentrations corresponding to those shown
to be efficient self-emulsifying systems and it was therefore suggested that selfemulsification may be associated with liquid crystal formation, although the relation
was clearly complex. Moreover, it was also shown that the incorporation of a drug
may change emulsion characteristics, possibly by interacting with the LC phase.

1.2.4 Improvement of drug absorption by SEDDS
Drug release from SEDDS occurs upon partitioning into the aqueous environment
within the intestinal lumen after dispersion and emulsification. Many reports have
outlined the improvement of bioavailability associated with lipophilic drug
administration as an o/w emulsion [104-111]. On the other hand, because of the
inherent physical instability the large volume of the two phase emulsion, and the poor
precision of the dose, the use of conventional emulsions is problematic. Hence,
SEDDS may be a promising approach to avoid such restrictive problems associated
with the use of conventional emulsions.
Cyclosporin A (CsA) is a famous example of poorly soluble drugs which was
successfully formulated and marketed as a SMEDDS [88]. The first marketed product
for cyclosporin was Sandimmune® formulated in an olive oil based solution that also
contains ethanol and Labrafil® M 1944 CS (see table 3.1) and a second soft gelatine
formulation that contains corn oil, gelatine, dehydrated ethanol and Labrafil® M 2125
Cs (see table 3.1). However, the rate of the drug absorption from these formulations
varies widely with oral bioavailability being in the range of 7-90 % and tmax between
1.5 to 22 hours [112]. Therefore, there has been a need for the development of more
effective formulation for cyclosporin with more consistent absorption characteristics.
A new formulation of cyclosporin has been introduced into the market with the name
Sandimmune Neoral® [85]. Due to differences in composition in the oil and the
surfactant between Sandimmune® and the new Sandimmune Neoral®, the later
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formulation disperses to form an o/w microemulsion where the former formulation
disperses into a crude emulsion [77]. Clinical, comparative bioavailability, and
pharmacokinetic studies have shown that the latter formulation of cyclosporin offers
substantial advantages over the older one with respect to the consistency and extent
of absorption with a consequent improvement in the oral bioavailability which was
shown to be less affected by the presence of food [85]. Moreover, it was also found
that a large amount of dissolved CsA from Sandimmune was in the undigested lipid
phase while a mixed micellar phase was formed as a result of the in vitro digestion of
the oily solution following the administration of Sandimmune Neoral [113].
Surfactants exhibit a major role in absorption enhancement associated with
SEDDS. They partition into the cell membrane and disrupt the structural organization
of the lipid bilayer leading to permeation enhancement [63]. Additionally, it has been
shown that due to micellar solubilization of lipophilic drugs in surfactants the amount
of free drug and the extent of absorption was largely affected [114, 115]. On the other
hand, in vitro permeability studies demonstrated a significant decrease in
permeability of CsA in Caco-2 cells associated with the presence of surfactants such
as Cremophor EL (table 3.1) at concentrations above 0.02% w/v via micellar
solubilization which outweighed the increase in permeability mediated by Pglycoprotein (P-gp) efflux inhibition [115].
Lipid content in the formulation exerts a major impact on the oral bioavailability of
poorly soluble drugs. Many mechanisms have been suggested to explain such effect
including increased dissolution rate and solubility of the drug in the intestinal fluids,
protection of the drug molecule inside oil droplets from chemical as well as enzymatic
degradation, and the formation of lipoproteins promoting the lymphatic transport of
highly lipophilic drugs [67, 110, 116-118]. After absorption into the enterocytes, lipid
digestion products either enter the portal vein through direct diffusion across the cell
,leading to access to the systemic circulation through the liver, or are trafficked
intracellularly to the endoplasmic reticulum (ER) system where they are re-esterified
to triglycerides and then incorporated into chylomicrons (the main lipoprotein
secreted by the enterocytes, [119]). Chylomicrons fuse with basolateral cell
membrane of the enterocytes before release into the interstitial space and as a result
of the impermeability of the vascular endothelium to large colloidal particles and the
large inter-endothelial gaps present in the lymphatic endothelium, preferential
direction of chylomicrons and other lipoproteins toward selective uptake by the
14
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intestinal lymphatic system, rather than the blood capillaries, takes place [45].
Generally, short and medium chain fatty acids are transported to the systemic
circulation through the portal blood and are not incorporated to a great extent in
chylomicrons [120]. Conversely, long chain fatty acids and monoglycerides are reesterified to triglycerides in the intestinal wall, incorporated into chylomicrons and
secreted into the lymph vessels by exocytosis [121]. Therefore, improvement of the
oral bioavailability of highly lipophilic drugs could be achieved through the
manipulation of the absorption profile of the co-administered drug in a SEDDS
formulation by changing the medium and the long chain triglycerides content in the
formulation.
Generally, possible mechanisms for improving drug absorption from SEDDS
include:

1- Increase in membrane fluidity facilitating transcellular absorption.
2- Larger surface area provided by the fine emulsion droplets and
subsequent lipolysis and enhancement of drug solubilization through
changing composition and character of the colloidal environment
formed (for example, vesicles and mixed micelles).
3- Opening of the tight cellular junction to allow paracellular transport
which is mainly relevant for ionized drugs or hydrophilic macromolecules.
4- Inhibition of P-gp drug efflux (Increased intestinal expression of Pglycoprotein can reduce the absorption of drugs that are substrates for
P-glycoprotein. Thus, there is a reduced bioavailability, therapeutic
plasma concentrations are not attained) with subsequent enhancement
of drug uptake from GIT [118, 122-124].
5- Stimulation of lipoproteins (mainly chylomicrons) formation which
promotes the lymphatic transport of highly lipophilic drugs and offers
many potential advantages including avoidance of first pass effect,
specific targeting of drugs to the lymphatic system, and providing a
controlled rate for entrance of drugs to the systemic circulation [96].
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1.3 Lipid digestion and its effect on drug solubilization
Oral administration of lipids stimulates the secretion of gastric lipase from the chief
cells lining the gastric mucosa [125-127], with subsequent secretion of pancreatic
lipase and co-lipase from the pancreas [128]. Lipid digestion is initiated in the
stomach by the action of gastric lipase on triglycerides (many other non-ionic esters,
such as mixed glycerides and surfactants present also possible substrates for lipase)
which leads to partial digestion into di-glycerides and fatty acids [129-131]. Although
gastric lipolysis is known to be a minor contributor to the overall lipolysis process,
some studies have suggested that it is responsible for about 25% of acyl chain
hydrolysis [132, 133]. Lipids are crudely emulsified in the stomach and subsequently
transferred to the small intestine where pancreatic lipase-colipase exerts its action on
the interface (this enzyme attains its full catalytic activity in the presence of o/w
emulsions because it is activated by the interfacial binding [134]) and catalyses the
hydrolysis of tri- and di-glycerides in the lumen of the small intestine [135, 136]. This
results in the formation of 2-monoglycerides and fatty acids as the major products of
lipid lipolysis. Although 2-monoglycerides may undergo slow and non-enzymatic
isomerization at alkaline pHs to yield 1-monoglycerides, which are then available for
hydrolysis by pancreatic lipase, this process is generally believed to be limited in vivo
[137]. The presence of lipids and lipolysis products stimulates the secretion of bile
(composed mainly of water, bile salts, cholesterol, phospholipids, bicarbonate and
bile pigments [138]) into the small intestine from the gall bladder. The components of
bile constitute a vehicle for solubilization of poorly soluble fatty acids, monoglycerides
and di-glycerides products of the lipid lipolysis process. These substances are
incorporated into various colloidal phases formed in the intestinal lumen such as
mixed micelles and vesicles (Figure 1.1).
The colloidal structures formed during in vivo lipid digestion provide a good
vehicle within which lipophilic drugs may reside during gastro intestinal transit and
therefore preventing precipitation and enhancing drug absorption [139]. The intestinal
phase behavior of formulation-derived lipids and their digestion products are
expected to play a significant role in the solubilization of administered drugs [140,
141]. Greater understanding of the interaction between the administered drug and
the digestible oily vehicles during pre-absorptive intraluminal processing may lead to
a more guided selection of the ideal lipids for incorporation into a lipid-based
formulation [142].
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Figure 1.1 Schematic presentation of the lipid digestion process in the GIT.
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1.4 Pellets
Pellets are spherical, free-flowing multi-particulate drug delivery system which
range in size between 0.5-1.5 mm depending on the processing technologies
employed [143]. Applications of pellets are not only found in pharmaceutical industry
but also in agriculture and in polymer industry. Pellets are of great interest to the
pharmaceutical industry as they have many therapeutic as well as technological
advantages over conventional solid dosage forms. Advantages of using pellets
include:
1) Flexibility in designing and developing the dosage form, as they could be filled
into hard gelatine capsules, compressed into tablets and/or coated with
varying materials and polymers to achieve certain release profile. Moreover,
pellets composed of different drug entities and chemically incompatible
bioactive agents can be formulated in a single dosage form [143, 144].
2) Pellets disperse freely in the gastro-intestinal tract and therefore drug
absorption is maximized with a subsequent reduction in peak plasma
fluctuations and minimization of potential side effects without lowering drug
bioavailability [145].
3) Reduction in the variation in gastric emptying rates and overall transit time and
consequently reducing intra- and inter-subject variability of plasma profile
associated usually with single unit dosage forms and leads to deleterious
effects on the reproducibility of the therapeutic effect of drugs [146, 147].
4) Decreasing the problem of high local concentration of drugs and thus avoiding
irritation that may be caused by certain active constituents.
5) Pellets are less susceptible to dose dumping, when formulated as modified
release dosage forms, than the reservoir type single unit formulations [143].
6) Good flow properties, narrow particle size distribution, less friable dosage form
and uniform packaging are also among the advantages of using pellets [148,
149].
7) Low surface area to volume ratio and therefore pellets provide an ideal shape
for the application of film coatings [143].
8) Pellets can also be made attractive through various shades and colors that
can be easily imparted to them during the manufacturing process [143].

18

Chapter 1

Introduction

1.4.1 Extrusion/Spheronization
The most commonly used techniques for pellets production in the pharmaceutical
industry are extrusion/spheronization (ES), solution/suspension layering, and powder
layering [143]. Extrusion is the process of applying a pressure to a semisolid mass
and forcing it against an orifice or a die to form an extrudate of defined geometry
[150]. Extruders used in pharmaceutical industry are classified into: screw, sieve and
basket, roll, and ram extruders. Screw extruders are the only continuous extrusion
equipment as it can afford a continuous and smooth exit of the extruded mass
through the uniform openings (Figure 2.1) [151].

Figure 2.1 Photograph of the twin screw radial discharge extruder.
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Spheronization describes the process of gradually transforming cylindrically
shaped extrudates into spherically shaped pellets by contact with a rotating disk
(frictional plate), by collision between particles, and by collision with the wall [152]. A
spheronizer is a device consisting of a vertical hollow cylinder equipped with a
horizontal rotating frictional plate (Figure 3.1). The process of spheronization was
originally invented in 1966 by Nakahara, who described a method and apparatus for
making spherical granules that involves extrusion of a wetted mass to provide
cylindrical segments (extrudates) followed by spheronization of the extrudate in the
Marumerizer [153]. The process was widely overlooked in the pharmaceutical
industry until the early 1970s when several research articles have described the
steps and equipments involved in the process and its direct application in
pharmaceutical industry [149, 154-157]. Since then, the process of ES has become
the method of choice in the preparation of pellet-based dosage forms and become a
subject of intensive research.

Figure 3.1 Schematic presentation of the frictional plate used in the radial plate
spheronizer showing (a) typical grid pattern (the cross hatched design), and (b)
details of grid pattern and a cut away view of the plate with the dimensions of plate
design.
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Advantages of using ES include:
•

Ease of operation.

•

High throughput with low wastage.

•

Narrow particle-size distribution.

•

Production of pellets with low friability.

•

Production of pellets that are suited for film coating.

•

Ease of coating.

•

Good flow.

•

Low dusting.

The process of ES is a multi-step process that involves the following steps:
1)

Granulation through mixing of the dry ingredients with the granulation liquid.

2)

Extrusion of the wet mass into cylindrical extrudates.

3)

Spheronization of the extrudates into spherical pellets.

4)

Drying of the produced pellets.
According to the shape of particles, different stages can be distinguished in the

spheonization process. The edges of the extrudates cylinders are transformed into a
more rounded form then to dumb-bells and elliptical particles and eventually to
perfect spheres [152]. Baret and Remon suggested the possible coexistence of
another pellets forming mechanism [158]. In this mechanism the rounded edge
cylinder is subjected to twisting until it breaks into two distinct parts with both parts
having a round and a flat side. Due to the rotational and the frictional forces the
edges of the flat side collapse together like a flower forming the cavity observed in
certain pellets. Figure 4.1 illustrates both pellet-forming mechanisms. Different
process variables and parameters that can affect quality of extrudates and pellets
and consequently the release properties of drugs from pellets have been discussed
intensively in several research articles [159-163].
The most commonly used excipients in pellet formulations include binders, fillers,
lubricants, disintegrants, separating agents, spheronization enhancers, glidants and
release modifiers [164]. Microcrystalline Cellulose (MCC) is a spheronization
enhancer that has been used extensively for pellets production since it provides a
balance between rigidity, as it has binding properties, and plasticity which is
necessary for a successful production of spherical pellets by ES technique.
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Figure 4.1 Pellets formation mechanism according to a) Rowe [152]- I. Cylinder, II.
Cylinder with rounded edges, III. Dumb-bell; IV, Ellipse, V Sphere. (b) Baert et al
[158]- I. Cylinder, II. Rope, III. Dumb-bell, IV. Sphere with a cavity outside, V.
Sphere. (from reference [165]).

MCC is manufactured by mineral chemical acid hydrolysis of alpha cellulose
(which acts on the amorphous regions of cellulose increasing the percent of
crystalline bundles) and subsequent spray drying [166]. The first model to elucidate
the possible role of MCC in ES process was introduced by Fielden et al [167]. The
model described MCC as a sponge with a high ability to hold water. During extrusion,
the sponges are compressed until water is squeezed out and lubricate the particles
flowing through the extruder. After extrusion, the volume of the sponges will increase
and the extrudate will be apparently dry and brittle, allowing it to be chopped into
short lengths during spheronization. The crystallite-gel-model was introduced by
Kleinebudde as an alternative model to elucidate the unique role of MCC in the
process of ES [168]. This model proposed that MCC are broken to smaller particles
and possibly to single crystallites during granulation and extrusion process in the
presence of a liquid. The small particles produced are capable of forming a
crystallite-gel and immobilize the liquid.
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1.5 Electron spin resonance (ESR) spectroscopy
Electron spin resonance (ESR) spectroscopy (also known as

electron

paramagnetic resonance (EPR) spectroscopy) is a magnetic resonance method
principally related to the more popular nuclear magnetic resonance (NMR)
spectroscopy. ESR is used to detect and characterize paramagnetic materials such
as free radicals and transition metals such as copper and manganese. Since the
majority of drug delivery samples are diamagnetic and ESR silent, the incorporation
of a paramagnetic molecule or group as spin probes is therefore necessary. The
most widely used spin probes are stable nitroxide radicals. A very broad variety of
low and high molecular weight nitroxides with different physicochemical properties
are available. Alternatively, covalent coupling of paramagnetic species to the
molecules of interest, a technique called spin labeling, has expanded the application
of ESR spectroscopy [169]. Furthermore, Gamma irradiation of crystalline drugs or
crystalline polymers might lead to the formation of stable radicals which can be used
as endogenous paramagnetic species [170].
ESR is considered a powerful spectroscopic technique for in vitro and in vivo noninvasive monitoring of drug delivery systems [171-174]. The following section will
explain the basics and applications of this technique.

1.5.1 Basics
1.5.1.1 General
Generally, atoms and molecules gain or lose energy when transferring from one
energy level to the other. Spectroscopy deals with the measurement and
interpretation of those transitions and therefore it can provide valuable information
about the structure and dynamics of the investigated samples.
In all spectroscopic methods, electromagnetic waves are used as the energy
source necessary to induce the transition from the ground to the excited level.
According to Plank’s law, the energy necessary for the transition from the lower to
the higher energy level ( Δ E ) is proportional to the frequency of the electromagnetic
waves.

Δ E = hν

(2)
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Where h is Plank’s constant and ν is the frequency.
ESR is a form of absorption spectroscopy that utilizes microwave radiation applied
at a well defined and predictable frequency, in the GHz region, to induce the
transition of electron spins from the ground to the excited level where a resonance
condition is reached.

1.5.1.2 Zeeman effect and resonance condition
A single electron, being a charged particle that rotates around its own axis,
creates a magnetic field called the spin magnetic moment which leads it to behave
like a tiny magnet with a north and south pole. In the absence of external magnetic
field, electron spins are oriented randomly and their energies do not actually differ
from each other. When the electron spins is placed in an external magnetic field, and
since the electron spin is quantized, i.e. it can take only one of two possible values,
the spin vector of the electron aligns itself either with (and thus being in the low
energy state) or against (and thus being in the high energy state) the direction of the
external field. This phenomenon is known as Zeeman effect (Figure 6.1).

Figure 6.1 A schematic diagram illustrating the Zeeman effect. Left, random
orientation of the electron spins. Right, alignment of the electron spins with or against
the external magnetic field B0 (modified from Ref. [169]).
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Transition between the two energy states is induced by the absorption of a
photon. An Electron in the lower energy state absorbs a photon and ends up in the
upper energy state. The energy of this photon ( hν ) must exactly match the energy
difference between the two states ( Δ E = hν ). This is the so called resonance
condition where 180○ flipping of the electron spin takes place.

1.5.1.3 Mathematical description
The energy of a magnetic dipole in an external magnetic field is given by:

E = µB0
Where

µ

(4)

is the magnetic dipole and

B0

is the strength of the external magnetic

field. The magnetic dipole of an electron is generated by its spin S ,

µ = gβ S
Where

β

moment),

(5)

is the Bohr magneton (the intrinsic value of an electron’s magnetic

g

is the spectroscopic splitting factor, or simply the

g -factor, denoting the

contribution of spin and orbital motion of the electron to its total magnetic momentum.
For nitroxides, the orbital momentum plays a minor role and

g -factor value is quite

close to that of a free electron [169].
The electron spin

S

is quantized with a value of either +1/2 or -1/2 (Figure 7.1).

Thus after substituting the value of

µ

in equation 4 with that in equation 5, the

energy levels are equal to E = +1/2g βB0 and -1/2g βB0 and the difference

Δ E = g β B0

(7)

And therefore

hν = g β B 0

(8)
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ΔΕ = g β B 0 = hν

Figure 7.1 Energy level diagram showing the two possible states of an electron (S =
½) in an applied magnetic field, The lower energy level corresponds to the electron
spin being parallel to the direction of the magnetic field, while its orientation is
reversed in the upper energy level, as indicated by the arrows on the right side
(modified from Ref. [169]).

1.5.1.4 Hyperfine Interaction
If the unpaired electron is found alone in space, a single absorption (resonance)
peak would have been observed. However, due to the presence of atomic nuclei,
with magnetic moment, in the same molecule multiple resonances occur in the vast
majority of free radicals. If the magnetic field of the nucleus is in the direction of the
external magnetic field, the unpaired electron will experience a higher local magnetic
field, and vice versa. The nuclear spin is also quantized as it can attain specific
orientation or states and according to the number of those possible orientations, the
unpaired electron experiences the same number of different local magnetic fields. In
fact, the total number (multiplicity) of possible nuclear spin states is 2I+1 possibilities
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or states, where I is the nuclear spin quantum number [175]. Therefore, instead of
having a single absorption peak or line, 2I+1 lines are obtained.

Figure 8.1 Energy levels and transitions for a nitroxide spin probe (14N) with electron
spin (S) = ½ and nuclear spin (I) = 1 (adapted from Ref. [176]).

For the nitrogen atom of the nitroxide radicals,

14

N, the nuclear spin quantum

number is 1 and therefore microwave energy can be absorbed at three different
levels instead of one leading to an ESR spectrum with 3 characteristic lines (Figure
8.1). For the less abundant isotope,

15

N, the nuclear spin quantum number is ½, and

so only 2 lines are seen. The interaction of the unpaired electron spins with the
magnetic nuclei is known as “hyperfine interaction” and it give rise to “hyperfine
splitting”.
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1.5.1.5 Relaxation
Electrons in the excited state will tend to return back to the ground state, i.e. to
relax. During relaxation process energy is released either to the environment, a
process called spin-lattice relaxation T1, or by interacting with other paramagnetic
species, spin-spin relaxation T2. The resonance peak line width is inversely
proportional to the relaxation rate.

1.5.2 Instrumentation
Two main categories of ESR spectrometers are available. The first and most
commonly used is the continuous wave ESR (CW-ESR), and the second is pulsed or
time domain ESR spectrometers. In pulsed ESR experiment a short burst of
microwave radiation is applied to the sample, after which the emitted radiation is
detected forming the ESR signal. However, pulsed ESR is rather difficult to
implement, especially with biological or living samples, and instead CW-ESR is most
widely used. In CW-ESR a constant microwave radiation with a fixed frequency is
continuously used as the energy source, and the magnetic field is swept in order to
achieve resonance [177]. As an alternative technique to achieve resonance,
microwave radiation is swept at a constant magnetic field, but as this is technically
complicated the first technique is more implemented.
The sample is placed in the resonator cavity which is tuned to a chosen frequency
(Figure 9.1). Microwave radiation is applied from the microwave bridge into the
resonator. In the meantime, the magnetic field is swept continuously and magnetic
field modulation takes place to improve the sensitivity, where the amplitude of the
external field oscillates at 100 KHz as the field is swept. During magnetic field sweep
the unpaired electron spins in the sample will reach resonance condition. Under this
resonance condition the sample absorbs a quantity of energy which is detected as a
loss of energy by a phase-sensitive modulated diode and represents the ESR signal
from the sample. The spectrometer is adjusted to detect only signals where the
change of the amplitude of the microwave absorption signal has the same frequency
and is in phase with the applied change of the magnetic field. That’s why the output
of the ESR spectrometer is presented as a first derivative, i.e. the changes of the
absorption signal relative to the change of the magnetic field.
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Figure 9.1 Schematic presentation of the main components of an ESR spectrometer.
CW-ESR spectrometers are classified according to the microwave frequency used
into: Q-band (ν = 35 GHz), X-band (ν = 9.5 GHz) and L-band (ν = 1.2 GHz). The
sensitivity increases with the increase in frequency but the increase in frequency is
limited by a) the fact that as the frequency increases, the size of the resonant cavity
decreases (this is necessary to create the standing waves), and b) water, a strong
dielectric liquid, absorbs microwave radiation, and the absorption increase with the
increase of frequency from X-band to Q-band. Accordingly, for biological studies only
X-band and L-band are of interest, c) the penetration depth for in vivo studies
decreases with the increase of frequency.

1.5.3 Decoding ESR spectra
Nitroxide spin probes and labels are very sensitive to their environment, and their
spectra can be quite informative. The most important parameters in an ESR
spectrum are the line width, hyperfine splitting (Hfs) constant and peak amplitude
(Figure 10.1).
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Figure 10.1 A typical nitroxide spectrum showing the important spectral parameters.
Bpp is the peak to peak line width, aN is the hfs constant, and A is the peak amplitude.

Incorporation of spin probes into drug delivery samples can provide a wide
scope of information of their microenvironment including, but not limited to, molecular
mobility and microviscosity, micropolarity, microacidity, and concentration of the
oxygen. The following sections will discus some of these parameters.

1.5.3.1 Mobility and microviscosity
The unpaired electron on the nitroxide spin probe is shared between the N and O
atoms. In the N atom, it occupies the Z direction of the P orbital. Accordingly, if a
single crystal of the nitroxide molecule is placed in the magnetic field, the spectrum
produced will depend on the orientation of the crystal, with the highest splitting of the
peaks when the Z orbital is parallel to the external magnetic field. This leads to the
anisotropy of the hyperfine splitting constant, i.e. it has different values in different
directions.
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This anisotropy is the reason for the sensitivity of ESR to the nitroxide mobility.
When the probe is rotating very fast in a low viscosity medium, the rotations around
the x, y and z axes cannot be distinguished and averaging of their individual
contributions is seen as 3 sharp lines with an average hyperfine splitting, called
isotropic hfs aiso = 1/3 (ax+ay+az) and an average g-factor giso = 1/3 (gx+gy+gz). But as
the viscosity increases, the rotation around the three axes is no longer the same and
it is slowed down around one or more axes leading to a distortion of the line shape
(incomplete averaging), manifested as broadening of the lines. Upon complete
immobilization, a superposition of all the possible orientations is observed and this is
known as powder spectra (Figure 11.1).
The rotational correlation time (τR) could be calculated from the line width of the
ESR spectra. τR is related to the viscosity through the Debye-Stokes equation [178].

τ R = ηV / RT
With η

(9)

denoting the viscosity, V denoting the hydrodynamic volume, R is the gas

constant and T is the temperature in Kelvin.
For mathematical calculations, the mobility of the nitroxide is divided into two
regimes, the fast motion regime (τR = 10-11- 10-9 sec) with almost complete averaging
of the anisotropy, and slow motion regime (τR

=

10-9- 10-7 sec) with incomplete

averaging and line shape broadening and distortion. In the fast motional region, τR
can be easily calculated from the spectra using a simple empirical equation [178].

τR

= 6 .5 × 1 0

−10

1/ 2
Δ B 0 ⎡ ( h0 / h+ 1 ) − 1 ⎤
⎣
⎦

(10)

Where Δ B0 is the width of the central line, h0 and h+1 are the heights of the central
and high field lines respectively.
In the slow motional regime, an empirical relation can be used to determine the
rotational correlation time.
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A 'z

/

Az

]b

(11)

Where Az is the experimental hfs constant and A ' z is the hfs at complete
immobilization.
One must note that for nitroxides, the broadening of the 3 peaks is not the same.
The high field peak is the most affected followed by the low field peak and then the
central one.

Figure 11.1 ESR spectra of TEMPOL in different environments indicating the
sensitivity of the line shape to the viscosity of the media (from reference [177]).

1.5.3.2 Micropolarity
In polar solvents, the oxygen atom of the nitroxide groups attracts the partially
positive parts of the solvent molecule, pushing the unpaired electron to the nitrogen
atom which is the atom that causes the hyperfine splitting (hfs). This leads to an
increase in the hfs. Therefore, hfs is a sensitive parameter to the polarity of the
environment. This property is used to monitor localization and portioning of spin
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probes or spin labeled compounds between compartments of different polarity [179,
180].

1.5.3.3 pH
Some specially designed spin probes are sensitive to the pH of their surrounding
medium. In instance, imidazolidine derived nitroxides are used as pH-sensitive spin
probes. The underlying principle is similar to that of the solvent polarity. Protonation
of the imidazoline ring in acid media leads to a decreased spin density at the nitroxyl
nitrogen, which is reflected by decreased hfs, and the opposite occurs upon
deprotonation in alkaline media. This property was successfully used to measure the
pH non-invasively inside tablets [181, 182], microspheres [183, 184], as well as in rat
and human skin [185].
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Formulation and characterization of self-emulsifying pellets
containing Solutol® HS15 and GMS

2. Preparation and characterization of a selfemulsifying pellet formulation containing Solutol®
and a mixture of C18 mono- and di-glycerides
2.1 Introduction
SEDDS have shown a reasonable success in improving oral bioavailability of
poorly-water soluble and lipophilic drugs [186, 187]. SEDDS are composed of a
mixture of oil and a surfactant and they are capable of forming an O/W emulsion
upon gentle agitation condition provided by gastro-intestinal motion [43]. In such
system, the lipophilic drug is presented in emulsion, with small droplets of oil, leading
to the elimination of dissolution which can be the rate limiting step in absorption of
poorly-water soluble drugs. SEDDS are usually formulated in a liquid form which has
some disadvantages, especially in the manufacturing process, leading to high
production costs. Furthermore, incompatibility problems with the capsule shell are
common. The incorporation of the self-emulsifying mixture into a solid dosage form is
desirable, but challenging, because self-emulsifying properties are harder to achieve
with solid materials. However, the potential advantages of solid self-emulsifying
dosage forms have been described by several authors [188-190].
As discussed in the introduction section, pellets have many advantages over
conventional solid dosage forms, making them of great interest to pharmaceutical
industry. Flexibility in designing and developing the dosage form, and improving the
safety and efficacy of bioactive agents are among these advantages. Due to the fact
that pellets disperse freely in the gastrointestinal tract, drug absorption is maximized
with a subsequent reduction in peak plasma fluctuations and hence minimizing
potential side effects without lowering drug bioavailability. Pellets also reduce
variations in gastric emptying rates and overall transit time and therefore a reduction
of intra- and inter-subject variability of plasma profiles is achieved. In addition, pellets
reduce the problem of high local concentration of drugs and thus avoiding irritation
that may be caused by certain active constituents [143].
It is therefore very attractive to combine the advantages of self-emulsifying delivery
systems with pellets. However, the development of self-emulsifying pellets is
challenging, because high lipid loads often impair pellet formation. Using extrusion-
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spheronization technique, mixtures of mono- and di-stearate, Solutol® HS15 (Figure
1.2) and MCC were investigated. Pellets were characterized for their size, shape,
friability and dissolution. In addition, nitroxide loaded pellets were produced and the
microenvironment within the pellets during the release process was monitored in an
online process by the use of electron spin resonance (ESR) spectroscopy, since ESR
is considered a powerful spectroscopic technique to monitor drug release processes
non-invasively and continuously [191].

2.2 Materials
Avicel PH 101 (Microcrystalline cellulose (MCC)) was purchased from FMC
BioPolymer (PA, USA), and was used as the pellet forming material. Solutol® HS 15
(Macrogol-15-Hydroxystearate) was kindly provided by BASF AG, Ludwigshafen,
Germany. Cithrol GMS® (C18 mono-and di-glycerides) was kindly provided by Croda
GmbH, Nettetal, Germany. Tempolbenzoate (4-Benzoyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl, TB) and Tempol (2,2,6,6-tetramethyl-4-hydroxy-piperidin-1-oxyl,
TL), were purchased from Aldrich Chem. Co., USA.

Sudan

®

-red 7B dye was

purchased from Riedel-de Haën AG, Germany. Diazepam was purchased from
Fagron GmbH, Barsbüttel, Germany.

Figure 1.2 Chemical structures of the main components of the lipophilic part of
Solutol® HS15 which consists of polyglycol mono- and di-esters of 12-hydroxystearic
acid. A small part of the 12-hydroxy group can be etherified with polyethylene glycol.
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2.3 Methods

2.3.1 Preparation of pellets
Details of the composition of the dry ingredients of the formulations prepared are
given in table 1.2. The reference pellets were prepared by the same method used for
the preparation of the self-emulsifying pellets.

Table 1.2 Composition of the investigated pellets (% w/w)
Diazepam pellets
Ingredients

Sudan red pellets

Pellets for ESR

Selfemulsifying

Reference

Selfemulsifying

Reference

Selfemulsifying

Reference

49.5

49.5

49,9

49,9

50

50

C18 mono- & di-glycerides

25

50

25

50

25

50

Solutol® HS15

25

-

25

-

25

-

Diazepam

0.5

0,5

-

-

-

-

Sudan Red

-

-

0,1

0,1

-

-

Nitroxide (TL or TB)

-

-

-

-

2 mmol/kg

2 mmol/kg

MCC PH 101

2.3.1.1 Preparation of the self-emulsifying mixture
The preparation of the self-emulsifying mixture involved the following steps:
•

Melting of GMS and Solutol® HS15 at 70°C.

•

Dissolving the model drug, the dye or the spin probe in the molten blend.

•

Addition of water to the molten lipid blend until a creamy mass is produced.

•

Cooling to room temperature.

•

Addition of the dry MCC and mixing in a kneader for 15 minutes.

•

Further addition of water until a mass suitable for extrusion is obtained.

2.3.1.2 Extrusion/Spheronization
The wet mass was extruded at 40 rpm in a radial screen twin-screw extruder (FujiPaudal, Japan) equipped with a die of 1 mm diameter circular openings and 1mm
thickness. The extrudate was then spheronized for 5 min in a 250 mm radial plate
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spheronizer (Fuji-Paudal, Japan) using a cross-hatch frictional plate of 3x3 mm2 pitch
and 1.2 mm depth (see figure 1.1 for illustration). The resulting pellets were dried in
an oven at 50 ºC until a constant weight has been reached.

2.3.2 Pellets size analysis
Size analysis was performed using a set of standard sieves (Retsch, Hann,
Germany) of a

2 progression ranging from 500 to 2800, with 100 g of pellets,

agitated on a sieve shaker (Retsch, Hann, Germany) for 20 min. The modal size
fraction and the interquartile range (IQR) were determined from the cumulative
percent undersize curve. The geometrical mean diameter (Dg) and the geometrical
standard deviation (σg) were determined from the log-normal distribution curve [192].

2.3.3 Pellets shape analysis
Shape analysis was preformed by the use of a stereomicroscope (SZX9,
Olympus, Germany), a digital camera (DIG 1300C, Micromotion, Germany)
connected to a personal computer with an Image analysis software Image C
(Imtronic, Germany). 1000 pellets were used and for each pellet, 36 Feret diameters
were measured and used to calculate the mean Feret diameter. The maximum Feret
diameter and Feret diameter 90º to the maximum Feret diameter were obtained and
the aspect ratio was calculated as the ratio between the maximum Feret diameter
and the Feret diameter 90º [193].

2.3.4 Assessment of self-emulsification
For the preliminary assessment of the self-emulsifying properties of the
formulation, 0.1 % Sudan Red was incorporated. 1g pellets were then gently agitated
in 50 ml distilled water. Agitation was provided by gentle shaking on a shaking water
bath at 50 oscillations per min and a temperature of 37ºC. Samples were taken after
30 min for microscopic examination using a light microscope (Axiolab re, Carl Zeiss,
Germany) with an optical zoom of 50 x /0.70 and an eye piece of 10 x /20.
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2.3.5 Friability testing of pellets
Friability testing was conducted using a friability tester (Arzneimittelwerk,
Dresden, Germany). A 10 g pellet sample was placed into the drum together with 10
g glass spheres of 5 mm diameter, and rotated for 10 min at 25 rpm [194]. Pellets
were then weighed and friability was calculated according to:

Friability % =

mb − ma
×100
mb

Where, mb and ma are the masses of pellets before and after testing and the result is
the mean of three runs.

2.3.6 Disintegration testing of pellets
Disintegration time of pellets was measured by the use of a disintegration tester
(Erweka ZT2, Heusenstamm, Germany), modified by the installation of 500µm mesh
at the bottom of the tubes. Six pellets were tested in distilled water at 37 ºC and the
end point was taken at the point at which no particles were present on the sieve.

2.3.7 Electron Microscopy
Surface characteristics of pellets were investigated by means of environmental
scanning electron microscopy (ESEM, Philips XL 30 FEG, Philips electron optics).
SEM micrographs were obtained by means of a special gas secondary electron
(GSE) detector using the wet-mode method with a pressure of 1.3 mbar and
acceleration voltage of 12 kV. Moreover, pure MCC pellets, prepared with the same
method, were also investigated.

2.3.8 ESR flow through cell experiment
Samples of 200 mg Tempol-benzoate (TB) or Tempol (TL) (Figure 2.2) loaded
pellets (2mmol/kg) were placed in a flow through cell. Phosphate buffer (pH 6.8) was
pumped into the cell, by the mean of peristaltic pump, at a rate of 4 ml/min.
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Figure 2.2 Chemical
Tempolbenzoate.

structures

of

the

ESR

spin

probes

Tempol

and

Figure 3.2 is showing a schematic illustration of the ESR flow through system. The
ESR spectra were recorded continuously using a 1.3 GHz L-band spectrometer
(Magnettech Gmbh, Berlin, Germany) equipped with a re-entrant resonator. The ESR
parameters used were as follow: field center 49 mT, scan range 12 mT, scan time 60
sec, and modulation amplitude of 0.14 mT.

Figure 3.2. Schematic diagram showing the setup of the ESR flow through system. A
flow through cell is placed inside the measurement (resonator) chamber between the
magnets. The cell is connected from one end to a peristaltic pump and the other end
to the waste collection.

39

Chapter 2

Formulation and characterization of self-emulsifying pellets
containing Solutol® HS15 and GMS

2.3.9 Dissolution testing
The USP 24 rotating paddle apparatus (Pharma Test PTW II, Hainburg,
Germany), rotating at a rate of 70 rpm and a temperature of 37 °C, was used to
asses the release of diazepam from the pellets in two different conditions. In the first
set of experiments, 900 ml phosphate buffer (pH 6.8) was used as the dissolution
media and samples of pellets with a diazepam content of 2.5 mg were assessed. In
the second set of experiments, the volume of the dissolution media was decreased to
be 500 ml and pellets with diazepam content of 27.5 mg were used. 5ml samples
were

withdrawn

at

regular

time

intervals

filtered

and

then

assayed

spectrophtometrically (Spectronic 60, Milton Ray, Ivy- land, USA) at 241 nm.
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2.4 Results and discussion
2.4.1 Physical characterization of the pellets
The amount of self-emulsifying mixture required to formulate pellets with good
physical properties and without any apparent agglomeration was assessed, and the
formula stated in this study was the best (Figure 4.2).

Figure 4.2 Light microscopic picture of the produced pellets.
Aspect ratios were found to be 1.091 which confirms to the limit (≤1.2) set by
Chopra et al. for optimum pellet shape and flow properties [195]. The results of
various physical measurements are shown in tables 2.2 and 3.2.

Table 2.2 Results of the size and shape analysis of the self-emulsifying pellets

Sieve analysis (100g)
Dg (µm)

1327

σg

1.26

Interquartile range (IQR, μm)

355

Image analysis (n=1000 )
Dferet.mean.(μm)

1307

Sd

125.69

Aspect Ratio

1.091

Sd

0.0396
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The increase of Solutol® HS15 content above 35% led to the production of pellets
with poor physical characteristics. On the other hand, a loss of the self-emulsifying
properties was observed when the content of Solutol® HS15 was decreased below
25%. Furthermore, it was observed that the order of mixing is very critical for a
successful extrusion / spheronization process. As an example, small rods rather than
pellets were formed if the MCC was mixed with the molten glycerides prior to the
addition of water.

Table 3.2 Friability % and Disintegration time for self-emulsifying pellets in the fraction10001400 µm

Friability testing (n=3)
Friability (%)

1.2

Sd

0.45

Disintegration Testing (n=6)
Time (min.)

22.32

Sd

1.26

ESEM Micrographs with the lowest magnification show that the produced pellets
were spherical in shape, which confirms with the aspect ratio measurements (Figure
5.2). More details about the surface characteristics of pellets were obtained with
increasing the magnification. Figure 5.2a shows typical features of the surface of
MCC pellets with a highly rough and porous surface with apparent cellulose fibers
network. After incorporation of 50 % of the self-emulsifying mixture the surface
becomes smoother and less porous (Figure 5.2b). A noticeable incorporation of the
SE mixture within the cellulose fibers network was observed with a subsequent
decrease in the pellet porosity.
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Figure 5.2 ESEM Pictures of the control MCC pellets and the self-emulsifying pellets.
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2.4.2 Assessment of self-emulsification
The self-emulsifying formulation was able to transfer Sudan Red into water within
the first few minutes following gentle agitation. The reference pellets, composed of
MCC and GMS were not able to deliver the lipophilic dye into the media (Figure 6.2 a
and b). Microscopic examination of the release media of the self-emulsifying pellets
showed lipid droplets, incorporating the dye (Figure 6.2 c). On the contrary,
microscopic examination of the release media of the reference pellets did not show
any droplets (Figure 6.2 d).

Figure 6.2 Photograph showing the release media of (a) self-emulsifying pellet
formulation. (b) Reference pellets, containing Sudan red dye, after 30 min of
dissolution in distilled water at a temperature of 37 ○C. And microscopic picture of the
release media of (c) self-emulsifying pellets (d) reference pellets.
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2.4.3 ESR flow through cell experiment
The release kinetics and the microenvironment of the formulation during the
release process were assessed by low frequency ESR spectroscopy. The ESR
spectra of the nitroxides in Solutol, GMS and GMS-Solutol mixtures were recorded
(Figure 7.2a and b). The mobility of the nitroxides is reflected in the line width. Both
spin probes are more mobile in Solutol compared to GMS. The mobility in 1:1 GMSSolutol® HS15 mixtures is comparable to pure Solutol® HS15 and higher compared to
the mobility in dry pellets which contain MCC. This observation indicates that MCC
causes a decreased mobility. However, the nitroxides still re-orientate quite fast in
the solid material (within the nanosecond range).
After exposure to the dissolution medium, the ESR signal intensity decreased
rapidly both for the hydrophilic TL and the lipophilic TB molecules due to the release
of the nitroxides (Figure 7.2 c and d). Only small signals were detected after 30
minutes.

Figure 7.2 ESR spectra of TB (a) and TL (b) loaded formulation ingredients and
mixtures. ESR spectra of TB (c) and TL (d) loaded pellets before, 2 and 30 min after
buffer exposure in the flow cell system.
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As the release media passes through the flow-cell, the shape of the TL spectra
has changed significantly and rapidly into a sharp isotropic spectrum with a higher
hyperfine splitting constant (aN=1.72 mT; Figure 7.2 d), indicating the presence of the
spin probe in an aqueous environment. In contrast, the ESR spectra of the more
lipophilic probe TB show no significant change of the spectral shape and the
hyperfine splitting constant during the release process. This indicates the preferential
localization of the TB spin probe in the lipid environment all over the study period
(Figure 7.2c).

2.4.4 Dissolution testing
The complete release of diazepam (Figure 8.2) from the non self-emulsifying
GMS/MCC pellets has taken 3-folds the duration of that from the self-emulsifying
pellets (Figure 9.2a).

Figure 8.2 Chemical structure of diazepam.
Nearly 90% of the drug was released after 1 h, while only 55% was released
from the GMS/MCC pellets after the same time. In the second experiment, with
higher load of diazepam and lower volume of the dissolution media, the selfemulsifying pellets were capable of releasing diazepam into the media and a state of
supersaturation was generated. Supersaturation was observed for several hours and
there was no evidence of diazepam crystallization throughout the time of the
experiment. On the other hand, pellets composed of MCC/GMS were only capable of
releasing diazepam until the saturation solubility was reached (Figure 9.2b).
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Figure 9.2 Mean (±SEM, n=3) percentage of a) Diazepam released as a function of
time (h) in 900 ml phosphate buffer pH 6.8, and diazepam load of 2.5 mg from
GMS/MCC pellets (■), and GMS-Solutol/MCC pellets (▲) b) Diazepam release as a
function of time (h) in 500 ml phosphate buffer pH 6.8, and diazepam load of 27.5 mg
from GMS/MCC pellets (■), and GMS-Solutol/MCC pellets (▲).
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2.5 Conclusion
The current results demonstrate the possibility of using extrusion/spheronization
to develop a self-emulsifying pellet formulation with 50% of the self-emulsifying
mixture. The pellets have a spherical shape, small size distribution, and low friability.
In contrast to MCC-GMS pellets, they were able to transfer lipophilic dyes or drugs
into the aqueous phase of the dissolution media. Therefore, a decreased food
dependency (bile acid concentration, digestion rate) can be expected.
Pellet formation is strongly dependent on the pellet composition and the order of
processing. MCC is essential as a spheronization aid in pellet production, therefore a
compromise between the least amount of MCC that can produce pellets with good
physical characteristics and the amount of lipid, drug containing phase, should be
achieved. Since GMS alone is not self-emulsifying, Solutol was used to aid the selfemulsification process.
The ESR results indicate that the lipophilic spin probe (TB) mainly localizes in
the lipid environment inside the pellets until it was completely released into the
media. The release data showed a noticeable improvement in the in vitro dissolution
of diazepam when compared to the release from the non-emulsifying formulation.
Moreover, the results from the second release study, with higher load of diazepam
and lower volume of the dissolution media, showed that the formulation was able to
create and maintain a state of supersaturation for the poorly water soluble diazepam.
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3. Preparation and characterization of a self-emulsifying
pellet formulation containing Solutol® HS15, a mixture
of medium chain mono- and di-glycerides and triglycerides of caprylic/capric acid.

3.1 Introduction
In the previous section, the possibility of incorporating a semisolid self-emulsifying
system into pellets and the production of pellets by means of extrusion/
spheronization was shown. The purpose of the current study is to develop a new
SEDDS using a mixture of medium chain mono- and di-glycerides, triglycerides of
caprylic/capric acid and Solutol® HS15. These systems were then assessed for selfemulsification and for droplet size diameter after dispersion.
The significance of emulsion droplet size in the in vivo performance of the
formulation is not yet clear. Tarr and Yalkowsky have demonstrated enhancement of
the rate of intestinal absorption of cyclosporine through the reduction of emulsion
droplet size [196]. One possible explanation of the enhanced absorption observed
with small particle size is the larger surface area available for partitioning of the drug
and for lipase activity. Conversely, Pouton stated, in a recent review, that the role of
droplet size is less important than it was assumed by some authors and he ascribed
this to the fact that digestion will take place directly after the dispersion leaves the
stomach and at this stage particle size will have no or little effect [6]. In this study,
the droplet diameter, expressed as Z-average (the intensity weighted mean
hydrodynamic size of the ensemble collection of particles), of the emulsion resulted
from the dispersion of different SE mixtures was determined by means of photon
correlation spectroscopy (PCS), which is a dynamic light scattering (DLS) technique.
Emulsion droplet polarity is one of the important factors for the performance of
SEDDS [54]. Polarity describes the affinity of the drug compound to oil and/or water
which consequently affects the release of the drug into the aqueous phase [56]. As
described before in the introduction section, ESR spectra of nitroxide spin probes can
provide information about their environment. For instance, the hyperfine splitting
constant (aN) is a sensitive parameter to the polarity of the environment (see figure
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1.3 for illustration) and this property is used to monitor partitioning and localization of
spin probes in compartments of different polarity [180]. In the current study, Electron
spin resonance (ESR) spectroscopy was used to monitor the microenvironment and
to follow up partitioning and localization of the spin probe in different environments
within emulsions resulted from the dispersion of different self-emulsifying mixtures in
water. Since the majority of drug delivery samples are diamagnetic and ESR silent,
the incorporation of the nitroxide spin probe TB, as a model for poorly soluble drugs,
was necessary for the ESR experiment.
Digestion of lipid based formulations, in the presence of endogenous materials
(bile salts (BS), phospholipids (PL) and cholesterol), induces a change in lipid
composition and results in the formation of different colloidal phases (micelles,
vesicles, and liquid crystalline phases) in the intestinal lumen [197-201]. The change
in lipid composition, induced by digestion, plays a major role in the solubilization
process and consequently the absorption of the co-administered drug [45, 202, 203].
Therefore, development of an in vitro digestion model was a subject of interest for
many research groups [141, 204-208]. In vitro lipid digestion experiment was carried
out to asses the change in the solubilization capacity of progesterone in different SE
mixtures after dilution and digestion in simulated intestinal fluids. Moreover, in vitro
digestion was monitored by ESR spectroscopy to have an insight on the
characteristics of the phases formed during the digestion process and to asses the
distribution and localization of the spin probe in such phases [209].
The system that shows a compromise between good self-emulsifying properties,
acceptable solubilization of the model drug and optimum surfactant concentration
was selected to be incorporated into pellets by means of extrusion/spheronization.
Pellets were then characterized for size and shape. Additionally, one aim of the
study was to explore the possibility of using a benchtop NMR instrument to monitor
T2 distribution in order to evaluate the state of the lipid after the incorporation of
different percentages of the SE mixture into MCC pellets. Moreover, nitroxide loaded
pellets were produced and an ESR spectroscopy experiment was carried out to
assess the microenvironment within the pellets during the release process. A
dissolution experiment was designed to asses the release of progesterone from the
pellets in different media.
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3.2 Materials
Avicel PH 101 (microcrystalline cellulose (MCC)) was purchased from FMC
BioPolymer (PA, USA), and was used as a pellet forming material. Solutol® HS 15
(macrogol-15-hydroxystearate) was kindly provided by BASF AG (Ludwigshafen,
Germany). Captex 355 EP/NF (triglycerides of caprylic/capric acid) and Capmul MCM
(medium chain mono- and di-glycerides) were kindly provided by Abitec Corporation
(Janesville, WI, USA). Progesterone (Figure 1.3) was purchased from Sigma-Aldrich
(Steinheim, Germany). Pancreatin (activity equal to 8 X USP specification) and bile
extract [used as a heterogeneous source of bile salts (BS)] were obtained from
Sigma

(Steinheim,

Germany).

Tempolbenzoate

(4-Benzoyloxy-2,2,6,6-

tetramethylpiperidine-1-oxyl, TB) was purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile and Methanol were of HPLC gradient grade and were
purchased from Mallinckrodt Baker (Deventer, Netherlands). All other materials were
of analytical grade and were used as received.

Figure 1.3 Chemical structure of progesterone.
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3.3 Methods
3.3.1 Preparation and assessment of self-emulsifying mixtures
3.3.1.1 Preparation of Self-emulsifying mixtures
The compositions of the formulations prepared are listed in table 1.3. The
preparation of the self-emulsifying (SE) mixtures involved the following steps:


Mixing of Solutol® HS 15, Captex® and Capmul® at 50°C.



Dissolving Progesterone in the lipid mixture.



Cooling to room temperature.



Equilibrating the mixtures for 24 h, to examine for any signs of phase
separation.

Table 1.3 Formulations composition of the different self-emulsifying mixtures produced
Self-emulsifying mixture composition (% w/w)
Formulation
Captex 355:Capmul MCM

Solutol HS15

Formulation A with 1:1 Captex to Capmul ratio
A1

80

20

A2

75

25

A3

70

30

A4

65

35

A5

60

40

A6

55

45

A7

50

50

Formulation B with 2:1 Captex to Capmul ratio
B1

80

20

B2

75

25

B3

70

30

B4

65

35

B5

60

40

B6

55

45

B7

50

50
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3.3.1.2 Assessment of self-emulsification
The USP 24 rotating paddle apparatus (Pharma Test PTW II, Hainburg,
Germany), was used to evaluate the efficiency of self-emulsification of different
mixtures. One gram of each mixture was added to 200 ml of distilled water with
gentle agitation condition provided by a rotating paddle at 70 rpm and at a
temperature of 37°C. The process of self-emulsification was visually monitored for
the rate of emulsification and for the appearance of the produced emulsions.

3.3.1.3 Droplet size determination
Photon correlation spectroscopy (PCS) was used for determination of droplet
diameter of the formed emulsions. The measurements were performed by means of
a Malvern HPPS system (Malvern Instruments Ltd, United Kingdom) utilizing a
backscatter angle of 173°. Samples were taken from the previous experiment
(3.3.1.2) and were measured without dilution at 25C°. Mean hydrodynamic droplet
diameter, expressed as z-average, was recorded using the Malvern HPPS software.

3.3.1.4 Equilibrium solubility measurements
Progesterone equilibrium solubility measurements were carried out in the following
media: phosphate buffer pH 6.8, FaSSIF and FeSSIF (see section 3.3.1.6 for
detailed composition). Furthermore, blank SE mixtures were mixed with different
dissolution media (1% w/v) in order to evaluate the influence of the formulation on
drug solubilization. For the assessment of the Progesterone equilibrium solubility in
digested self-emulsifying systems under physiological conditions, blank aqueous
digestion phases were obtained by carrying out the in vitro digestion experiment (see
section 3.3.1.6) with drug free SE mixtures for 1 hour, followed by ultracentrifugation
(108,000 g, 30 min, 37° C, Avanti J-301 centrifuge, Beckman Coulter Inc., CA, USA)
and separation of the aqueous phase from the pellet phase.
Progesterone was added in excess to 5 ml of the dissolution medium in sealed
tubes. Samples were incubated in an end-over-end mixer at 37°C for 24 hours and
then centrifuged for 10 minutes in an Eppendorf centrifuge (MiniSpin, Eppendorf AG,
Hamburg, Germany) at 13,000 rpm. The supernatant was filtered through a 0.2 µm
Millipore filter, diluted to a suitable concentration range and analyzed by HPLC for
Progesterone concentration.
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3.3.1.5 ESR spectroscopy
Nitroxide loaded SE mixtures were produced and the microenvironment within the
oil droplets after emulsification was evaluated using electron spin resonance (ESR)
spectroscopy. The nitroxide spin probe tempol-benzoate (TB) was used as a model
for poorly water-soluble drugs. One gram of each TB loaded self-emulsifying mixture
(2 mmol/kg) was added to 200 ml of distilled water in dissolution apparatus rotating at
a rate of 70 rpm and a temperature of 37°C. Samples were taken after 30 minutes
and the ESR spectra were recorded by means of a 9.3-9.55 GHz X-band
spectrometer

(MiniScope

MS200,

Magnettech,

Berlin)

using

the

following

parameters: Sweep 10 mT, sweep time 60 s, modulation amplitude 0.1 mT.
Furthermore, the ESR spectra of TB in different formulation components were
recorded using the same conditions.
Simulation of the ESR spectra was performed by the use of Nitroxide spectra
simulation software (Biophysical laboratory, EPR center, Josef Stefan Institute,
Ljubljana, Slovenia).

3.3.1.6 In Vitro Digestion
Digestion experiments were carried out by the dispersion of 1% (w/v) of the SE
mixtures, containing the drug dissolved at around 70% of saturation solubility in the
corresponding mixture, in 7.5 ml digestion buffer (53.4% KH2PO4 1/15 M and 46.6%
Na2HPO4•2H2O 1/15 M, 150 mM NaCl, 5 mM CaCl2•2H2O, pH 6.8) containing either
a low (5/1.25 mM BS/PL) or a high (20/5 mM BS/PL) concentration of BS and PL to
simulate the intestinal fluids in the fasting (FaSSIF) and the fed state (FeSSIF)
respectively [210-213]. Figure 2.3 is illustrating the setup of the in vitro digestion
experiment. Experiments were carried out in an end-over-end apparatus rotating at a
rate of 15 rpm and a temperature of 37°C, and were started by the addition of 65.77
mg Pancreatin enzyme containing 450 U/ml of pancreatic lipase activity. 200 µl
samples were taken at regular time intervals and centrifuged at 13,400 rpm for 4
minutes in an Eppendorf centrifuge (MiniSpin, Eppendorf AG, Hamburg, Germany) in
order to separate the precipitate from the micellar phase. The supernatant was
diluted with the mobile phase and analyzed for progesterone by HPLC using Merck
Hitachi HPLC system consisting of a model AS 4000A auto-sampler, L 6200A
programmable pump and a L 4250 UV-Vis detector (Merck, Darmstadt, Germany)
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using a Hibar® RT 125-4 LiChrospher® 100 RP-18 (5 µm) column (Merck, Darmstadt,
Germany). The mobile phase, composed of acetonitrile-water (70:30, v/v) adjusted to
pH 3.5 with orthophosphoric acid, was pumped at a flow rate of 1 ml/min. 20 µl was
injected and the column effluent was monitored at a wavelength of 240 nm. The
retention time for progesterone was found to be 2.9 minutes.

Figure 2.3 schematic presentation of the in vitro digestion experiment
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3.3.1.7 Monitoring of In Vitro lipid digestion by ESR
ESR spectroscopy experiments were carried out to monitor the in vitro lipid
digestion of a selected SE mixture. The lipophilic spin probe TB was mixed first with
the SE mixture to obtain a final concentration of 1mM. 1 % of the nitroxide loaded SE
mixture B5 was mixed with 7.5 ml of the previously described digestion buffer (see
section 3.3.1.6 for details). Experiment was initiated by the addition of 65.77 mg
Pancreatin (450 U/ml of pancreatic lipase activity) to the mixture. The mixture was
then incubated in an end over end apparatus at 37 °C and pH was adjusted to 6.8
every 10 minutes. 100 µl samples were taken at fixed time intervals, filled into a
capillary tube and measured by X-band ESR spectrometer. Control experiments of
TB in different media were carried out to help understanding and interpreting the
resulting spectra. The obtained spectra were simulated by means of simulation
software (EPR center, Josef Stefan Institute, Ljubljana, Slovenia). For the control
experiments blank aqueous digestion phases were obtained by carrying out the
experiment with drug free self-emulsifying mixtures for 1 hour, followed by
ultracentrifugation (108,000 g, 30 min, 37° C, Avanti J-301 centrifuge, Beckman
Coulter Inc., CA, USA) and separation of the aqueous phase from the pellet phase.

3.3.2 Formulation and characterization of pellets
3.3.2.1 Formulation of pellets
Self-emulsifying mixture B5 was selected for incorporation into pellets, in three
different levels (10, 20, and 40 %), by the mean of extrusion/ spheronization.
The self-emulsifying mixture was mixed with MCC in a kneader for 15 minutes.
This was followed by addition of water until a mass suitable for extrusion is obtained.
The wet mass produced was then extruded and then spheronized using the same
method described in section 2.3.1.2. The produced pellets were then dried in a
desiccator over silica gel at room temperature.

3.3.2.2 Electron Microscopy
Surface characteristics of pellets with 10, 20 and 40% content of SE mixture B5
were investigated by means of environmental scanning electron microscopy (ESEM).
SEM micrographs were obtained using the same method described in section 2.3.7.
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3.3.2.3 T2 NMR distribution measurement
A benchtop NMR instrument (20 MHz, Oxford Instruments, Abingdon,
Oxfordshire, UK) was used to measure T2 distribution of pellets with 10, 20 and 40%
SE mixture B5 incorporated into MCC. Moreover, T2 distribution measurements were
performed for the liquid SE mixture. The measurements were carried out utilizing a
CPMG sequence using the following parameters: P90 3.65 µs, tau 135 µs, dwell time
10 µs.

3.3.2.4 In Vitro release testing
In vitro release experiments were performed in an end over end apparatus
rotating at a rate of 15 rpm and a temperature of 37 °C. Therefore samples of pellets
corresponding to 1% (w/v) final SE mixture concentration in the release media were
assayed. The composition of the investigated pellets is shown in table 2.3.
Three different release media were chosen: phosphate buffer (pH 6.8) and in vitro
digestion buffer with Pancreatin under either FaSSIF or FeSSIF conditions.
Pancreatin powder containing 450 U/ml of pancreatic lipase activity was added at the
beginning of the digestion experiment. 200 µl samples were taken at regular time
intervals and centrifuged at 13,400 rpm for 4 minutes in order to separate a
dispersed phase and a pellet phase. The supernatant was diluted with the mobile
phase and analyzed for Progesterone by the previously described HPLC method. All
experiments were carried out in triplicate.

Table 2.3 Composition of the investigated pellets
Ingredients

Pellets composition (% w/w)
Progesterone pellets

Pellets for ESR

MCC PH 101

58.7

60

Solutol HS15

16

16

Captex 355

16

16

Capmul MCM

8

8

Progesterone

1.3

─

Tempol benzoate

─

2 mmol/Kg
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3.4 Results

3.4.1 Preparation and in vitro assessment of the SE mixtures
Most of the SE mixtures produced belong to type IIIA in the lipid formulation
classification system (LFCS) proposed by C. W. Pouton with an oil content of 4080% (w/w), a water soluble surfactant (HLB >12) content of 20-40 % and hydrophilic
cosolvent content of 0-40% [6, 43]. In this study, Captex® 355 EP/NF (triglycerides of
caprylic/capric (C8/C10) acid) was used as the oil, and the corresponding mono- and
di-glycerides mixture (Capmul® MCM) was used to increase the solubilization and
self-emulsification capacity. Solutol® HS 15 (main component: polyoxyethylene-66012-hydroxy stearate) was used as the water soluble surfactant (HLB= 14-16).
All the formulated mixtures were efficiently emulsified within the first minute of
contact with the dispersion medium and there was no evidence of phase separation
or any instability problem for at least 24 hours. The optical clarity of the produced
emulsions was strongly dependent on the composition. It changed largely, from a
bright white at low Solutol® HS15 concentration toward a clear or slightly bluish
emulsion, with increasing Solutol® HS15 concentration in the formulation, indicating
that the surfactant plays a crucial role in determining the properties and functionality
of the resulting dispersion.
Droplet diameter, expressed as Z-average (the intensity weighted mean
hydrodynamic size of the ensemble collection of particles), of the emulsion resulted
from the dispersion of different SE mixtures was determined by means of PCS. The
results of droplet size determination experiment of the different formulation studied
are shown in figure 3.3. The concentration of Solutol® HS in the formulation
noticeably affects the nature of the emulsion formed. Increasing Solutol® HS
concentration leads to an obvious improvement in the optical clarity, which correlates
well with the determined particle size of the corresponding dispersion. It was also
noticeable that increasing the amount of Captex®, the medium chain triglyceride oil,
and decreasing the amount of Capmul®, in the formulation with a 2:1 w/w Captex® to
Capmul® ratio, decreased the emulsification efficiency and caused higher particle
sizes and lower optical clarity. This finding corresponds to the decreased polarity of
the oily phase. At higher Solutol® HS 15 concentrations the decrease in the droplet
diameter in relation to the Solutol® HS 15 concentration was very small for both

58

Chapter 3

Formulation and characterization of self-emulsifying pellets
containing Solutol® HS15, Capmul® and Captex®

Captex®/Capmul® ratios. This can be attributed to the fact that Solutol® HS 15 is a
micelle forming agent.

Figure 3.3 Effect of Solutol content on the droplet diameter (mean ± SD, n=3) of the
emulsions produced by dispersing SE mixtures in water.

The preference between different Captex® to Capmul® ratios will depend on the
solubilization characteristics of the drug. For instance, a higher proportion of
triglyceride oil will be required for highly hydrophobic drugs but for less hydrophobic
drugs an improvement of solvent capacity could be achieved through increasing the
proportion of mixed mono- and di-glycerides. In general, a compromise between drug
loading capacity and efficient emulsification has to be achieved.
ESR experiments were carried out to assess the microenvironment and to monitor
partitioning and localization of the spin probe in different environments within the
produced emulsions. In addition, ESR spectra of TB in different formulation
components were recorded and simulated to to serve as references (Figure 4.3).
Figure 4.3 (right diagram) shows the sensitivity of the line shape to the viscosity of
the different media.
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Figure 4.3 ESR spectra of TB in environments with different polarity and viscosity.
The hyperfine coupling constant aN is sensitive to the polarity of the environment (left
diagram) which is used to monitor the partitioning of spin probes between
compartments with different polarity. Please note the effect of increasing the viscosity
on the broadening of the line width (right diagram).
In a low viscosity medium like water, the rotation (tumbling) of the spin probe is
very fast and the rotations around the x, y and z axes cannot be distinguished
resulting in an almost complete averaging of their individual contributions seen as 3
sharp lines. As the viscosity increases (from Captex

®

355 to Caprol

®

MPGO), the

rotation around the three axes is no longer the same and its slowed down around
one or more axes leading to distortion of the line shape manifested as broadening of
the lines with a special effect on the third line. In Captex® 355, the mobility of the spin
probe is still fast and it is higher than the mobility in the other formulation ingredients,
Solutol® HS15 and Capmul® MCM. Even though Solutol

®

HS15 is a semisolid

material, the spectrum is still showing relatively high mobility of the spin probe. From
the line width of the spectra, the rotational correlation time (τR) can be determined
and it can be related to the viscosity of the media. The left diagram in figure 4.3 is
showing the sensitivity of the hyperfine coupling constant aN to the polarity of the
environment. This property is used to monitor the partitioning and the localization of
spin probes between compartments with different polarity. As the polarity decreases
from water toward paraffin oil, the hyperfine coupling constant decreases. The
polarity of Captex® 355, composed of triglycerides of caprylic/capric (C8/C10) acid, is
lower than the polarity of the corresponding mono- and di-glycerides mixture
(Capmul® MCM) which lies in between the polarity of water and paraffin oil. This
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confirms with the function of Capmul ® MCM in the formulation which is increasing the
solubilization and self-emulsification capacity. Figure 5.3 shows an illustration of the
results of the ESR experiments.

Figure 5.3 Schematic presentation of the in vitro ESR experiment.
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TB was used as a model for moderately lipophilic drugs with a logP of 2.46 [176].
The general pattern of the ESR spectra of TB in diluted SEDDS was very similar with
splitting of the third line caused by the distribution of the spin probe in two different
polarity environments (Figure 6.3).

Figure 6.3 ESR spectra of TB in the emulsion resulted from the dispersion of SE
mixtures a) from formulation A b) from formulation B in phosphate buffer pH 6.8. (٭
refers to the lipophilic while ● refers to the hydrophilic species).

Spectra of the diluted SEDDS were successfully simulated with good fit into 2
spectra (Figure 7.3 a), a lipophilic spectrum [with less splitting (aN=1.53 mT for
formulation A and 1.52 mT for formulation B), lower polarity and higher viscosity,
(Figure 7.3 b)], and a hydrophilic spectrum [with higher splitting (aN=1.67 mT), higher
polarity and lower viscosity, (Figure 7.3 c)]. The polarity of the lipophilic compartment
was slightly higher in system A, with 1:1 Captex® 355 to Capmul® MCM ratio,
compared to system B, with a 2:1 Captex® 355 to Capmul® MCM ratio. This finding
reflects the different polarity of the more polar medium chain mono- and di-glycerides
and the less polar medium chain triglycerides.
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Figure 7.3 ESR simulation spectrum of TB in the emulsion resulted from the
dispersion of SE mixture B5 in phosphate buffer. a) Experimental spectrum (bold
line) and simulated spectrum (dotted line), b) spectrum of the lipophilic species c)
hydrophilic species.
The percentage of TB localized in the lipophilic compartment is decreasing with
increasing the surfactant fraction in the self-emulsifying mixture (Figure 8.3). As the
oil to Solutol® HS15 ratio decreases the percentage of the spin probe localized in the
lipophilic environment decreases which was caused by the increased hydrophilicity.
Moreover, it was found that formulation A provides more attraction to TB in all oil to
Solutol® HS15 ratios (Figure 8.3). In addition, it has been found that the micropolarity
inside the emulsion droplet of both formulations was constant regardless of the
varying oil and surfactant ratios.
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Figure 8.3 Effect of changing the oil to Solutol ratio on the distribution of TB in the
lipophilic phase of the dispersed SE mixtures.

3.4.2 Equilibrium solubility
The equilibrium solubility of Progesterone in different vehicles is given in figure
9.3. The solubility increases from plain buffer solution to FaSSIF and FeSSIF media
which corresponds to the higher concentration of lecithin and bile acids. A high
solubility was achieved with 1% w/v of the self-emulsifying mixtures B1 and B5 in
buffer.
Interestingly, the solubilization capacity was different when dispersions of SE
mixtures in FaSSIF and FeSSIF were investigated. Depending on the formulation,
the presence of mixed micelles and lecithin had either a positive or negative effect on
the solubilization capacity. This finding could be attributed to interactions of
formulation components with micelles or vesicular structures which lead to a change
in the polarity of the system.
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The aqueous phases which were obtained after digestion of the diluted SE
mixtures showed a significant lower solubilization capacity for progesterone. Again,
the FaSSIF system solubilized less drug molecules compared to the FeSSIF system.
The digestion of the lipid phase in the SE mixtures B1 and B5 loaded FeSSIF and
FaSSIF systems leads to the formation of digestion products of the SE mixture (e.g.
hydroxystearate, free PEG, middle chain fatty acids, monoglycerides), and digestion
products of the mixed micellar phase (e.g. lysolecithin and long chain free fatty
acids). As a result, the polarity of the lipids increases and the composition and
structures of the lipid phase will change, which will affect the drug solubility.
Overall, the results of the solubility study show that (i) mixed micelles increase the
solubility, (ii) diluted SE mixtures B1 and B5 (1% in phosphate buffer) have a high
solubilization capacity, (iii) the presence of bile salts and phospholipids affects the
solubilization capacity of diluted SE mixtures B1 and B5 and (iv) the solubilization
capacity of enzymatic digests is lower compared to undigested SE mixtures.

Figure 9.3 Equilibrium solubility (mean ± SD, n=3) of Progesterone in different
media.
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3.4.2 In Vitro digestion
The solubilization of progesterone during in vitro digestion of SE mixture B1 and
B5 was monitored in both FaSSIF and FeSSIF conditions. Digests were centrifuged
and were consequently separated into a dispersed phase and a pellet phase with no
evident oil phase which complies with the data presented in different studies [142,
210]. Results of the digestion experiment are shown in figure 10.3. For formulation
B1 in FeSSIF condition, progesterone concentration was reaching and maintaining
the saturated solubility for at least one hour after which dropping of the solubilization
capacity was noticed. Precipitation of progesterone in FeSSIF occurs more rapidly for
formulation B5, which could be attributed to the lower oil content in the formulation
leading to the liberation of a lower amount of monoglycerides and fatty acids as
digestion proceeds [210, 213]. In FaSSIF digestion experiment, precipitation starts at
earlier stage for both formulations which is attributable to the lower concentration of
BS and PL in the digestion media.

Figure 10.3 Mean (±SD, n=3) percentage of progesterone dissolved as a function of
time (h), after the digestion of 1% (w/v) of the SE mixtures B1 in the digestion buffer
in FaSSIF (□) and in FeSSIF (■), and SE mixture B5 in FaSSIF (○) and FeSSIF (●).
Experiments were initiated by the addition of Pancreatin enzyme (450 U/ml of
pancreatic lipase activity).
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Furthermore, these data are in agreement with the results obtained from the
equilibrium solubility study of progesterone. The results clearly indicate that (i)
enzymatic digestion decreases the solubilization capacity for progesterone, (ii) the
solubility is enhanced under FeSSIF conditions, (iii) the digested formulation B1
solubilize slightly more drug compared to the digested B5 SE mixture.

3.4.3 Monitoring of In Vitro lipid digestion by ESR
To have an insight into different phases formed during in vitro digestion of the selfemulsifying mixture B5, and to investigate the distribution and localization of TB, as a
model for poorly soluble drugs, in such phases, an ESR in vitro digestion experiment
was performed. There were no need for centrifugation and separation of different
phases formed, and direct measurement of the digestion mixture was carried out at
different time intervals after starting the experiment.
Values of rotational correlation time, related to mobility of the spin probe and
microviscosity of the media, and hyperfine splitting constant (hfs), related to the
micropolarity were obtained from simulating TB spectra by means of ESR spectra
simulation software. The results obtained from the control experiment of TB in
different media are shown in figure 11.3. There were no difference between water
and phosphate buffer with both having small rotational correlation time, reflecting low
viscosity, and high hyperfine coupling constant, reflecting high polarity (Figure 11.3 a
and b). In mixed micelles and aqueous digestion media, the rotational correlation
time increases reflecting a large increase in viscosity compared to water and
phosphate buffer. Moreover, a large difference was noticed between the hydrophilic
and the lipophilic species in mixed micelles and aqueous digestion media in both
FaSSIF and FeSSIF conditions (Figure 11.3 a). The difference in viscosity was more
noticeable in the case of mixed micelles in FaSSIF condition compared to other
media. A smaller difference in hyperfine coupling constant, and hence in polarity, was
noticed between the FeSSIF and the FaSSIF conditions in both mixed micelles and
aqueous digestion media (Fig.11.3 b).
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Figure 11.3 Values of a) Rotational correlation time and, b) Hyperfine coupling
constant, for TB in different control media.
The spectra obtained from the in vitro digestion experiment have been
successfully simulated with two species, which reflect the localization of the spin
probe in two different environments (Figure 12.3). In the spectra of the hydrophilic
species, it was noticed that the third line has 50% lower amplitude than the middle
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line which indicates some restriction in mobility compared to that obtained for the
spin probe in phosphate buffer. After mixing the self-emulsifying mixture with the
digestion buffer, in both FaSSIF and FeSSIF conditions, TB was localized in two
environments with different polarities, one hydrophilic (aN=1.64 mT) and one lipophilic
(aN=1.53 mT) environment.

Figure 12.3 ESR simulation spectra of TB after A) 0 min, and B) 30 min of the
digestion of 1% (w/v) of The SE mixture B5 in the digestion buffer under FaSSIF
conditions. I) Experimental spectrum (bold line) and simulated spectrum (dotted
line),II) spectrum of the lipophilic species, III) spectrum of the hydrophilic species.
As digestion starts in FaSSIF, the polarity of the lipophilic species increases
significantly (aN=1.55 mT), where the polarity of the hydrophilic species decreases
slightly (aN=1.624 mT). As digestion proceeds, the polarity of both environments
remains constant until the end of the experiment. Under FeSSIF conditions, the
hyperfine splitting of the lipophilic environment increases gradually to a value of 1.56
mT after 5 minutes and to 1.58 mT after 10 minutes, which indicates an increase in
polarity. The polarity of the lipid phase remains constant after 10 minutes until the
end of the experiment. The hyperfine splitting constant of the hydrophilic environment
decreases to a value of 1.63 mT where it remain unchanged until the end of the
digestion experiment, which indicates a decreased polarity most likely due to the
formation of mixed micelles. Therefore, the ESR measurements show that under
FeSSIF digestion conditions the oil phase becomes more polar and the hydrophilic
compartment becomes less polar.
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In a further step, the quantitative distribution of the spin probe in different
environments was calculated. As shown in figure 13.3, the percentage of TB
localized in the hydrophilic environment increases significantly within the first 5
minutes under both FaSSIF and FeSSIF digestion conditions and it remains constant
for the remaining time. This change in the distribution and localization of the spin
probe is caused by enzymatic induced hydrolysis of the apolar triglycerides and the
formation of the more polar fatty acids and monoglycerides and the localization of the
spin probe into the core of either polar colloidal structures, like mixed micelles, or into
the interior of less polar structures, like vesicles or liquid crystalline phases.

Figure 13.3 Distribution of TB in the hydrophilic compartment as a function of time,
after the digestion of 1% (w/v) of the SE mixture B5 in the digestion buffer under
FaSSIF (■), and FeSSIF (●) conditions.

The rotational correlation time, related to the mobility of the spin probe and the
viscosity of the media, was monitored throughout the digestion of the formulation. For
the lipophilic species in both conditions, the microviscosity increases significantly
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within the first 5 minutes of the digestion process whereas the viscosity of the
hydrophilic species remain almost unchanged for the entire experiment time (Figure
14.3 a and b).

Figure 14.3 Change of rotational correlation time, for lipophilic and hydrophilic
species, as a function of time after the digestion of 1% (w/v) of the SE mixture B5 in
the digestion buffer under a) FaSSIF and b) FeSSIF conditions.
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3.4.4 Formulation and assessments of SE pellets
3.4.4.1 Pellets size and shape analysis
Because of its superior emulsification properties, formulation B5 was selected for
incorporation into MCC in different ratios to assess the possibility of pellets
production. Pellets were produced using extrusion/spheronization technique.
Assessment of the quality of the produced pellets was made by evaluating there size
and shape utilizing the same technique described in sections 2.3.2 and 2.3.3 . Details
of the results of size and shape analysis are shown in table 3.3 which includes the
values of the geometrical mean diameter (Dg) and the geometrical standard
deviation, the interquartile range (IQR, expected to include about 50% of the data),
the mean Feret diameter (Dferet.mean) and the aspect ratio. The results show that it was
possible to produce pellets with all MCC-lipid ratios used with the exception of the
formulation containing equal parts of the components where the extrudate stuck
together to form a big mass rather than pellets.
Table 3.3 Results of the size and shape analysis of the pellets
Pellets composition (%w/w)

Sieve analysis (100 g)

Image analysis

SE mixture (B5)

MCC

Dg (µm)

σg

IQR (µm)

Dferet.mean.(μm)

Aspect ratio

10

90

1103.3

1.16

243

1100.45 (145.7)

1.054 (0.051)

20

80

1274.6

1.38

267

1240.32 (143.2)

1.065 (0.045)

40

60

1353.2

1.59

320

1412.68 (194.6)

1.087 (0.092)

3.4.4.2 ESEM investigations
ESEM investigations show that pellets with different incorporation levels of SE
mixture B5 exhibit different surface structures. Micrographs with the lowest
magnification show that all produced pellets were spherical in shape, which confirms
with the aspect ratio measurements (Figure15.3). More details about the surface
characteristics of pellets were obtained with increasing the magnification. Figure
15.3a shows typical features of the surface of MCC pellets with a highly rough and
porous surface with apparent cellulose fibers network. For the pellets with 10% SE
mixture, the surface become smoother, less porous but the cellulose fibers network
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were still observed on the surface (Figure 15.3b). As the SE mixture load increases
to 20 and 40 %, the pellets surface becomes smoother. There is obviously an
incorporation of the SE mixture within the cellulose fibers network which causes a
decrease of the pellet porosity (Fig. 15.3 c and d).

Figure 15.3 ESEM Pictures of self-emulsifying pellets with different load of the liquid
self-emulsifying lipid mixture.
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3.4.4.3 Assessment of friability
Friability testing of the produced pellets was conducted using the same method
described in section 2.3.5. The results show that the friability was less than 1 % for
lipid loads below 20 % and less than 1.5 % for the high lipid load of 40 % (Figure
16.3). Interestingly, the small lipid load of 10 % seems to cause even a slight
decrease of the friability compared to the MCC control pellets. Generally, friability is
increasing with increasing lipid load. The liquid lipid, which is adsorbed between the
solid MCC weakens the interactions between the MCC fibers. Nevertheless, the low
friability values are very encouraging.

Figure 16.3 Friability % (mean ± SD, n=3) of MCC pellets prepared with different %
of self-emulsifying mixture incorporation.
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3.4.4.4 NMR T2 Distribution measurement
1

H-NMR was used extensively for the determination of the distribution and the

dynamic state of water in different pharmaceutical excipients and food components
[214-216]. However, there were no studies reporting the use of this method for the
characterization of the physical state and the distribution of lipids in the field of drug
delivery. In this study, a new method was introduced for the evaluation of the
physical state and the incorporation of the liquid SE mixture B5 inside solid MCC
pellets. T2 distribution measurements were carried out before and after incorporation
of the mixture into MCC pellets in three different levels (10, 20, and 40%).
Additionally, physical mixtures of the SE mixture with MCC in the same levels were
evaluated to serve as references.

Figure 17.3 shows the results of T2 distribution

measurements for the physical mixture of the SE mixture before and after physical
mixing with MCC in three different levels. For the SE mixture alone the distribution
obtained was typical to liquid lipid mixtures (figure 17.3).

Figure 17.3 NMR T2 distribution of MCC (□), SE mixture B5 (◊), and physical
mixtures of MCC with 10 (●), 20 (▲) and 40 % (▼) SE mixture B5.
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For the physical mixtures, T2 distribution were close to that obtained for the SE
mixture with the existence of a moderately immobilized species indicating a little
incorporation of the SE mixture into the MCC in all levels. For the pellets, dropping of
the relaxation time was observed for the 10% SE mixture loaded MCC, indicating that
the lipid mixture was strongly immobilized within the MCC matrix. As the SE mixture
load increases to 20%, the existence of more mobile species was observed. In the
pellets with 40% SEDDS, the freely moving liquid mixture was observed again and
the existence of highly (I), medium (II) and low (III) bound species was noticed
(figure 18.3). Additionally, in all the produced levels the immobilization was much
higher in pellets than that observed in the physical mixture indicating the big effect of
the extrusion/spheronization process in incorporating the SE mixture into the MCC.

Figure 18.3 NMR T2 distribution of MCC (■), SE mixture B5 (♦), and pellets with 10
(●),20 (▲)and 40 % (▼) of incorporated SE mixture B5.

76

Chapter 3

Formulation and characterization of self-emulsifying pellets
containing Solutol® HS15, Capmul® and Captex®

3.4.4.5 ESR flow through experiment
The incorporation of the self-emulsifying mixture into MCC pellets might change
the physicochemical properties of the lipid phase and also the release behavior.
Therefore, the microenvironment within the pellets during the release process was
monitored continuously and non-invasively by means of a flow through experiment
using low frequency ESR spectroscopy (see section 2.3.8 for details). Additionally,
the ESR spectra of TB in different formulation components were recorded as
references (Figure 19.3). The results of the control experiment show that the mobility
of the spin probe was higher in Captex® 355 compared to that in Capmul® MCM and
Solutol® HS15. Moreover, TB mobility in the self-emulsifying mixture was higher than
that in self-emulsifying pellets due to the partial immobilization of the self-emulsifying
mixture within MCC.

Figure 19.3 ESR spectra of TB in different formulation components and mixtures,
reflecting the sensitivity of the line shape (right) and rotational correlation time (left) to
the viscosity of different media.

The spectral line shape changes progressively when the nitroxide mobility
changes from a free rotation, with a rotational correlation time (τR) of the order of 0.01
ns, to that of a restricted mobility with τR more than 1 µs. Immediately after pellets
exposure to the dissolution media inside the flow cell, the mobility of the spin probe
changed rapidly within the first 5 minutes and was comparable to that in the free self-
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emulsifying mixture (Figure 20.3). The results also show that there was no change in
the hyperfine splitting constant (aN= 1.61 mT) for the whole period of the experiment
which indicates that the spin probe was localized preferentially within the selfemulsifying mixture for the entire time of TB release from the pellets. As the flow of
the media continues, the signal intensity decreases rapidly as a result of nitroxide
release and only a weak signal was recorded after 90 minutes.

Figure 20.3 ESR spectra of TB loaded pellets before, 5, 30, 60 and 90 min after
buffer exposure in the flow cell system.

3.4.4.6 In Vitro release testing
In vitro release experiments were conducted to evaluate the effect of different
media on the release of Progesterone from the pellets. The results are shown in
figure 21.3. In phosphate buffer, Progesterone was completely released within the
first 2 hours of the study and no precipitation was noticed until the end of the
experiment. On the other hand, release of Progesterone in the digestion media under
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both FaSSIF and FeSSIF conditions was incomplete and precipitation of
Progesterone was observed in the first few minutes of the experiment. Therefore, the
presence of mixed micelles interferes with the performance of the SE lipid system
under digestion conditions and leads to a decreased solubilization of the drug.
Enhanced Progesterone precipitation in the FeSSIF and FaSSIF digestion media
compared to the mixed micelle free medium could be attributable to several reasons
including:
- Decreased digestion rate in the buffer medium due to insufficient solubilization of
the digestion products.
- The presence of mixed micelles changes the composition of the lipid phase in the
SE mixtures (e.g. translocation of SE components in the mixed micelles and of Bile
acids/lecithin into the SE droplets) which results finally in a decreased solubilization
capacity compared to the parent SE system.
It is also likely that both reasons contribute to the Progesterone precipitation in the
FeSSIF and FaSSIF media.

Figure 21.3 Mean (±SD, n=3) percentage of progesterone released as a function of
time (h) from progesterone loaded SE pellets in 7.5 ml phosphate buffer, pH 6.8,(■),
and in digestion buffer in both FaSSIF (○) and FeSSIF (●) conditions. Sample of
pellets corresponding to 1% (w/v) final SE mixture concentration in the release media
was assayed.
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3.5 Conclusion
Stable isotropic SE mixtures have been formulated using a mixture of medium
chain mono- and di-glycerides, medium chain triglycerides, and Solutol® HS 15 as a
surfactant. The droplet sizes after dilution decreased with increasing Solutol® HS 15
content and were lower for more polar lipid mixtures (e.g. increased ratio of partial
glycerides compared to triglycerides). SE mixtures are able to solubilize
progesterone in buffer. The results have shown the potential advantages of using
ESR spectroscopy to asses the micropolarity within the emulsion droplet of diluted
SE mixtures. This can help in developing an optimum mixture for a certain drug in
order to achieve a compromise between solubilization of the drug and its distribution
into the aqueous media of the GIT after dispersion. After dilution of different spin
probe loaded self-emulsifying mixtures, ESR spectra with a splitting of third line were
obtained. This indicates the availability of two environments, a lipophilic highly
viscous environment and a very hydrophilic environment with low viscosity.
Digestion of the lipid phase decreases the solubilization capacity for
progesterone. It was also shown that the solubilization capacity strongly depends on
the concentration of endogenously secreted materials such as BS and PL. A change
in the localization of the spin probe was noticed as the digestion process starts. This
can be explained by the enzymatic hydrolysis of the formulation triglycerides resulting
in the formation of fatty acids and monoglycerides. In the presence of endogenous
materials

like

bile

salts,

phospholipids

and

cholesterol,

fatty

acids

and

monoglycerides are then incorporated into different phases with different polarity and
viscosity. The spin probe was localized either in polar colloidal structures like mixed
micelles or in less polar structures like vesicles or liquid crystalline phases. The
change in the lipid composition associated with digestion of lipid based formulations
could affect the solubilization capacity of the administered drug. Therefore, applying
in vitro digestion experiments for lipid formulations is important to enable prediction of
the possible fate of the co-administered drug.
The liquid lipid SE mixture was successfully transformed into solid pellets by
means of extrusion/spheronization with a maximum load of 40%. The pellets had a
uniform size, a spherical shape and low friability. ESEM pictures show the adsorption
of the liquid oil between the MCC fibers. Moreover, the self-emulsifying properties are
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still preserved in the pellets. Therefore, extrusion/spheronization of SEDDS systems
is an alternative to encapsulation in gelatine capsules.
The NMR results have shown the potential advantages of using NMR T2
distribution measurements for the characterization of lipids. A higher degree of
immobilization

was

achieved

with

the

pellets

formulated

using

extrusion

/spheronization compared to the physical mixtures of the SE mixture and MCC.
Results of the ESR flow through experiment show that the mobility of the spin
probe in the pellets increased rapidly from partial immobilization within the dry pellets
to high mobility, compared to that in the free self-emulsifying mixture, after the
exposure to the buffer. It was also shown that the spin probe was localized within the
self-emulsifying mixture during the release process from the pellets.
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4 Summary
4.1 English version
The idea of combining advantages of pellets, as a solid multiparticulate drug
delivery system, and SEDDS, which was successfully used to improve bioavailability
of lipophilic drugs, was the main motive behind the current research work. Two
different self-emulsifying systems have been developed for testing the feasibility of
incorporating them into MCC pellets by means of extrusion/spheronization.
The first self-emulsifying mixture was composed of a mixture of Cithrol GMS (C18
mono- and di-glycerides) and Solutol HS15. This mixture was incorporated into MCC
and pellets were produced using Extrusion/spheronization technique. Furthermore,
reference pellets containing GMS and MCC were formulated. Pellets were
characterized for size, shape, friability and dissolution for diazepam loaded pellets. In
addition, nitroxide loaded pellets were produced and the microenvironment inside the
pellets during the release process was monitored in an online process using ESR
spectroscopy. Results demonstrated the possibility of producing self-emulsifying
pellets containing 50% of the Self-emulsifying mixture. The produced pellets were of
good physical properties concerning shape, size distribution and friability. In contrast
to GMS-MCC pellets, they were able to introduce the lipophilic dyes or drugs into the
aqueous phase of the dissolution media. This shows that GMS alone is not selfemulsifying and solutol addition was necessary to achieve self-emulsification
properties. The ESR results show that the lipophilic spin probe was mainly localized
in the lipid environment inside the pellets for the whole release period. The release
data showed a noticeable improvement in the in vitro dissolution of diazepam in
comparison with the non-emulsifying formulation. Additionally, a supersaturated state
for the water soluble diazepam was achieved and maintained in a dissolution study
with a higher diazepam load.
The second self-emulsifying mixture was composed of a mixture of medium chain
mono- and di-glycerides (Capmul®), medium chain tri-glycerides mixture (Captex®)
and Solutol® HS15. Self-emulsifying mixtures with different composition were
formulated and droplet diameter of the emulsion resulted from the dilution of SE
mixtures were measured using PCS. ESR was used to monitor the microenvironment
of the diluted mixtures and to evaluate the polarity of emulsion droplets. Additionally,
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in vitro digestion experiments were carried out to asses the change in the
solubilization capacity of progesterone after dilution and enzymatic digestion of selfemulsifying mixtures in simulated intestinal fluids in both the fasted and the fed state.
In vitro digestion was also monitored by ESR spectroscopy to have an insight on the
characteristics of the different phases formed during digestion process and to
evaluate the distribution and localization of the nitroxide spin probe TB in these
phases. Self-emulsifying mixture that combines good emulsification properties,
acceptable solubilization of the model drug and optimum surfactant concentration
was then incorporated into MCC and self-emulsifying pellets were produced by
means of extrusion/spheronization. The formulated pellets were then characterized
for size and shape. Furthermore, NMR T2 distribution measurements were carried
out to evaluate the incorporation of different levels of self-emulsifying mixture into
MCC pellets. TB loaded self-emulsifying pellets were produced and an ESR flow
through experiment was carried out to monitor the microenvironment within pellets
during the release process. Dissolution experiment was designed to evaluate the
release of progesterone from pellets in different release media. The results show that
the optical clarity and droplet diameter of the dispersed SE mixtures were largely
affected by changing oil to Solutol ratio. The percent of TB localized in the lipophilic
environment of the diluted self-emulsifying mixture was decreasing with increasing
the surfactant fraction. Different phases with variable viscosity and polarity have been
resulted from the digestion of SE mixtures. This leads to a change in the
solubilization capacity of progesterone. Pellets with good properties, concerning size
and shape, have been produced through the incorporation of a selected SE mixture
into MCC. NMR T2 distribution measurements showed that as the lipid load increases
the existence of highly, medium and low bound species was noticed within pellets.
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4.1 German version
Die Motivation für diese Arbeit war es, die Vorteile von selbstemulgierenden DrugDelivery-Systemen

(SEDDS),

die

zur

Verbesserung

der

Bioverfügbarkeit

schwerlöslicher Arzneistoffe verwendet werden, mit den Vorteilen von Pellets als
feste multipartikuläre Drug-Delivery-Systeme zu kombinieren,. Zwei verschiedene
selbstemulgierende Systeme wurden entwickelt, um zu untersuchen, ob sie durch
Extrusion/ Spheronisation in MCC-Pellets eingebaut werden können.
Das erste selbstemulgierende System bestand aus Cithrol GMS (C18-Mono- und
Diglyceride) und Solutol HS15. Diese Mischung wurde in MCC eingearbeitet und
dann zur Herstellung von Pellets nach der Extrusions-/ Spheronisationsmethode
verwendet. Weiterhin wurden Referenz-Pellets hergestellt, welche nur Cithrol GMS
und MCC enthielten. Die Pellets wurden hinsichtlch ihrer Größe, Gestalt und ihres
Abriebs untersucht. Für die mit Diazepam beladenen Pellets wurden FreisetzungsTests durchgeführt. Zusätzlich wurden auch Pellets hergestellt, die eine NitroxidSpinsonde als Modellarzneistoff enthielten. Mit Hilfe der ESR Spektroskopie war es
so möglich, das Mikromilieu innerhalb der Pellets während des gesamten
Freisetzungsprozesses zu untersuchen.
Die

Ergebnisse

dieser

Untersuchungen

zeigten,

dass

es

möglich

ist

selbstemulgierende Pellets mit einem Anteil von 50 % des selbstemulgierenden
Systems herzustellen. Die hergestellten Pellets hatten eine gute Qualität zeichneten
sich durch eine homogene Größe, sphärische Gestalt und geringen Abrieb aus. Im
Gegensatz zu den GMS-MCC-Pellets waren sie in der Lage, die lipophile Spinsonde
und Diazepam in das wässrige Freisetzungsmedium freizusetzen. Daraus folgt, dass
die Zugabe von Solutol HS15 notwendig ist, um ein selbstemulgierendes System zu
erhalten.
Die ESR-Daten ergaben, dass die lipophile Spinsonde während der gesamten
Freisetzungsperiode hauptsächlich in den hydrophoben Bereichen innerhalb der
Pellets lokalisiert ist. Durch die Freisetzungsversuche mit den Diazepam beladenen
Pellets konnte gezeigt werden, dass die in-vitro Freisetzung von Diazepam deutlich?
verbessert wurde im Vergleich zu nichtemulgierenden Systemen. Durch Verwendung
höherer Diazepam-Konzentrationen war es sogar möglich, einen übersättigten
Zustand

für

Diazepam

in

Wasser

zu

erreichen

und

diesen

über

den

Freisetzungszeitraum zu erhalten.
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Das zweite selbstemulgierende System enthielt ein Gemisch aus mittelkettigen
Mono- und Diglyceriden (Capmul®), mittelkettigen Triglyceriden (Captex®) und Solutol
HS15. Selbstemulgierende Systeme mit unterschiedlicher Zusammensetzung
wurden hergestellt. Die jeweils nach Verdünnung resultierenden Tröpfchengrößen
wurden mittels Photonenkorrelationsspektroskopie (PCS) bestimmt. Durch ESR
Spektroskopie

war

es

möglich

die

Polaritätsverhältnisse

in

diesen

Emulsionssystemen zu bestimmen.
Außerdem wurden in-vitro Verdauungsexperimente durchgeführt, um zu untersuchen
ob die Solubilisierung von Progesteron durch Verdünnung und enzymatische
Verdauung

der

selbstemulgierenden

Systeme

in

simulierten

intestinalen

Flüssigkeiten (im nüchternen und postprandialen Zustand) beeinflusst wird. Der
Verdauungsprozess wurde auch durch ESR Spektroskopie beobachtet, um einen
Einblick in die Eigenschaften der verschiedenen Phasen zu erhalten, die sich beim
Verdauungsprozess bilden. Außerdem wurde das Verteilungsverhalten und die
bevorzugte Lokalisation der Spinsonde Tempolbenzoat (TB) in diesen Phasen
untersucht.
Die Lipidsysteme, die sowohl gute selbstemulgierende Eigenschaften, als auch
ausreichende

Arzneistoff-Solubilisation

und

optimale

Tensid-Konzentration

aufwiesen, wurden ausgewählt und zusammen mit MCC zu selbstemulgierenden
Pellets verarbeitet. Diese Pellets wurden hinsichtlich Gestalt und Größe untersucht.
Außerdem wurden mittels 1H-NMR T2-Relaxationszeitverteilungen bestimmt, um die
Inkorporation des selbstemulgierenden Systems in die MCC-Pellets zu untersuchen.
Selbstemulgierende Pellets, die TB als Modellarzneistoff enthielten, wurden
hergestellt

und

für

Freisetzungsversuche

mittles

einer

ESR-Durchflusszelle

verwendet. Außerdem wurde auch die Freisetzung von Progesteron aus den Pellets
in verschiedenen Freisetzungsmedien untersucht. Die Ergebnisse zeigen, dass die
optische Transparenz und die Tröpfchengröße der dispergierten SE-Systeme stark
vom Verhältnis zwischen Öl und Solutol abhängen. Ein steigender Anteil an Solutol
führte zu einem höheren Prozentsatz an TB in der hydrophilen Phase innerhalb des
dispergierten selbstemulgierenden Systems. Verdauungsprozesse führen zu einer
Bildung verschiedener Phasen, die sich hinsichtlich ihrer Viskosität und Polarität
unterscheiden

lassen.

Dadurch

kommt

es

zu

einer

Veränderung

in

der

Solubilisierungskapazität für Progesteron.
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Einige selbstemulgierende Systeme wurde ausgewählt und nach Mischen mit MCC
dazu verwendet, Pellets mit guten Eigenschaften hinsichtlich Größe und Gestalt
herzustellen. NMR Relaxationszeitmessungen zur Bestimmung von T2 Verteilungen
zeigten, dass mit steigender Lipidkonzentration stark, mittel und schwach gebundene
Lipidanteile nachweisbar sind.
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