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ABSTRACT

Semi-solid dispersions offer many advantages in dakvery of poorly soluble
drugs. However, there is limited understandinghef tnechanisms by which in vitro
dissolution and in vivo bioavailability is enhancédw melting point lipidic carrier
excipients demonstrate properties beneficial tonfdation of these systems despite
presenting further challenge in their characteonsafl he physicochemical properties
of semi-solid dispersions comprising the lipidicrrear Gelucire 44/14 with the

poorly soluble drugs ibuprofen, indometacin anadxizam were investigated.

Conventional differential scanning calorimetry derstnated dissolution effects, the
slow rate allowing crystalline drug to dissolve it the molten lipid during analysis
giving unreliable data regarding the presence bl swystalline drug in proportion
to that existing as a molecular dispersion. Hyp&CDwvas not definitively found to
eliminate these effects, however they were reduaggding a more accurate
estimation of the drug solubility within the lipidhe drugs demonstrated different
affinities for the lipid with subsequent effects time extent of interaction. The
presence of drug in the lipid demonstrated a sigamt inhibitory effect on the lipid
crystallisation temperature, with QIMTDSC demonstiga a more extended
crystallisation than expected. The dissolution praps of all drugs were enhanced
when formulated into semi-solid dispersions witHu@ee 44/14, most notably with
the low loaded systems. These low loaded systermwgever, demonstrated an
increased affinity for atmospheric moisture. Agimdfects on the semi-solid
dispersions were observed with ibuprofen and indaane systems in which the
drug was found to exist partially as a moleculapdrsion. Piroxicam however,
which had very limited miscibility with the lipidwas found to exhibit few aging
effects over time. Overall, the formulated semigdispersions with Gelucire 44/14
achieved the ultimate goal of successfully enhanpdhlre aqueous dissolution of
poorly soluble drugs, however more research is ewed order to relate this

successfully to in vivo bioavailability.
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Chapter One Introduction

11 BACKGROUND OF THE PROJECT

Whilst surface active lipidic carriers appear téeofadvantages for the formulation
and delivery of poorly soluble drugs in solid dispens, there is a limited
understanding of the key performance parametensireetjin the choice of semi-
solid carrier for a particular active pharmacedtiaagredient (API) or drug.

Furthermore, low melting point excipients presaghiicant challenge in terms of
characterising the solid dispersion. Internal depelent work carried out by
AstraZeneca on these types of formulation has edga@seas which require more
rigorous analytical approaches to improve our fumelatal understanding of the
physicochemical properties and the subsequent ingpethe dissolution mechanism,
and the effects of processing variables and storagwlitions on these solid

dispersion formulations.

1.2 POOR DRUG SOLUBILITY

A drug may be defined “as ‘poorly soluble’ when dissolution rate is so slow that
dissolution takes longer than the transit time pes@bsorptive sites, resulting in
incomplete bioavailability” (Horter and DressmarfI® Approximately 40% of all
newly discovered drugs display limited solubility water and therefore poor and
often greatly variable oral bioavailability (Gursapd Benita 2004). Drugs can also
be classed as poorly soluble if they exhibit sditybin water below 100ug/ml

(Horter and Dressman 1997).
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121 Biophar maceutics Classification System

The Biopharmaceutics Classification System is apostic tool by which drugs can
be classified in terms of their gastrointestinad@bption, proposed by Amidon et al
(1995). This classification was proposed througle thecognition that the
fundamental parameters upon which the rate ancherfedrug absorption depend
are drug solubility in aqueous media and permeghifirough the gastrointestinal

cell wall.

High Solubility Low Solubility

>
= | Class 1 Class 2

£°5 | High Solubility Low Solubility

£ g | High Permeability | High Permeability
o | (Rapid Dissolution
o for Biowaiver)
£ Class 3 Class 4

=9 High Solubility Low Solubility

9 g Low Permeability = Low Permeability
g

Figure 1.1 The Biopharmaceutics Classification System (WuBermet 2005).

In vitro / in vivo correlation is only expected f@ass Il drugs if the in vitro and in
vivo dissolution rates are similar. Care must Bbemahowever, as classification into
this system is dependent upon the limits set fompability and solubility. High
permeability is classed as absorption up to ortgrethan 90% across the human

jejunum, with no instability within the gastrointeml tract. Solubility is defined as
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the minimum drug solubility at 3Z + 0.5 over pH 1 to 8, with high solubility being

a dose to solubility volume ratio less than or ¢qa@&50ml (Martinez and Amidon

2002).

Further consideration is also required for drugsictvhexhibit pH dependent

solubility (as the pH varies throughout the gasti@stinal tract), drugs that display

instability in the gastrointestinal tract, and alkose who exhibit complexation with

gastrointestinal contents (Amidon et al. 1995).

Since the development of the BCS, the system has hdapted by Wu and Benet

(2005) who proposed the Biopharmaceutics Drug Biglom Classification System

(BDDCS). The BDDCS hopes that by classifying drugmpounds by their

mechanism of metabolism it may allow for more aateiprediction of disposition in

Vivo.

Extensive
Metabolism

Poor
Metabolism

High Solubility

Class 1

High Solubility
Extensive Metabolism

(Rapid Dissolution and
>70% Metabolism for Biowaiver)

Class 3

High Solubility
Poor Metabolism

Low Solubility
Class 2

Low Solubility
Extensive Metabolism

Class 4

Low Solubility
Poor Metabolism

Figure 1.2 The Biopharmaceutics Drug Disposition Classificat®ystem (Wu and Benet 2005).
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The system takes into account a number of factors:

1) Route of elimination.

2) Effect of efflux and absorptive transporters on atzsorption.

3) Clinically significant effect of transporter-enzymmteraction e.g. low
bioavailability and drug-drug interactions.

4) Direction and importance of food effects.

5) Transporter effects on systemic levels after alismrpfollowing oral and

intravenous dosing (Wu and Benet 2005).

It has however been suggested that this reviseraydoes not apply in all cases
with some drugs classed as highly permeable by B€iRg found not to be

extensively metabolised (Chen and Yu 2009).

For the purposes of this project, the BCS termigphill be utilised.

122 Factor s Affecting Drug Dissolution

1.2.2.1 Noyes-Whitney Equation

The chemists Arthur Noyes and Willis Whitney catrieut the first dissolution

experiments using lead chloride and benzoic admbyTsubsequently published the
Noyes-Whitney equation in a paper entitled “The mait solution of solid substances
in their own solution” in 1897 (Dokoumetzidis andatheras 2006; Leuner and

Dressman 2000). The equation as it is used todstyawn below (York 2002):
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dm
dt

kA(C; — C) Equation 1.1
wherem is the mass of solute passed into solution at tjimes the surface area of
solid, Cs is the solubility of the compound in the dissaatimedia,C is the
concentration of the compound in the dissolutiondimeat timet and k is the

dissolution rate constant. The valueka$ defined by:

k=— Equation 1.2

whereD is the diffusion coefficienty is the volume of the dissolution media dnid

the thickness of the boundary layer.

The Noyes-Whitney equation highlights the factordioh contribute to the
dissolution of a poorly soluble drug, therefore gegjing a means of improving its

solubility. These are:

1) Increasing the surface area of the poorly solublg dompound by decreasing
the particle size.

2) Enhancing the wetting properties of the drug conmglogurface.

3) Reducing the boundary layer thickness.

4)  Ensuring sink conditions.

5) Increasing drug solubility in physiologically rebevt dissolution media

(Leuner and Dressman 2000).
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1.2.2.2 Drug Physicochemical Properties

Crystalline drugs display great order of their ¢@gnent molecules which is repeated
indefinitely in three dimensions. The most favouradd therefore common
crystalline forms of drugs are polymorphs and selsaPolymorphs are chemically
identical species however they possess differgrstaliine packing arrangements or
conformations and thus different physicochemicabprties. These drugs are of low
energy therefore dissolution can often be reducgdlvates contain solvent
molecules within the crystalline structure and t@nknown as pseudopolymorphs

(Hancock and Zografi 1997; Vippagunta et al. 2001).

The formation of the amorphous phase of a crys&ltirug can often dramatically
increase dissolution rate. Amorphous substancelagis liquid structural
characteristics i.e. disordered molecular arrangesndut greater viscosity, and can
be formed by the supercooling of a molten substdoredew its melting point (see
Figure 1.3) (Hancock and Zografi 1997). The amoygshctate is, however,
thermodynamically metastable and much higher endéngp the crystalline state,
meaning that conversion back to the more stablenamidcularly ordered crystalline
phase is always a possibility. This conversion rbayfacilitated by mechanical
processing, temperature, humidity, additive conegion and time i.e. aging
(Hancock and Zografi 1997; Schamp et al. 2006 )tgg® conditions therefore play a

key role in the degradation of dosage forms.
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Vapour Precipitation
Condensation\A from Solution
AMORPHOUS STATE
/ \ Milling and
Supercooling compaction
of the melt of crystals

Figure 1.3 The most common ways in which amorphous charaaer ke introduced into a

pharmaceutical system, reproduced from HancockzZogtafi (1997).

Particle size can affect drug dissolution. The $éendhe particle size the greater the
surface area in contact with the dissolution mexid therefore in theory, greater
dissolution. Particles in the range 3 to 5um caaroéffectively increase solubility
(Horter and Dressman 1997). This is especially irngm when considering poorly
soluble drug substances. If the drug displays po@tting properties then
agglomeration of the small particles may occurthier decreasing the dissolution.
The poor wetting characteristics of water insoludriegs are due to their high contact
angle. The presence of surfactants in dissolutiedianor in vivo can however act to
decrease the contact angle, promoting wetting aisdoldition, and preventing

agglomeration (Horter and Dressman 1997).

The pKa of a drug is its ability to partition froanlipidic to an aqueous environment,
and it is this property which allows estimation itsf aqueous solubility. The pKa
determines the ionisation state of the drug bapea the pH of the solvent solution.

Drugs in the ionised form tend to demonstrate greatqueous solubility in
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comparison to those in the unionised form. Wealdgid drugs will exhibit greater
solubility in low pH environments, with weakly a@d drug compounds
demonstrating greater solubility at high pH (Magirand Amidon 2002). The pH of
the gastrointestinal tract environment changestidedly upon transit throughout,

therefore influencing the saturation solubilityiofisable drugs.

1.2.2.3 Physiological Factors

As well as drug physicochemical properties, phygjadal conditions can also
greatly influence the absorption of drug substartiging their transit through the
gastrointestinal tract. Gastrointestinal pH vadepending upon the area of the tract
involved and the presence or absence of food (Taldlg (Horter and Dressman

1997).

Table 1.1 Average pH values in healthy humans in the fastedi fed state at various sites in the

upper gastrointestinal tract (Horter and Dressm&97T).

Location in Gl Tract Fasted State pH Fed State pH
Stomach 1.3 4.9
Duodenum (mid-distal) 6.5 5.4
Jejunum 6.6 5.2-6.0
lleum 7.4 7.5
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The pKa of the drug substance can therefore daterrtie optimum area of the
gastrointestinal tract for dissolution. It mustthken into account however that other
factors such as drug therapy, pathophysiologicatlitmns and age can also play a

role in the pH of luminal fluids (Horter and Dresam1997).

As well as influencing the gastrointestinal pH, thresence of food can facilitate
direct interactions with the drug. These interaddiowhich can often occur during
emulsification of the fatty foods into mono- andjlgicerides, have sparked interest
in the formulation of insoluble drug substanceshvipophilic excipients in order to

improve solubility and absorption (Schamp et aD&0

The caloric content of food is known to have théeptial to impact on the extent of
food effect demonstrated on certain drug entiti@syever in some cases it may have
a limited effect. The gastric emptying time is dghgacreased by the fluid volume in
the upper gastrointestinal tract meaning that aiay @dosage forms present will be
subjected to the environmental conditions for edéehperiods of time. This effect
may be advantageous or detrimental depending uperditug physical properties
(Martinez and Amidon 2002). The intake of certasod components can influence
the viscosity of gastrointestinal fluids which caat to decrease the diffusivity of the
drug. The presence of food and fluid in the uppastintestinal tract can also
increase the contents volume, stimulating the seoareof gastric acid, bile and
pancreatic fluid. Gastrointestinal fluid also canganaturally occurring surfactants
for example bile salts and lecithin, the concerdret of which do not compare to the
unphysiologically high concentrations present irvitmo dissolution media (Horter

and Dressman 1997). The development of accuraitelylated gastric and intestinal
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fluid in vitro for dissolution testing is a complg@xocess, highlighted by the varying
physiological conditions outlined above. The in&pibf in vitro dissolution media to
compare to physiological conditions is the printiygason why there is currently no

reliable correlation between the two.

The bioavailability of drugs can also be signifitgninfluenced by first pass
metabolism. This is a process by which the drugeeude is metabolised and
deactivated before reaching the systemic circulatieaning therefore that the drug

will have no therapeutic effect (Martinez and Amd2002)

123 Measuresto I mprove Drug Dissolution

Poorly water soluble drug compounds, provided fdaton-dependent
bioavailability issues are identified early in tdevelopment phase, can be prime
candidates for the measures and technologies tlyr@railable to enhance in vivo
activity. Provided these drugs are classified asSBIC then absorption will be
dissolution limited, and therefore once in solutithhe drug will be readily absorbed
across the gastrointestinal cell wall. BCS IV coompds however are known to
exhibit poor aqueous solubility as well as poornpeability, and therefore the
limitations to achieving good in vivo bioavailalbyli cannot be solved using
formulation alone. In this case, a return to treglleptimisation phase of discovery is
required in order to select a candidate with maaeofirable physicochemical

properties (Pouton 2006).
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There are a number of methods of formulation whiglve been shown in the
literature to enhance the dissolution properties therefore the in vitro release, and
often in vivo bioavailability, of poorly soluble dgs, and these methods have been
outlined in a review by Pouton (2006). Overall, ythgenerally fall within the

following categories: crystalline solid formulat®namorphous formulations and

lipid formulations, and Table 1.2 below highliglii® main methods.

Table 1.2 Options for formulation of poorly water-solubleudis (Pouton 2006).

Technology

Potential advantage

Potential disadvantage

Conventional micronization

Nanoerystals obtained by ball-milling

Nanocrystals cbtained by dense gas
technology

‘Solid solutions'—dmg immeobilized in
polymer

Self-dispersing ‘solid solutions’ with
surfactants

Lipid solutions (LFCS Type I lipid systems)

Self-emulsifying drug delivery systems
(SEDDS) and SMEDDS (LCFS Type I or Type
I lipid systermns)

Solid or semi-solid SEDDS

Surfactant-cosolvent systems (LFCS Type IV
‘lipid’ systems)

Enown technology, freedom to operate,
solid dosage form

Established products on the market,
experienced technology provider (Elan),
solid desage form possible

Alternative nanocrystal processing
method, still room to develop new IP
Freedom to operate, new extrusion
technology offers solvent-free continuous
process

Steric hindrance to aggregation built into
product, amenable to extrusion

Freedom to operate, safe and effective for
lipophilic actives, drug is presented in
solution avoiding the dissclution step
Prior art available, dispersion leads to
rapid absorption and reduced variability,
absorption not dependent on digestion
Ceould be prepared as a free flowing
powder or compreszed into tablet form

Relatively high solvent capacity for
typical APIs

Insufficient improvement in dissolution rate

Available only under licenze, secondary
process required to avoid aggregation of
nanocrystals

Unproven technology, secondary process
required to avoid aggregation of nanocrystals
Physical stability of product
questionable—drug or polymer may
crystallize

Physical stability of product
questionable—drug or polymer may
crystallize

Limited to highly lipophilic or very potent
drugs, requires encapsulation

Surfactant may be poorly tolerated in chronic
use, soft gel or hard gel capsule can be used
in principle but seal must be effectve
Surfactant may be poorly tolerated in chronie
use, reduced problem of capsule leakage,
physical stability of preduct
questionable—drug or polymer may
crystallize

Surfactant may be poorly tolerated in chronic
use, significant threat of drug precipitation
on dilution
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Solid dispersions were first demonstrated in 19 5bkiguchi and Obi (Chiou and

Riegelman 1971; Sekiguchi and Obi 1961; Serajudt®®9). The term solid

SoLID DISPERSION SYSTEMS

Definition and M echanism of Drug Release
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dispersion is used to describe the mixture of algamluble drug in an inert, water
soluble carrier, usually prepared via the meltavent methods which are explained
later (Serajuddin 1999). Solid dispersions are ableenhance the dissolution
behaviour of poorly water soluble drugs and alserdgfore improve their in vivo

bioavailability (Broman 2001). BCS Class Il druge @éhose most likely to benefit
from solid dispersion formulation, as once they sokibilised in the gastrointestinal
tract they will achieve an absorption profile sianito that of a Class I drug. Class Il
and IV drugs however are limited by poor membraeemgability and therefore

require chemical modification (Pouton 2006).

Class |

| Formulation Desig>

Low Sol
High Perm

Class Il
High Sol

High Perm

Permeability
&’3",-
0N,
%

| Lead Optimisati0|>

Class IV Class lll
g
q:
Low Sol ngh Sol
Low Perm Low Perm
Solubility

Figure 1.4 A typical representation of the biopharmaceutickdssification system, indicating that

absorption of a class Il drug can be markedly imyad by attention to the formulation (Pouton 2006).

The drug in the solid dispersion may be dispersetine crystalline or amorphous
particles, a combination of both, or be moleculadigpersed within the carrier

excipient forming a solid solution (Craig 2002; lbem and Dressman 2000).
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There are a number of proposed mechanisms of eatiamag dissolution from solid

dispersions, some of which include:

1) Reduction of particle size.

2) Inhibition of drug aggregation.

3) Increased drug wettability and dispersibility b tarrier.

4)  Drug solubilisation effect of the carrier.

5) Conversion of drug to the metastable amorphous.stat

6) Dissolution of drug in the carrier.

7) A combination of the above (Abdul-Fattah and Bhaega002; Damian et al.

2000; Karatas et al. 2005).

PooRLY WATER SOLUBLE DRUG

Tablet/Capsule ------- Dosage Form ------- Solid Dispersion/Solution
Disintegration Disintegration
Large Solid Particles Colloidal Particles/Fine Qily

(Usually 5-100 pm) Globules (Usually <1 pm)

Lower Dissolution Higher Dissolution
Rate Rate

ABSORPTION INTO BODY SYSTEMS

Figure 1.5 A schematic representation of the bioavailabiétyhancement of a poorly water soluble
drug by solid dispersion compared with conventicaélet or capsule, reproduced from Serajuddin

(1999).
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When in contact with aqueous media such as gaststinal fluid, the carrier
contained within the solid dispersion dissolvegyasing the poorly soluble drug to
the aqueous environment as fine, colloidal pasicléhe drug surface area is greatly

increased therefore enhancing dissolution (SeraputieR9).

An example of a solid dispersion recently broughintarket is Intelence®. Intelence
is a formulation containing the novel second geim@manon-nucleoside reverse
transcriptase inhibitor (NNRTI), etravirine, usedthe treatment of HIV. Etravirine
is a BCS class IV drug and is spray dried with HPM®©rder to render it amorphous
in combination with the glassy polymer, thus enlnagdts in vivo bioavailability

(Weuts et al. 2010).

132 Methods of Solid Dispersion For mulation

There are a number of methods which can be usédritulate solid dispersions.
The hot melt method (Sekiguchi and Obi 1961) ineslheating the carrier above its
melting point so that a molten liquid is formed.eTéirug is added under continuous
stirring to the molten carrier until a homogenous B obtained. The mix is then
filled into hard gelatin capsules (ensuring thatt@mperature is below %0 which is
the maximum tolerated by the capsule shells) amdedoeither rapidly for example
in an ice bath, or left to cool at room temperai@kambin and Jannin 2005; Leuner
and Dressman 2000; Serajuddin 1999). Carriers loith melting points are most
advantageous for this method as there is less ehahthe drug degrading when

being held at the carrier melting temperature for langth of time.
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Hot melt extrusion (Huttenrauch 1974) has also hesal in the formulation of solid
dispersions. This involves the simultaneous melthmgmogenisation, extrusion and
shaping of the drug and carrier into tablets, glesjupellets, sheets, sticks or
powder. The drug and carrier are only subjectdudb temperatures for a very short
time which is an advantage when using thermolabildstances (Leuner and
Dressman 2000). The dispersion is however subjetdethechanical processing

which can facilitate the conversion of amorphougydrack into its crystalline form.

The solvent method (Tachiban and Nakamura 196%)\eg the dissolution of both
drug and carrier in a common solvent. The solventhen removed either via
evaporation, freeze-drying or spray-drying. It mostensured however that all traces
of solvent have been removed as it has the poldntiaffect product performance

(Leuner and Dressman 2000).

133 Factors I nfluencing Solid Dispersion Behaviour

1.3.3.1 Carrier Properties

The use of surface active carriers over non-suréatige carriers has the advantage
of preventing drug rich surface layers of undisedlvdrug by dispersing or
emulsifying it in a finely divided state (Serajuddi999). Surface active agents, or
surfactants, possess the ability to aggregatermoelles above the critical micelle

concentration (CMC).
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Hydrophilic head

Lipophilic tail

Figure 1.6 The structure of a mice (Kumar 2009).

Poorly soluble or lipophilic drugs can be solulgtiswithin the lipophilic centre ¢
the micelle, enhancing drug wetting properties legrdasing the contact ancg
preventing agregation and increasing the surface area of tg plarticles, therefor

increasing dissolutio

The formation of a drug rich surface layer hindgmsg dissolution and absorption
it prevents the uptake of water by the formulatibnug rich surfacdayers can be
formed by the aggregation small water insoluble particleherefore it is of benef
to use a surface active carrier during formulatiorrder to prevent this occurrin
The surface active carrier is able to rapidly emfylthe solid «ug particles on
liberation from the solid dispersion, ensuring éigon as fine, colloidal particle

with a large surface area for dissolutiFigure 1.7)Serajuddin 199¢.

If formulating via the melt method it is advantagedo use a carrier with a Ic
melting point to avoid drug gradation during melt preparation, however the |

term stability of the preparation may be comproh(Serajuddin 199¢
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Solid Dispersion

Disintegration of
capsule shell

- .
Solid Plug — . .
.
with Layer o
Y ' . ‘.'<3:I solid Plug
\ | .
o * e o
- *
Non-surface active vehicle Surface active vehicle
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Figure 1.7 A schematic representation of the comparative tlisiem of a poorly water soluble drug

from surface active versus non-surface active Vehiceproduced from Serajuddin (1999).

1.3.3.2 Drug Properties

The drug properties influencing solubility have emutlined previously, however
the physical phase in which the drug is presentatsm play an important role in the
effectiveness of solid dispersions. The two phaseshich a solid drug substance
can exist are crystalline and amorphous, and ba#iplay very individual

characteristics. The molecules in the crystallimage are highly ordered in three
dimensions, and are bound tightly together by s#a&on interactions such as
hydrogen bonding and ionic interactions. This iveay stable, low energy and
unreactive phase. The molecules in the amorphoasephowever have no ordered

arrangement or crystal lattice. The amorphous plesestable, high energy and
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therefore reactive, so will readily undergo conia@rdack into its most stable form
(crystalline). This phase can be referred to asi@ersooled liquid (Bottom 1999;
Hancock and Zografi 1997; Zhang et al. 2004). Tinerphous phase is more water
soluble and hence it is advantageous for any dongamed within a solid dispersion
to be in this form. It does however mean that gl glispersion formulation is more

susceptible to degradation during storage.

Interaction between the drug and carrier materillalso play a significant role in
the physical state of the drug in the formulatibrthe drug is found to exhibit high
miscibility in the carrier then dissolution of tkhdeug may occur during manufacture.
This will therefore mean that the drug may be prmeses a molecular dispersion
within the carrier (although not necessarily 100%0d therefore may in part be

classified as a solid solution.

1.3.3.3 Processing and Storage Variables

It is essential to identify the appropriate fornr fbe drug in the formulation and
ensure it remains unchanged in the final produlce grocesses drug and carrier are
subjected to during manufacture can greatly infbeethe final performance of the
solid dispersion formulation. These processes gdélganvolve the modification of
crystalline into amorphous form which can affecemiical, physical and mechanical

properties of the solid dispersion (Zhang et a40

A review carried out by Zhang et al (2004) investegyl the effect of process
development of solid oral dosage forms on phasesfibamation. The greatest
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increase in dissolution of poorly soluble drugsatid dispersions occurs when they
are in the amorphous form. The amorphous form,gokigh-energy, is unstable and
has a tendency to convert back to the more stap#tatline form on processing and
storage. The amorphous form can be created viaéitemethod i.e. when the carrier
and drug are melted together, however the cooktg of the melt can influence if
the crystalline form is regenerated in the finalsalge form. Cooling at room
temperature has been found to encourage crystatiytas it allows the drug time to
attain a suitable orientation for crystal nucleatislowever, rapid cooling appears to
prevent crystal growth, maintaining the amorphotases(Khoo 2000; Zhang et al.

2004).

Preparing solid dispersions via the solvent metbioky encourages conversions of
the metastable phase into the stable phase whemeltastable phase comes into

contact with the saturated solvent solution. Thexpss involves:

1) Initial dissolution of the metastable phase int® slolution to reach and exceed
the solubility of the stable phase.

2) Nucleation of the stable phase.

3) Crystal growth of the stable phase with the comusu dissolution of the

metastable phase (Zhang et al. 2004).

Additional mechanical processing such as pulvedsaand compression can also
influence the conversion of amorphous drug ints@iine, therefore filling of the
molten melt via the melt method into hard gelatpsules and cooling rapidly is the

most optimum method to maintain amorphous drug <2@00).
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Phase conversions of the drug and carrier can doctlve solid state and can be
influenced by factors such as particle size andridigion, impurities, crystalline

defects and environment. Environmental factors cam@ play on storage of the
finished solid dispersion dosage forms (Zhang et2804). High temperature
(especially if low melting point excipients are dseind high humidity can both

encourage conversion of the amorphous form backtivg crystalline.

134 Lipid-Based Carrier Excipients

Developments in the last 10 to 15 years have stdrwg delivery systems composed
of lipidic excipients to be a promising technology the enhancement of the
bioavailability of poorly soluble drugs. They hakieen shown to be successful in
increasing solubility, lymphatic transport targgtirmodulation of enterocyte-based
drug transport and disposition, sustained release coating for either taste masking
or protection of the drug (Jannin et al. 2008).yr'have also been found to have the
capability of normalising drug absorption acros® t&l tract which can be
advantageous for the formulation of drug compoundb a low therapeutic index
(Hauss 2007). Lipids, which are fatty acids andrtterivatives and also substances
which are functionally or biosynthetically relatexhn be further classified into oils,
waxes, fats, and more complex lipids including padipids and lipoproteins which
have involvement in biological processes. The eobirent of oral bioavailability
does however tend to be dominated by vegetablétarg oils and their derivatives,
which encompasses TPGS and Gelucire 44/14 whidhbeildiscussed later in the

Chapter (Jannin et al. 2008).
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A survey carried out by Strickley found that in tbd, lipid-based formulations
account for 2% of commercially available drug pradu(Strickley 2007). These
systems are however, known for their complexitypbfysicochemical properties,
stability issues, difficulties with manufacture kcaip, limited solubility of some
drugs within lipid carriers, pre-absorptive gagttestinal processing, a lack of
knowledge regarding in vivo behaviour, a lack oflerstanding of the influence of
co-administered drug formulations and also lim@as in methods of in vitro / in
vivo correlation (Chakraborty et al. 2009). Nonétss research is continuing to
expand the knowledge base available in order te fakther advantage of this

promising technology.

135 Current Placein the Pharmaceutical Industry and Future Prospects

The development of solid dispersions has proveéftattive method of increasing
drug solubility. However despite their advantagé® commercial production of
water insoluble drugs in these formulations is fedi by difficulties relating to
preparation, reproducibility, formulation, scale-apd stability (Serajuddin 1999).
Additional development is needed in these areasetiewthe utilisation of solid

dispersions is a promising tool in the enhanceroédtug dissolution.
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14 SURFACE ACTIVE LIPIDIC CARRIERS

14.1 Gelucire 44/14

Gelucire 44/14 is an inert, amphiphilic excipienhigh belongs to the lauryl
macroglyceride group of compounds. It consists cbmbination of fatty acid esters
of polyethylene glycol (PEG) and glycerides, thenbmations of which determine
its physical characteristics (Damian et al. 200&rafiddin et al. 1988; Svensson et

al. 2004).

1.4.1.1 Contact with Aqueous Media

Gelucire 44/14 displays a number of interestingoproes on contact with water, to
which its different components contribute. It consamono- and di-esters of PEG
which act as surfactants, monoglycerides whichaactosurfactants, and di- and
triglycerides which comprise the oily phase (Chamand Jannin 2005). Gelucire
44/14 overall is classified as a non-ionic surfatt@Abdul-Fattah and Bhargava

2002).

Gelucire 44/14’s well balanced proportion of shenedium and long chain fatty
acids means it has the unique property of spontahe@mulsifying on contact with
aqueous solutions, for example gastrointestinadi$lat 37C, forming a stable fine
emulsion (Gattefossé 2007). The oil in water enoulsiroplets formed during this
process are approximately 3 to 300nm in size (Clmrabd Jannin 2005). In the

presence of large volumes of aqueous media at amt@eperature, glycerol and
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PEG dissolve immediately as they are the most Ippdlio, followed by the other
crystals i.e. PEG esters and trilaurin, the resgltliquids being mesophases.
Dissolution is found to be a slow process due tsopbkase formation, however they
are found to melt at physiological temperature mg@lkiissolution a faster process
(Svensson et al. 2004). This is a unique charatigridifferent from all other
Gelucires which remain essentially intact when ontact with agueous media

(Karatas et al. 2005).

Gelucire 44/14 is also thought to have the cagstoli forming micelles. The CMC
is known to be difficult to determine due to its mpacomponents, nonetheless the
initiation of micelle formation is thought to occat either 2ug/ml or 10pg/ml
(Kawakami 2004; Schamp et al. 2006). The ability G&é¢lucire 44/14 to form
micelles may allow it to be effectively utilisedrfancreasing the solubility of
lipophilic substances in aqueous media by micaltdubilisation. Gelucire 44/14 is
able to decrease the interfacial tension of posdible compounds with water, in
turn decreasing the contact angle between the ubkolsolid surface and the
dissolution media, promoting wetting and dissolutiy preventing aggregation and

agglomeration (Damian et al. 2000; Tashtoush &Cfl4).

1412 Oral Delivery Applications

Gelucire 44/14 has been established as an effeetiegient for pharmaceutical
formulations. Gelucire 44/14 does however lendlfitse formulation as the sole
excipient, particularly into self-emulsifying drutglivery systems (SEDDS) such as

semi-solid dispersions (SSD) in hard gelatin cagsoif poorly water soluble drugs.
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This method, as well as increasing bioavailabilify insoluble drugs, can also
enhance stomach tolerance (Chambin and Jannin 2008ye are a number of
published data looking at the formulation, chanasétion, dissolution and effect of
storage conditions of Gelucire 44/14 solid disgersj generally in comparison with
solid dispersions containing other excipients, pfatanixtures and pure drug, which

will be discussed.

1.4.1.3 Enhancement of Dissolution Rate by SemidSaikpersion Formulation

The low melting temperature of Gelucire 44/14 leitd® formulation into semi-
solid dispersion systems via the melt method. irhislves heating the pure Gelucire
44/14 to a temperature above its melting point. r&his, however, conflicting
information with regards the best temperature ® fos this purpose. A number of
studies suggest’@ and others suggesi®Gabove melting point (Karatas et al. 2005;
Pillay and Fassihi 1999; Serajuddin et al. 1988dhe® studies have suggested
between 60 and 8G (Chambin and Jannin 2005; Schamp et al. 2008 eer the
manufacturer Gattefoss€é has demonstrated, usingstage microscopy, that
temperatures in the range 53*66were necessary in order to obtain a fully molten
liquid thus ensuring that all crystals have melfBde solid drug is then added to the
molten Gelucire 44/14 under continuous stirring #mel mixture is filled into hard
gelatin capsules at less thar’@Dwhich is the maximum tolerated by the capsule
shells (Serajuddin 1999). The semi-solid disperdimmulations then undergo a

rapid cooling process between %8or are left to cool at room temperature.

47



Chapter One Introduction
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Figure 1.8 Formulation of Gelucire 44/14 se-solid dispersionssia the melt methoi(Gattefossé

2007).

Cryogenic grinding of Gelucire 44/14 and formulatimto sold dosage forr such
as tablets and pellets has k investigated by Chambin and Jan(2005) in order to
overcome the need for time consuming melting angl mbquirement for hig
temperatures. Cryogenic grinding, in this caseglved grinding of the carrier at lo
temperatures, brought about by liquid nitrogenp iat powder form. The ma
conern was the chance of the mechanical activation gemeration of enerc
affecting the crystalline structure of Gelucire B4/ After characterisation and

vitro dissolution studies it was concluded thath@ligh cryogenic grinding appeat
to have no fiiect on the crystalline structure of Gelucire #44/there appeared to

no advantage of one manufacturing method over ttier

On disintegration of the hard gele capsule, dissolution of the se-solid dispersion

occurs via erosion by the dissoon media (Khoo 2000. Gelucire 44/14
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spontaneously emulsifies on contact with aqueoudianehich in turn has been
shown to increase drug wettability and disperdipilprotecting the particles from
aggregation, agglomeration and precipitation (Tasttt et al. 2004). It was
suggested by Barker et al (2003) that the improvenredrug dissolution may, in
part, be due to the incorporation of drug into ttiyelration layer of Gelucire 44/14

during self-emulsification.

Drug/carrier interactions may also play a rolehiea énhancement of drug dissolution,
which can be characterised by techniques such &dn8 IR spectroscopy. A study
carried out by Karatas et al (2005) highlightedt ttleemical interactions between
drug and Gelucire 44/14, specifically the mono-,aifid triglycerides, fatty alcohols
and polyglycolised fatty acid esters, can leadnttréased solubility of the poorly
soluble drug. Physical mixtures of the drug anduGie¢ 44/14 also brought about an
increase in dissolution, possibly due to close @ayscontact contributing to

increased solubilisation and wettability on selfedsification of Gelucire 44/14

(Damian et al. 2000).

1414 Inhibition of P-glycoprotein Efflux Transper

P-glycoprotein or P-gp is a polarised multidrugisesice ATP-dependent efflux
transporter (Figure 1.9). It is highly expressedtba apical membranes (luminal
surface) of most epithelial tissues, such as imestiver, kidney, colon and blood
brain barrier. P-gp belongs to the ATP binding etisS(ABC) superfamily of protein
membrane transporters and it is expressed by thR EiDmultidrug resistance gene

(Collnot et al. 2007). It actively transports a widhnge of substances out of the cell

49



Chapter One Introduction

against a concentration gradient, thus keepingagetiular levels low. It can
therefore be a barrier against potentially toxibstances, protecting the cell from

damage (Collnot et al. 2007).

ouTt

IN

A) ATP

@ Substrate

Figure 1.9 P-glycoprotein efflux transporter (Edwards 2003).

Overexpression of the P-gp efflux transporter &adIto multidrug resistance which
is observed in cancerous cells against chemothdrapyments. It also leads to the
limitation of adequate bioavailability of certailamically unrelated drugs such as
digoxin, antibiotics and steroids. The inhibitiof B-gp by lipidic excipients
therefore has the potential to increase the agtvitchemotherapy agents against
resistant cancers when administered in a combioechuiation such as a solid

dispersion (Collnot et al. 2007).

The effect of Gelucire 44/14 on the P-gp effluxagporter has been investigated in a

study conducted by Sachs-Barrable (2007). Theypksiti@d that Gelucire 44/14, at a
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concentration of 0.02% w/v, was capable of achgwan intracellular concentration
of the P-gp substrate Rh123, greater than thateo€ontrol. Gelucire 44/14 appeared
to suppress the active secretion of Rh123 acro€sa@-2 cell monolayer via
inhibition of the P-gp efflux transporter. It wats@ noted that, after exposure to

Gelucire 44/14, the cells down-regulated P-gp esgiom on the lipid membrane.

1.4.15 Effect of Aging and Storage Conditions

A number of studies have investigated the influesfoearying storage conditions i.e.
temperature and humidity on Gelucire 44/14 andoitswulations. Humidity plays a
vital role in the possible degradation of Geluei#14 formulations. A study carried
out by Svensson et al (2004) investigated the Higaraof pure Gelucire 44/14 by
humid air at ambient temperature in detail, andrattarised the physical changes
involved in the process. Below 70% relative hunyidiRH) only free glycerol
absorbed water up to approximately 1% w/w whicthéesmaximum permitted by the
European Pharmacopoeia. The conditions experiethaedg processing and storage
would generally be between 30 and 60% RH meaniag@elucire 44/14 would not
exceed 1% w/w water absorption under normal stocgeimstances. However,
above 80% RH the PEG esters dissolve and the vigai<Gelucire 44/14 begins to
change from a white gel at 11% w/w water, to a gkiispersion at 25 to 31% w/w
water, to a white gel at 50 to 61% w/w water, tatevklispersions again at 71 to 75%
w/w water, and then finally to separate white asadsparent liquid phases. Svensson
et al (2004) also highlighted that water uptakeG®fucire 44/14 can be effectively

replicated by assuming independent uptake by eathidual component.
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Studies carried out by the manufacturer Gattefdsigihlighted that, above 30 at
75% relative humidity, Gelucire 44/14 will absorlppsoximately 10% water,
indicating that temperature does play a role. & h#so been demonstrated, via
methods such as X-ray diffraction and scanningtedacmicroscopy, that Gelucire
44/14 does not undergo any change in crystallingctstre upon aging at varying
temperatures (below 30) and humidities (below 80%) (Chambin and Jani@ig52

Gattefossé 2007).

The effect of aging has also been carried out om-selid dispersion formulations
containing Gelucire 44/14. Tashtoush et al (2004t no significant change in the
release of drug from the formulations after agirgy two months at room
temperature. Damian et al (2002) however found thssolution from Gelucire
44/14 semi-solid dispersions decreased as a fumofistorage time, possibly due to
a reorganisation of crystalline structure. Incregsiemperature appeared to favour
the conversion of the triglyceride fraction intan@re stable form. X-ray diffraction
studies indicated that the decreasing dissolutioopgrties of the semi-solid
dispersions were due only to changes in Gelucifg#ghysical state and not that of

the drug.

Joshi et al (2004) found that storage at tempezatabove 4T caused leakage from
the Gelucire 44/14 semi-solid dispersion capsulestd its low melting temperature
of 44°C. Stability of the formulations could thereforetrme guaranteed at high

temperatures.
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Serajuddin et al (1988) highlighted that drug conmcdion in the semi-solid
dispersion may also play a part in the decreasexient of dissolution. High drug
concentrations were found to encourage drug realtigsttion in short periods of

time (i.e. less than 7 days) becoming more statdiel@ss water soluble.

14.2 TPGS

TPGS, or D-alpha tocopheryl polyethylene glycol Q@iccinate, is a water soluble
derivative of fat soluble vitamin E. It is a nomio surfactant with amphiphilic

properties (Eastman 2005).

1.4.2.1 Contact with Aqueous Media

TPGS molecules, due to their amphiphilic natur@nsgneously self associate in
water to form micelles when present above thecalitmicelle concentration (CMC).
The CMC for TPGS is relatively low at 0.02% w/vvrater at 37C. This property
allows the effective solubilisation of lipophilicatecules in an aqueous environment,

facilitating absorption (Eastman 2005).

Figure 1.10 illustrates the liquid crystalline pbagmesophases) of increasing TPGS
concentrations in water at %7. Above the CMC, TPGS micellar solutions remain
low-viscosity until approximately 20% w/v, above it the liquid crystalline

structure evolves through the following:
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1) Isotropic globular micellar.

2) Isotropic cylindrical micellar.

3) Mixed isotropic cylindrical micellar and hexagonal.

4) Mixed hexagonal and reversed hexagonal.

5) Reversed globular micellar.

6) Lamellar phase (Eastman 2005).

At the extremes of concentration the solutions rartiguid-like, however between

approximately 20 and 90% w/v the solutions demanstgel-like properties.
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Figure 1.10 Liquid crystalline phases of TPGS / water systat&”C (Eastman 2005).

e I1zTE0 5 1) TPGS CONCONTATION —
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1422 Absorption and Excretion

TPGS micelles are thought to readily pass throwglular membranes where they
are broken down and hydrolysed releasing the mbtabalpha-tocopherol and PEG
1000. Alpha-tocopherol is secreted into the lymgghaystem via chylomicrons,
whereas the PEG 1000 is rapidly excreted in theeuftastman 2005; Traber et al.
1988). The use of TPGS in vivo has demonstratedietectable clinical or laboratory
evidence of hepatic, renal, bone marrow, gastrsiimal or metabolically toxic
effects however it has been noted that the long texicity of chronic absorption of

PEG 1000 should be monitored (Sokol et al. 1998819

Vitamin E plays an essential role in the antioxidsystem and deficiency can cause
varying degrees of damage to the peripheral nersgsiem (Traber et al. 1988). The
ability of TPGS to form micelles has been showerbance intraluminal absorption,
therefore increasing plasma levels of alpha-tocophe¢hus making it a possible
source of vitamin E for malabsorbing patients. TRI88s however only provide one
of the eight tocols comprising vitamin E in foodslaat high doses alpha-tocopherol

can actually deplete other essential tocols (Papak 2007).

1.4.2.3 Oral Delivery Applications

The characteristics of TPGS lend it to use as @bdder and absorption enhancer of
poorly water soluble or lipophilic drugs i.e. thaeeBCS class Il. Studies present in
the literature to date have been carried out inyatsg concomitant administration

of liquid TPGS with poorly soluble drugs, physicalixtures and semi-solid
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dispersions, to discover which is the most effectimethod of increasing the
solubility and absorption of these drugs. Thesehoud are nearly always compared

to the solubility and absorption of pure drug alone

1.4.2.4 Enhancement of Dissolution Rate by SemidSaikpersion Formulation

There are a number of methods of preparing send-sbispersion formulations
which have been mentioned previously. In genemhisolid dispersion systems
containing TPGS are formulated using the melt metthee to its low melting point
of between 37 and 4@ and high degradation temperature of @@Shin and Kim
2003). TPGS is melted to between 60 andC8@b ensure complete melting of
crystals (Schamp et al. 2006). The drug is thereddd the molten TPGS and stirred
to ensure a homogenous mixture. The mixture is thewred into hard gelatin
capsules at a temperature less than approxima®&y and the capsules are either

cooled rapidly (between 5%8) or allowed to cool at room temperature.

The method of enhanced absorption of poorly soldblgys by TPGS in semi-solid
dispersion systems appears to be two fold; incatpmr of the drug into micelles,
and inhibition of the P-glycoprotein efflux transp, provided the drug is a
substrate. There is evidence to suggest howevérfdhaulation into a semi-solid
dispersion may also cause conversion of crystalingg into the more soluble
amorphous form (Shin and Kim 2003). This may intican interaction on a

molecular level although this should possibly baleated on a case by case basis.
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The nature of TPGS means it is able to form misedle contact with agueous media
i.e. it can prevent the formation of a water inbtdudrug rich surface layer on
dissolution of semi-solid dispersion formulationg kcting as a dispersing or
solubilising agent (Barakat 2006). TPGS spontanigodsperses and dissolves
releasing drug particles throughout the aqueousan@&tis increase in surface area
of solid drug in turn increases its dissolution aswbsequent absorption and
bioavailability. The media becomes saturated witbsalved drug therefore the
remaining drug precipitates as fine colloidal dpagticles (Serajuddin 1999). These
remaining drug particles are thought to be incaxped into TPGS micellular

structures, increasing both the solubilisation itlte aqueous environment of the
gastrointestinal tract and absorption by intesto®ls into the systemic circulation.
The TPGS molecules dissolve the lipophilic drug ewales in their lipophilic

tocopheryl tail groups, exposing the hydrophilicG?PE000 head groups to the

aqueous environment, provided TPGS is presentabeentration above the CMC.

TPGS has been shown to bring about limited incr@askeug dissolution below the
CMC, however above this concentration, dissolutas been observed to increase
linearly. Once the drug molecule is incorporatetb ithe micelle, one proposed
mechanism is that the complete structure entergd¢heand the drug is released by
intracellular hydrolysis of the TPGS molecules (Ean 2005; 1994; Varma and

Panchagnula 2005; Yu et al. 1999).

It is possible, after formulation of a semi-solidsgkrsion, to discover during
characterisation that a solid solution has beeméarinstead of a solid dispersion, or

even a combination of the two (Leuner and Dress@@00). This means that the
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drug will have been molecularly dispersed throughthe TPGS during melting.

Therefore, on dissolution of the water soluble TREBSontact with agueous media,
the drug will be present in a supersaturated swiutifrhe presence of TPGS in
solution may also prevent precipitation (Leuner &rdssman 2000). It is thought,
however, that solid solutions are more prone tanétdion of drug rich surface layers

(Serajuddin 1999).

1.4.25 Inhibition of P-glycoprotein Efflux Transper

TPGS has been shown to be a potent inhibitor of Phglycoprotein efflux

transporter. The exact mechanism of inhibition ajpPefflux by TPGS is currently

unknown. P-gp inhibition has been observed at Te@®entrations well below the
CMC suggesting that it is not only restricted tacatiar activity but also that of free
TPGS molecules. TPGS appears to be a potent iohiitP-gp, with concentrations
approximately 10 fold lower than the measured CM@dnstrating almost complete
inhibition. Inhibition has also been found to beghly temperature dependent

indicating that an active energy transport systemvolved (1999; Yu et al. 1999).

TPGS has been observed to bring about P-gp intribitia energy source depletion.
This occurs by steric hindrance of the ATPase emzywh the Pgp transporter
therefore obstructing substrate binding or causithgsteric modulation. This steric
hindrance may be a result of either a direct intitva of TPGS with allosteric Pgp
sites or incorporation of surfactant molecules itb@ cell membrane causing
blockage of substrate binding sites. Unspecific fmeme fluidisation or

rigidification brought about by TPGS is thought notbe responsible for any P-gp
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inhibition observed (Collnot et al. 2007). TPGS sideowever appear to cause
rigidification of the cell membrane both above d@atow the CMC which should not

be discounted as a possible method of P-gp inbib{f{Rege et al. 2002).

1.4.2.6 Effect of Aging and Storage Conditions

Aging of semi-solid dispersion formulations contagn TPGS and poorly soluble
drugs is thought to cause instability in the systéminging about conversion of
amorphous drug into the more stable crystallinenforhis was found to significantly
reduce the dissolution on in vitro testing aftereomonth of storage at room

temperature (Schamp et al. 2006).

Conversion of amorphous drug (and carrier) intodtystalline form has been found
not to occur at room temperature and below, at ORlg BRthough evidence of
crystallinity was found as the temperature and lglitynincreased. It is thought that
this is due to the PEG portions present in TPG®waging hydrogen bonding with
water, therefore facilitating drug-carrier segrématand crystallisation (Barakat

2006).

1.4.3 Comparison of the Effectiveness of Gelucire 44/14 and TPGS in

Semi-Solid Dispersion Formulations

There are three key papers which highlight thectffeness of TPGS and Gelucire

44/14 in comparison with each other, these paperdetailed below.
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Barakat (2006) investigated the effectiveness bfl shspersions, formulated via the
fusion method, of etodolac with either Gelucirel446r TPGS as the sole excipient.
Using FTIR spectroscopy it was identified that ¢hevas a probable interaction
between the imino group of etodolac and the carbgsgup of the Gelucire 44/14
and TPGS. DSC data also suggested the formatiamofphous etodolac within the
solid dispersions. Dissolution studies were caroatlin simulated gastric fluid and
simulated intestinal fluid. Both Gelucire 44/14 afidGS showed enhanced
dissolution in comparison with pure etodolac, athbsolid dispersions displayed
greater dissolution concentrations in simulatecestibal fluid, probably due to
etodolac being weakly acidic (pKa 4.65). TPGS, ih sudies, appeared to
demonstrate enhanced solubilising properties wioempared to Gelucire 44/14, as a
greater proportion of Gelucire 44/14 was requi@@roduce similar results. A solid
dispersion formulation containing both Gelucire ¥4/and TPGS did however
provide faster release profiles in both aqueousotlision media than each excipient

alone.

A study carried out by Schamp et al (2006) invedéd the development of an in
vitro / in vivo correlation for solid dispersion$ a poorly water soluble drug EMD
57033. The solid dispersions were prepared viartek method and it must also be
taken into account that, in order to achieve coteptissolution of the drug in the
carrier melt, 2-vinylpyrrolidone was added to Galeci4/14 and labrafil and PEG
1000 to TPGS. Dissolution testing was carried awugimulated gastric fluid, FeSSIF
and FaSSIF. Gelucire 44/14 produced a releaselgrofi approximately 100%

within 30 minutes in all media and this did notrsigantly change after 2 years

storage at room temperature. TPGS however releggaaximately 85% drug after
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180 minutes and this decreased to less than 4086 @fie month storage at room

temperature.

The in vivo studies were carried out on four madadie dogs after an overnight fast
of 16 hours. TPGS produced drug plasma levels dtdiffigher than the IV standard,
however Gelucire 44/14 produced plasma levels 18 fogher. These results
coincided with the in vitro studies and it was #fere concluded that there was “a
very strong rank order correlation” and that evatm of solid dispersion

formulations of poorly soluble drugs can be donkeast partly on an in vitro basis.

Khoo et al (2000) studied the absolute bioavailgbibf the poorly soluble drug
halofantrine in lipid based solid dispersions contey TPGS and Gelucire 44/14.
Dissolution studies were carried out in hydrochlaacid and water at 3Z. Both

excipients increased the dissolution profile ofofehtrine compared to the pure
sample. However TPGS appeared to demonstrate Iglighthanced solubilising
properties compared to Gelucire 44/14, as a highgyortion of Gelucire 44/14 was
required to produce a similar result. It was alsmed that a solid dispersion
containing halofantrine, Gelucire 44/14 and TPG®% iratio of 1:3:3 gave the most

optimum dissolution results.

1.8 AIMSOF THISRESEARCH

As detailed previously, lipid based solid dispensiormulations offer great potential
in the enhancement of dissolution of poorly solullleug compounds. The

complexity of these systems along with stabilityuiss, difficulty with scale up and
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little knowledge of their in vivo performance mak#wir successful journey to
market challenging (Chakraborty et al. 2009). Thanmaim of this project was to
gain a greater understanding of the physicochenpicalerties of the chosen lipidic
carrier excipients, with a view to relating these and also explaining the
physicochemical properties of their formulateddipiased semi-solid dispersions. It
was also hoped that these properties, as welltasni@ation of the physical state of
the model drug within the semi-solid dispersiontays could be successfully related
to their behaviour in vitro, during hydration, aatso during aging under differing

humidity conditions.

Chapter Two outlines the materials and methods usettie project and can be
referred to throughout for methods such as sammppapation which will not be
repeated in subsequent chapters. A more detailébdoa@ogy is given in further
Chapters specific to the data presented. ChaptexeTdemonstrates characterisation
data of the surface active lipidic carrier materias a background prior to analysis of
the formulated dosage forms being investigated. fAlbsequent Chapters are
concerned with characterisation of the semi-sokpealision systems of Gelucire
44/14 with model drugs (ibuprofen, indometacin gocbxicam). Chapter Four is
concerned with the overall characterisation ofgami-sold dispersion formulations,
consisting of thermal analysis techniques includiogventional, hyper (fast-speed)
and quasi-isothermal differential scanning calotime and also hot stage
microscopy. Chapter Five presents in vitro releda@ of the drug from the semi-
sold dispersion systems. Chapter Six outlines Hhimradata of the semi-sold
dispersion systems carried out using dynamic vapoggtion analysis in relation to

the affinity with atmospheric moisture, and Cha@even demonstrates aging and
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storage effects upon these formulations. Finallgag@er Eight aims to summarise
the project findings as well as drawing definitas@clusions from the data presented

in this thesis.
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Chapter Two Materials and Methods

The way in which pharmaceutical formulations behadepends upon the
physicochemical properties of the constituents.otder to develop a complete
understanding of these properties it is essertifllity characterise each component
alone and also the formulation as a whole. It ierdfore beneficial to employ a
multi-instrumental approach to ensure comprehenshaacterisation. This project
employs a variety of techniques, ranging from treanalytical to in vitro

dissolution, in order to gain an in depth underditagn of the physicochemical

properties of the systems, and therefore be abpeadict how these properties will

influence the behaviour of the final formulation.

In this chapter, an outline of the materials usedhie project is given, as well as

background to the techniques and methods of sapneparation.

2.1 MATERIALS

211 Surface ActiveLipidic Carriers

Two surface active lipidic carriers, Gelucire 44ddd TPGS, were selected for the
purposes of this project. They were chosen on Hwshthat they demonstrate an
ability to enhance the dissolution profile of pgosgoluble active drug compounds
when formulated into semi-solid dispersion systeiftsese materials are detailed

below.
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21.1.1 Gelucire 44/14

Gelucire 44/14 (Lot Number 103201) was kindly pded by Gattefossé (Lyon,

France) and was used as received.

Structure and Formation

Gelucires are amphiphilic excipients belonging e group of compounds lauryl
macroglycerides (Serajuddin et al. 1988; Svenssah €004). They consist of fatty
acid esters of polyethylene glycol (PEG) and gligkes, the combinations of which
determine their physical characteristics (Damian akt 2000). Gelucires are
categorised according to their melting points arydrdphilic-lipophilic balance
(HLB) values which are denoted by numbers at thé e@h‘'Gelucire’. They are
totally inert compounds which are used as excigiem a wide variety of

pharmaceuticals worldwide (Gattefossé 2007).

Gelucire 44/14 belongs to the larger group of ‘Geks’; however it possesses the
unique ability to spontaneously emulsify on contaith aqueous media, which has
been explained in detail in Chapter One. It is appd as a food additive by the FDA
and its raw components are of food grade. It isiwred to be non-toxic and can be
safely administered orally up to 1440mg/day basedro adult of 60kg. It is formed
via the polyglycolysis of hydrogenated palm keroilwith PEG 1500 (Gattefossé
2007). Being derived from vegetable oil it is wallerated by the body and is
‘generally regarded as safe’ (GRAS) (Chambin amuhida2005; Sheen et al. 1995).

The constituents of Gelucire 44/14 are shown indsB.1 and 2.2 below.
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Table 2.1 Constituents of Gelucire 44/14 and their percertagGattefossé 2007; Svensson et al.

2004).
Constituent Percentage (%)
Free PEG 1500 8
PEG 1500 esters (mono- and di-fatty acid esters) 72
Glycerides (mono-, di- and tri-) 20
Glycerol 0-3

Table 2.2 Constituent fatty acids of Gelucire 44/14 andtipeircentages (Gattefossé 2007).

Fatty Acid Percentage (%)
C8 (caprylic acid) <15
C10 (capric acid) <12
C12 (lauric acid) 30-50
C14 (myristic acid) 5-25
C16 (palmitic acid) 4-25
C18 (stearic acid) 5-35

At room temperature Gelucire 44/14 exists as aevbami solid waxy material of
approximately 83% crystallinity. It has been foutadexist in a single crystalline
form, the crystals thought to be formed by lamelhd®EG esters and some pure
PEG, separated by layers of fatty acid chains. & heaty also be amorphous regions,

trilaurin crystals and liquid glycerol (Gattefos2@07; Svensson et al. 2004).
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Characteristics and Thermal Properties

As explained above, ‘44/14’ denotes the meltingnp@nd HLB value for this

particular Gelucire. This indicates Gelucire 44/has a melting point of

approximately 42C (although in reality it melts over a range of paratures) and an
HLB value of 14 (Barakat 2006). DSC plots produbgdGattefossé and Damian et
al (2000) show that, on melting, Gelucire 44/14stais display a broad leading
shoulder (Figure 2.1). This is thought to be brdughout by the separation of
Gelucire 44/14 components into fractions with diéfg melting points (Gattefossée

2007).

Ry
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Figure 2.1 DSC melting profile of Gelucire 44/14 (Gattefo2607).

69



Chapter Two Materials and Methods

2.1.1.2 TPGS

TPGS (Batch Number 50037000) was kindly provided\biraZeneca

(Macclesfield, UK) and was used as received.

Structure and Formation

TPGS is a water soluble derivative of the fat sl@ubtamin, vitamin E. It has the
classification of ‘generally regarded as safe’ ((B3Ay the FDA and is effective to
be used as a pharmaceutical excipient. It hastiemical name D-alpha tocopheryl
polyethylene glycol 1000 succinate and is syntleesiga the esterification of the
acid group of vitamin E (crystalline D-alpha tocepyl succinate) by polyethylene
glycol (PEG) 1000 (Eastman 2005). At room tempeeallPGS is a white to light

brown / pale yellow waxy solid substance.

COQ(CH,CH,0)H
@

CH3 CH3
CH3 CHg

CHy CH,

CH;

Figure 2.2 General structure of TPGS analogues; n = 23 (Lale2008).
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Characteristics and Thermal Properties

TPGS is a non-ionic surfactant which has amphiplptoperties and a hydrophilic-
lipophilic balance (HLB) of approximately 13 (Eastm 2005). It consists of a
hydrophilic polar head group (PEG) illustrated bgen in Figure 2.2, a lipophilic
tail group (tocopheryl) illustrated by black andaccinate linker illustrated by red
(Colinot et al. 2007). These bulky groups give thelecule a large surface area
making TPGS an effective emulsifier. It also fuoo8 as a solubiliser, absorption

enhancer and stabiliser (Shin and Kim 2003).

TPGS has a low melting point between 37 antC4however it is heat stable below
200°C and has a degradation temperature of approxima@¥PC (Figure 2.3). It
therefore displays good thermal stability duringaphaceutical formulation when

subjected to normal processing temperatures.
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Figure 2.3 The DSC melting profile and oxidative thermal @atation of TPGS (Eastman 2005).
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212 Active Pharmaceutical Ingredients (Model Drugs)

The model drugs used in this pro are all BCS Class Il compour and therefore
by their nature have low aqueous solubility ahigh permeability across tt
gastrointestinal cell wall. BCS Class Il drugs arene candidates for dissolutis
enhancement using solid dispersion systems, astbegeare in solution in the (
fluids they will be readily absorbed into the sysie circtlation, thus improving

their in vivo bioavailability

2.1.2.1  Ibuprofer

Ibuprofen is used pharmaceutically as a-steroidal antinflammatory drug and i
widely available as a ‘General Sales List’ or ‘Ovlee Counter’ formulation for it
analgesic and aninflammatory effects. It is a n-selective cycl-oxygenase
inhibitor and exists as a white, crystalline powder. It thessystematic name (2F-

2-[4-(2-Methylpropyl)phenyl]propanoic acid, a molecular glei of 206.3 g/mol an
a melting point of 7-78°C (British Pharmacopoeia 2010)s glass transitio

tempeature is thought to k-45.15°C (Domanska et al. 2009).

H CHs
CHs CO,H

HsC

Figure 2.4 Structural formula of ibuprofe (British Pharmacopoeia 2010).
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It has been shown to be highly insoluble in wa@0Img/ml (Kasim et al. 2003))
but freely soluble in acetone (British Pharmacopo2010). The solubility of
ibuprofen is also pH dependent as it is acidic ature. It is thought to fall within
BCS Il due to its low solubility but high permeatyil It is also thought, as with all
NSAIDS, to promote its own transport across theré&dt (Potthast et al. 2005). It is
for this reason that ibuprofen is a valuable mattelg in the development of oral

dosage forms to improve the bioavailability of gdg@oluble drugs.

Ibuprofen is usually administered as the free arid as a racemic mixture of two
enantiomers, S (+) and R (-), however the R (-)ngamer has little activity
(Potthast et al. 2005). Commercially available folations of ibuprofen are often
film or sugar coated and are known to demonstratéation in terms of in vitro
dissolution and in vivo bioavailability (Saville @D). This will be brought about by
the poor aqueous solubility of ibuprofen which e trate limiting step on oral

administration.

Ibuprofen can exist as plate or needle-shaped asysthich are characterised by
melting points of 75.1 and 782 (Moneghini 2008). Despite not exhibiting genuine
polymorphism, the crystal habit of ibuprofen hasrbeound to change with

pharmaceutical processing, and once mixed withpaxais, the interactions between

molecules can become destabilised (Romero et 88)19
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2.1.2.2 Indometacin

Indometacin is a cyclo-oxygenase inhibitor and i$®@scription Only Medicine’

used as a non steroidal anti-inflammatory analgésiccapsule or suppository
formulations. It has the systematic name 1-(4-ditlenzoyl)-5-methoxy-2-methyl-
1H-indol-3-acetic acid (molecular mass 357.81 gjmalmelting point of between
158 and 162 and a decomposition temperature of 220°C (BriBslarmacopoeia

2010; Okumura et al. 2006).

H3C

~ COLH

cl OCH3,

Figure 2.5 Structural formula of indometacin (British Pharnogpoeia 2010).

Indometacin is a white / yellow crystalline powderd can exist in a number of
different polymorphic forms. It is virtually insdbile in water, with a solubility
recorded as 0.0025mg/ml (Bandi et al. 2004), arlg sparingly soluble in alcohol
(British Pharmacopoeia 2010). Amorphous indometdeas a glass transition
temperature (J) of 43C, below this temperature amorphous indometacistaltises
to the stable polymorphic form (m.p. 16Z), however above the,The metastable

o form (m.p. 158C) is favoured (Andronis and Zografi 2000; Otsukale2001).
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Indometacin, like ibuprofen, is a BCS Class Il caupd i.e. low solubility but hig
permeability across the cell wall of the gastratiteal tract. This means that
demonstrates a low and often erratic bioavailgbiihen taken orally caused by

poor solubility in the Gl fluid(El-Badry et al. 2009).

2.1.2.3 Piroxican

Piroxicam is a ‘Prescription Only Medicine’ belongito the same group of r-

steroidal antinflammatory drugs as ibuprofen and indometaciis hot utilised fol
its analgesic, anihflammatory and antipyretic properties due todiggayed onset ¢
adion which is caused by slow and gradual absorptiod a long half life o
elimination. Its use is therefore reserved for #uaite and long term treatment
osteo and rheumatoid arthritis symptc(Prabhu2005; Qi et al. 2010. It is a cyclo-
oxygenase inhibitor and has the systematic na-Hydroxy-2-methy-N-(pyridine-

2-yl)-2H-1,2benzothiazin-3-carboxamind 1,Hioxide. It exists as a whi
crystalline powder with a limited water solubilitf 0.0198ng/ml (Karatas et al.

2005),.

(S
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H
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Figure 2.6 Structural formula of piroxicar(British Pharmacopoeia 2010).
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Piroxicam is known to show polymorphism howeverisitunknown how many
different forms exist. An investigation carried dayt Vreter et al (1991) was able to
isolate four polymorphic forms with melting poir21.6C, 195.5C, 178.4C and

164.7C, and at least one pseudopolymorphic (monohydnadelification.

Piroxicam is classified as BCS 1l (high permeapililow solubility) and its
bioavailability has been successfully increasea@isiolid dispersions formulations

in the past (Yuksel 2003).

2.2 METHODS

221 Physical Mix Preparation

Physical mixes of the crystalline model drugs apdlic carrier were created for the
purpose of comparison with the SSD systems of #mescomponents. Known
amounts of crystalline drug were physically mixedhwthe carrier, the resulting
melting transitions of which acted as a calibratfoantrol) in order to calculate the
guantity of drug dissolved in carrier during thenhmlation process, as opposed to

that present as crystalline particles in the SSD.

Physical mixes were created in the DSC pan by vireggtihe crystalline drug on top
of the lipidic carrier, then sealing. This methodsachosen in preference to making
larger quantities as that would pose the difficdtyachieving an evenly distributed
mix. Uneven distribution would result in unreliabdiata and the small quantities
required for analysis would be likely to contairryiag amounts of crystalline drug.

The kinetic energy created by the process of mixmgld also render the crystalline
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drug amorphous. Placing the crystalline drug ondbfhe carrier in the DSC pan is

able to ensure mixing when the lipid melts at loteenperatures.

222 Semi-Solid Dispersion Formulation

There are a number of methods available for th@aregion of SSD systems, as
described in Chapter One, such as solvent evaporhti spray or freeze-drying, or
by hot melt extrusion. The method chosen ultimatipends upon the drug and
excipient involved and also the physicochemicalppries required of the final
product. The properties of the carriers used ia gbject, being low melting point
lipids, lend them to formulation via the hot meletimod. This involves heating of the
carrier to approximately 8@ until molten and the addition of the crystallideug
with continuous stirring for 5 minutes until thexms homogeneous. The dispersions
were then allowed to cool, protected from light; 48 hours at either°@ (denoted

as SSD(4)) or 2« (denoted as SSD(20)) before being analysed.

223 Capsule Preparation

Due to the viscous nature of the molten SSD systammeparation and the resulting
difficulty in accurately measuring the required qtity by volume, the formulations
were allowed to cool before being filled into si@ehard gelatin capsules. This
allowed an accurate quantity by weight to be ptd gach capsule corresponding to
the required amount of drug for each system; 25rhgbaprofen, 25mg of
indometacin, and 10mg of piroxicam, the total weighSSD depending upon the

drug loading.
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224 Thermal Analysis Techniques

2241 Conventional Differential Scanning Calorirge

Differential scanning calorimetry (DSC) is the masgidely used of the thermal
analytical techniques. It is a technique by whitle thermal transitions of a
substance, such as melting, re-crystallisatiorsggteansition or decomposition, are
investigated, providing quantitative and qualitatimformation about the samples
physicochemical properties. Samples are subjectedat linear temperature
programme, heating, cooling or isothermal in ngtarel the response is measured in
terms of the energy transfer to or from the sangder time or temperature. The
energy changes which occur within the sample dutiege transitions are measured
in comparison to an empty reference, generatimgce tof heat flow or heat capacity
signals against temperature which displays tramstias exothermic or endothermic

peaks (Gabbott 2008).

Sample Reference
B B

Figure 2.7 Schematic of a heat flux DSC. A = furnace, B =rifcouple (Reproduced from Reading

and Craig (2007)).
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There are two different approaches to DSC analysis, being heat flux and the
other power compensation. Heat flux DSC consisterdy one furnace containing
both sample and empty reference pans which areglagmmetrically within the
cell. This furnace heats the sample and refereaos pqually and the temperature
difference between the two is measured by thermmesuplaced underneath the

pans. Heat flow from the furnace can be calculatedg this equation:

—_— = Equation 2.1

wheredQ / dtrepresents heat flowfT is the temperature difference between the
furnace and the pan arilis the thermal resistance in the heat flow betwien

furnace and pan (Reading and Craig 2007).

Figure 2.8 Schematic of a power compensation DSC. A = furnBcesample and reference pans,
C = sample and reference platinum resistance themeters (Reproduced from Reading and Craig

(2007)).
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The concept of power compensation DSC is more cexnfflan that of heat flux.

This approach makes use of two separate furnacesfon each of the sample and
reference pans. The temperature programme is the & each furnace, however
the difference in power required to maintain bo#m$ at the same temperature is

measured (Reading and Craig 2007).

Heat capacity () represents the energy required to increase thelsaemperature
by 1K, and heat flow is consequently a functiorheét capacity (Reading and Craig
2007). Therefore, taking into account heat capaity the occurrence of any kinetic

responses of the sample, the DSC signal may bessgul as:

d daT
2 _c, 4

+ f(t,T) Equation 2.2
wheredQ/dtrepresents the heat flo@, is the heat capacityT/dtis the heating rate
andf(t,T) is a function of time and temperature represgntny kinetic response

(Hill et al. 1998)

Modulated temperature differential scanning caletip (MTDSC) is an extension
of conventional DSC in the fact that a modulatedusoidal heating wave is applied
to the standard linear temperature programme. Duéd modulating temperature,
the heating rate also modulates accordingly, inlstglaremaining constant. This
allows separation of the reversible (heat flow agged with heat capacity) and
irreversible (heat flow associated with a chemaagnt) processes, making it easier

to distinguish between phases.

80



Chapter Two Materials and Methods

Modulated Temperature (*C)

Time {(man)

Figure 2.9 Comparison between an MTDSC temperature profilebfoken line) and that of

conventional DSC (broken line) (Coleman and Cre8§4) .

Reversible processes are thought to be in equifibbriwith the surrounding

temperature programme and are therefore depengentheating rate, for example
crystallisation. Irreversible processes are thobehvare kinetically controlled and
are therefore dependent upon absolute temperauch, as melting (Coleman and

Craig 1996).

The modulated temperature programme can be exgrasse

T=T,+ qt + A.sin(wt) Equation 2.3

where T represents temperatur§, is the starting temperature,is time, A is the
amplitude of oscillationq is the average heating rate amdis the frequency of
oscillation. Therefore taking Equation 2.2 into @act, the heat flow of MTDSC

experiments can be expressed as:
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Z_f = CP (C[ t Aw. COS(a)t)) + f(t: T) + C. Sin(wt) Equation 2.4

where (+Awn cos(t)) represents the derivative modulated temperafitel) is the
kinetic response excluding the effect of the motilmtaandC is the amplitude of the

kinetic response to the modulation (Hill et al. 829

Interaction between the drug and carrier of an &BMulation can be characterised
using DSC. It is known, however, that the heatiates capable of standard DSC
instruments are slow enough to allow further dissoh of crystalline drug into the
molten carrier during analysis. This allows falsterpretation of data and may lead
to the incorrect assumption of the presence oflia solution. This effect could
potentially be overcome by employing faster heatiages which is explained in

section 2.2.4.3.

uuuuuu

Cooling Rods

Cooling Ring

Figure 2.10 TA Instruments Q2000 DSC and schematic of thefheatell (TA Instruments 2010).
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All conventional DSC experiments were performedngsa TA Q1000 or Q2000
DSC instrument in TA Tzero or standard aluminiunngaThese instruments

perform using heat flux technology.

2242 Quasi-lsothermal Modulated Temperature eDgffitial Scanning

Calorimetry

The technique of quasi-isothermal modulated tentpezadifferential scanning
calorimetry (QIMTDSC) is a variant of traditional WSC which involves the
holding and sinusoidal modulation of the tempemjomogramme around a specific
temperature for extended periods of time. The teaipee can be incrementally
increased or decreased through a sample transeionjnating the influence of
heating or cooling rate. This method can be useduth a way as to accurately
characterise a thermal transition, independent até.r A disadvantage to this
technique however is that QIMTDSC methods genetakg a minimum of 12 hours
to run which can extend to days. The outcome paemtd this method is the
reversing “apparent” heat capacity which takes iatwount the reversing heat

capacity and the effects of latent heat (Wunde2id@3).

Transitions can be detected using Lissajous arslyghereby the modulated heat
flow is plotted against the modulated temperatdi@s allows observation of the
reproducibility of the sine wave heat flow modubais within a single isothermal
period. The transition can be observed in real taymaoting the deviation of the sine
wave curves from the steady state through the eoofsthe process, thereby

providing a novel means of de-convoluting the Heat processes associated with
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the thermal event as a function of time, in theeabs of kinetic effects. The major
slope of the Lissajous sine wave modulations ga@sndication of heat capacity.
Any change in this slope therefore suggests a eéhanfjeat capacity of the sample
over the course of the experiment, with a steejmgrescorresponding to a greater
heat capacity. A change in the width of the Lisgajsine wave ellipses suggests a
difference in phase between the sample respondeeab flow and the applied
stimulus or temperature fluctuation which coulddsea result of a thermal transition.
This difference is known as phase lag howevemtisrpretation is known to be very

difficult.

All Quasi-Isothermal MTDSC experiments were perfedrusing a TA Q1000 or

Q2000 DSC instrument in TA Tzero or standard aluammnpans.

2243 Hyper (Fast Speed) Differential Scannintp@aetry

Hyper DSC works under the same principles as cdivead DSC however it

involves the heating of samples at much fastersraib@n those possible using
conventional DSC. The capability of achieving thbaggh heating rates is attributed
to the use of power compensation technology whinpleys a much smaller furnace
as outlined in Section 2.2.4.1. Commercially avadahyper DSC instruments can
heat at rates up to 780/minute. Advantages of using increased heatiregriaiclude

reduced run times and improved sensitivity. Thesgmity enhancement observed is
attributable to the time lag between the sample r@fekence achieving the same
temperature after a thermal transition has occurféis time lag is the same for

slow and fast rates, however at faster rates,rtmesition peak will increase in size
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due to a greater input of energy per unit timethe. energy changes occur over a
significantly shorter time period, allowing visusdtion of weak transitions (Gaisford
2008). This is useful in the detection of weaketaw energy process such as glass
transitions. A disadvantage of enhanced sensitivityever is poor resolution. The
increase in size of the thermal transitions carceahother smaller transitions which

may be occurring.

It is possible in some cases, by heating at acdel@rrates, to inhibit kinetic

transitions such as crystallisation and glass iians The temperature of these
processes is known to increase with increasingrigesaate, therefore, if the heating
rate is fast enough it is possible to inhibit theompletely. The sample is still able to
respond to the input of energy, and thermodynanyicantrolled events such as
melting are not affected (Gaisford 2008; Gramagl@5). A study carried out by

Gramaglia (2005) found that fast heating ratesadse capable of reducing further
dissolution of drug into polymeric film matrices cathus giving a more accurate
determination of its solubility in the polymer. HypDSC has, however, been found
to be less robust than conventional DSC due toeaswd variability in measured

enthalpies (McGregor and Bines 2008).

For the purposes of this project, the main advantagusing hyper DSC was the
reduced dissolution of drug in the molten lipidarreer during analysis, allowing a
more accurate determination of drug solubility withthe carrier, and also
guantification of crystalline drug present in th85systems after formulation. All
hyper DSC experiments were performed using a Pékirer Diamond DSC, based

at AstraZeneca, Macclesfield, in 40ul aluminiumhale pans.
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2244 Hot Stage Microscopy

Hot Stage Microscopy (HSM) technique can be usethi® physical characterisation
of pharmaceutical samples and involves the observadf thermal transitions

occurring in a sample as a function of temperatume time. HSM is a useful visual
method which allows evaluation of the physical endies of pharmaceutical

compounds and complete formulations and which @amuided to complement and
confirm processes which are observed using otleental analytical techniques such
as DSC and TGA (Vitez et al. 1998). The apparatussists of a camera mounted
above a polarised light microscope, into which lioé-stage, containing the sample

on a glass slide, is placed.

HSM was used in this project to characterise mgléand crystallisation of the lipidic
carriers on heating and cooling, as well as charisettion of the crystalline drugs
and evaluation of these thermal processes wheronmbimation as SSD systems.
HSM experiments were performed using a Mettler @ol&P90 Central Processor
and an FP82HT Hot Stage, a Leica DM LS2 Microscapeé a JVC digital colour

video camera connected to a PC.

2.25 Dynamic Vapour Sorption

Dynamic Vapour Sorption is a technique by whichrégponse of a sample material
is measured in relation to changes in temperatuléhamidity over time. The loss or
uptake of water is accurately recorded gravimdtyida comparison to an empty

reference. It is important to understand the eft@ctemperature and humidity on
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pharmaceutical excipients and active ingredientsriter to predict the behaviour of

the final formulation upon storage. The humidity time sample and reference

chambers is regulated by three mass flow contsolidrich adjust the nitrogen purge

gas flow through the system. Humidity reservoies @sed to generate nitrogen purge
gasses of the required moisture content, from @8b. A heat exchanger is used to
control the temperature of the sample and refereng@onment between 5 and°85

(TA Instruments 2010).

Balance

Reference Chamber

Sample Chamber

RH Sensor

— RH Sensor

Humidity Chamber:

Humidifier

Figure 2.11 The internal components of a typical DVS instrutmgtC = Mass Flow Controller (TA

Instruments 2010).

The most common analyses performed using this igelrare isotherm experiments
which involve the sample material being subjectediricreasing or decreasing

humidity at constant temperature, and isohume éxgeats where the sample is
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subjected to increasing or decreasing temperattirecoastant humidity (TA
Instruments 2010). In most cases the sample idl te¢ore analysis and the weight

is allowed to equilibrate at each isothermal stefot® moving on to the next.

Samples for analysis by DVS were prepared as ddtagreviously and all
experiments were performed using a TA Instrumens0QSA in 180ul quartz
crucibles. DVS was used in this project to deteartime hydration behaviour of the
lipidic carrier material and drugs alone and in bamtion after formulation into

SSD systems at varying temperature and humidity.

2.2.6 In Vitro Dissolution

In vitro dissolution testing is used in the pharmaecal industry for a number of
applications, for example in formulation scienceatsess the dissolution properties
of a drug in order to aid selection of appropriexeipients for combination into oral
dosage forms or to discriminate between formulattandidates to aid selection
(Dressman 1998); however on the whole, dissoluisting allows characterisation
of the release profile of immediate and modifietkase solid oral dosage forms.
Ultimately, in vitro dissolution testing of pharneaticals is used to predict and
assess in vivo performance i.e. bioavailabilityotder to achieve a more accurate in
vitro / in vivo correlation, the tests must be eadrout under the appropriate

conditions, and simulated gastrointestinal fluids @ften used for this purpose.
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Figure 2.12 Copley dissolution bath.

Drug dissolution into the gastrointestinal fluidsan essential part of the processes
which occur after oral administration of a solichlodosage form, and for poorly
soluble drugs, this is the rate limiting step. listproject, dissolution was utilised
purely to investigate the improvement, if any, bé tdissolution rate of the three
poorly soluble drug SSD systems formulated withdhesen lipidic carrier material.
All experiments were performed using a Copley SdierDIS8000 dissolution bath

attached to a Copley Scientific FH16-D heating.unit
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31 INTRODUCTION

The physicochemical properties of the chosen seréamtive lipidic carriers, such as
melting and crystallisation temperatures, can wlatterations during manufacture
into formulations, and also upon storage. It is om@nt to fully characterise these
properties prior to formulation in order to preditteir behaviour when in
combination with the drug, and also in the finabguct as a whole. The lipidic
carrier materials under investigation are largelyst@lline in structure. Crystalline
materials display significant or complete structuader which is repeated
indefinitely in three dimensions. As well as chaeasation of the physicochemical
properties of the carriers upon heating, in orderdemonstrate the changes
undergone during manufacture, the crystallisatramdition was also investigated.
On cooling from a molten state, for example dur8fgD formulation, the carriers
crystallise, however not necessarily forming thesarystalline structure as before.
Any alteration in the crystalline packing arrangemevill alter the carrier's
physicochemical properties. This may become a deadge as the behaviour of the

final formulation will be unknown and therefore wegictable.

In this chapter, structural properties of the lipidarrier materials are determined
using DSC methods by observing thermal transitigpen heating and cooling. HSM
is used to complement DSC data by visually mirgritnese transitions. The
technique of quasi-isothermal MTDSC is further deped as part of this project in
order to characterise crystallisation of lipidic teréals. The technique allows
isolation of the temperature at which crystallisatioccurs, independent of heating

rate. DVS has also been used to investigate thervgarption properties of the

91



Chapter Three Characterisation of Lipidic Carriers

carriers, as such characteristics may be extrenmeportant in determining the

performance of the final formulation.

3.2 METHODOLOGY

3.21 Conventional Differential Scanning Calorimetry

Conventional DSC experiments were performed und@tragen environment, with
a purge rate of 50ml/minute. Calibration of thetimsient was conducted prior to
experimentation. This involved cell resistance aapacitance (baseline) calibrations
with an empty cell and sapphire disks (Tzero catibn), cell constant calibrations
using indium standard (Tm 156.6°C, heat of fusi8r62/g), and finally temperature
calibrations using benzoic acid (Tm 122.4°C) andctadecane (Tm 28.2°C).
Temperature calibrations were carried out at theeseate as intended for sample
analysis. Samples for analysis were taken direfctiyn the container, loaded and
crimped into TA standard aluminium pans or Tzemavahium pans, all of similar

weight.

Heating and cooling experiments were conducted Ansfandard aluminium pans
with a sample weight range of 2 to 2.5mg. Samplesvheated from°C to 60C,
held isothermally for 10 minutes to ensure compthegdting, and then cooled back to
0°C or -10°C at a rate of 0.5, 2, 10 or’@0minute. Samples were also heated to

200°C at 10C/minute. Experiments were repeated up to fourgime
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As part of the aging study, samples were heated caded at 18C/minute as
described above, then aged in the pan for 1, 8, 34 and 72 hours under ambient

conditions, after which time the method was repate

3.2.2 Quasi-lsothermal Modulated Temperature Differential Scanning

Calorimetry

Quasi-isothermal MTDSC experiments were performedden a nitrogen
environment at a purge rate of 50ml/minute. Catibra of the instrument was
conducted prior to experimentation, as per conweati DSC. An additional
calibration using aluminium oxide was also carraed in order to calibrate for the
required QIMTDSC method, determining the total amdersing heat capacity
constants. Samples in the weight range 2 to 2.5erg \prepared into TA standard

aluminium pans or Tzero aluminium pans, all of amweight.

All samples were heated above the melting temperatiuil 6C/minute to 68C, held
for 10 minutes to ensure complete melting, and tkenled to the point of

QIMTDSC. All methods employed an amplitude of@&land a period of 60 seconds.

Method One- Cooled from 40 to -£C in 5°C increments, with an isotherm of 60
minutes at each increment.

Method Two- Cooled from 35 to® in 1°C increments, with an isotherm of 20, 40
or 60 minutes at each increment.

Method Three- Held isothermally for 720 minutes (12 hours®ft 30, 31, 32, 33,

35 or 40C.
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Method Four— Held isothermally for 2880 minutes (48 hours)€C.

3.2.3 Hot Stage Microscopy

Samples for analysis were applied to glass micfesaiides and heated from 30 to
50°C at 10C/minute, cooled to room temperature, then re-lietde50C. Images

were captured at x20 magnification, under polariggd. It should be noted that the
apparatus has no control over the rate of coolirgyever it was calculated to be

approximately 2C/minute.

324 Dynamic Vapour Sorption

Samples were taken directly from the containera@balysed gravimetrically using
DVS in quartz crucibles against an empty referefiteee different methods, under
nitrogen environment, were used to characterise hydration behaviour of the

lipidic carrier.

Method One- 75% RH, temperature ramped from 25 t6(55%0 minutes at each
step.

Method Two- 75% RH, held isothermally for 60 minutes atray temperature (25,
30, 35, 40, 45, 50 or 56).

Method Three- 40C, RH ramped from 0 to 90%, 60 minutes at each step

All samples were dried at 25 and 0% RH for 60 minutes prior to experimentation

Desorption or absorption of water was measuredeaghtvloss or gain respectively.
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3.3 GELUCIRE 44/14

331 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

Conventional DSC is the most widely used of thertta¢ analytical techniques. It is
a fast and convenient method of determining theldomental thermal properties of
pharmaceutical samples and therefore an indiredication of their structural

properties. In this section it is used to charastethe melting and crystallisation
transition of Gelucire 44/14 and also the depeneefcthese transitions upon rate

changes, thermal history and aging.

3.3.1.1 Melting

The most accurate method of determining the meltiemperature (Tm) of
crystalline materials is to calculate the extrafleonset temperature (Tgier). The
peak max (Tmhax) is affected by the broadness of the transitiorcvis dependent
upon the particle size, sample mass and heatirg(&#unders 2008). On heating,
Gelucire 44/14 exhibits a characteristic doubletimglendotherm (Figure 3.1). The
smaller leading peak (secondary peak) displays @ndagof 28.3C + 0.3 (Tjmax
34.5°C £ 0.2;AH 21.1 J/g + 0.3), with the main melt (primary pealkccurring at
39.9C + 0.1 (TMmax) 45.0°C + 0.07AH 91.4 J/g + 3.2). The secondary peak, which
appears to consist of 2 phases, is contributeswer melting point fractions of the
lipid (Gattefossé 2007). The larger primary meltl@herm also appears to have a
slight shoulder. MTDSC studies carried out by thenofacturer, Gattefossé (2007),

found the reversing and non-reversing signals tmatestrate a similar melting
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endotherm to that of the total heat flow, thus ®sfjgg that the broad endotherm
observed is attributable to a single melting tramsi only, and not a number of
different thermal events occurring over the sameperature range. Due to the many
components of the lipid and their complex intexacti which are not yet fully
understood, the broad double melting endothermitandarious peaks and shoulders

cannot be assigned to any specific componentsi{Suata et al. 1994b).

Heat Flow (W)

T T T T T T T T T
10 15 20 25 30 35 a0 45 50 55 60
B lp Ternperature (°C)

Figure 3.1 Heat flow against temperature signal on heatingl&iC/minute of the Gelucire 44/14

melting endotherm.

On heating above the melting temperature of Gedudid/14 (Figure 3.2), an
exotherm is observed at onset 144Q14 0.2 (max 157.8°C + 0.3H 9.0 J/g + 1.4).

It is possible that this exotherm is some form eéamposition of the lipid; however
it is unlikely to be oxidative in nature. The samgban was crimped and not
hermetically sealed therefore any oxygen presethinvithe pan will have been
driven off by the nitrogen gas purge flowing thrbuthe cell during analysis.

Dordunoo et al (1991), whilst investigating solidgersions of Gelucire 44/14 with
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triamterene, suggested the decomposition of Gelublf14 at approximately 170
however offered no suggestion as to the naturkeoptocess. As this is not the focus

of this study, the nature of this exotherm wasfadher investigated.

025 i |

-125 4

Heat Flow (M/ig)

-225

] A
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a 25 50 75 100 125 150 175 200

o lp Termperature (*C) Unkersal VETATA htrme it

Figure 3.2 Heat flow against temperature signal on heatind @C/minute of Gelucire 44/14. Inset:

Magnification of decomposition exotherm.

3.3.1.2 Crystallisation

Lipids in general consist of multiple components king the process of
crystallisation, and subsequently its charactaosat complex. The carriers
investigated are doubly complex since, despite goeiiha lipidic nature, they also
contain polymeric elements or properties which wiélvitably have an effect on the
overall behaviour of the material. General lipidied polymer crystallisation theory
will however give an insight into the processesalihoccur upon cooling from the

molten state.
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Lipids are known to retain some molecular order nvimethe liquid phase. This order
is lost upon heating to extreme temperatures atievenelting point of the lipid. The
temperature from which the lipid is cooled is aedetining factor on the form of the
lipid once crystallised. If the lipid order is lodten a less stable form is known to
crystallise from the melt (Metin and Hartel 2005his will have an impact on the
structure of the final formulation depending updre ttemperatures used during

manufacture.

The process of crystallisation relies upon two pefelent phenomena; nucleation
and crystal growth. Before crystallisation can actiie solution is required to be in
a supersaturated or subcooled state, generallgahionce the temperature drops
below the melting point of the lipid. The phase nsf@rmation process of
crystallisation is dependent upon the Gibbs freergn barrier to nucleation.
Crystallisation begins with nucleation which invedsthe association of molecules
into a solid crystalline phase, i.e. a crystalidatt Only those nuclei large enough to
overcome the barrier of free energy will remairgsth too small will disperse back
into the supersaturated or subcooled solution (Leingl. 1995). Once a nucleus is
formed, energy is released known as the latentdfdasion, allowing the molecules
to exist in a lower energy state. Upon cooling aslew rate, the associating
molecules have sufficient time to organise intoeoed lamellae structures, whereas
during fast cooling, a diffuse crystalline phasel@i energy is known to form

(Metin and Hartel 2005).

There are three methods by which nucleation isghbto occur, as outlined by Long

et al (1995):
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1) Spontaneous homogeneous nucleation which ingdhe association of only a
single species from a supercooled homogeneous Tiedtis rarely the case.

2) Heterogeneous nucleation around the surface fofreagn particle or phase
present in the solution acting as a catalyst, kntavreduce the free energy
required for nucleation to occur.

3) Orientation induced nucleation which involves e thalignment of

macromolecules and spontaneous crystallisation.
Once nuclei are present in solution, greater numbémolecules from the liquid
phase begin to associate causing growth of thetatryshich continues until

equilibrium or complete crystallisation is achiev@&tetin and Hartel 2005).

One method of modelling the process of crystaigats with the Avrami equation

which takes the form:

(1—-X) =exp(—kt™) Equation 3.1

whereX is the crystal fraction at timek is a crystallisation rate constant ani the
Avrami exponent (Avrami 1939). The application dfist model can give an
indication as to the mechanism by which nucleadind crystal growth occurs. The

value ofn can be expressed as

n=ng+n, Equation 3.2
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where nq relates to the dimensionality of crystal growtmdan, is the time
dependence of nucleatiamy can be calculated to the value of 1, 2 or 3 cpording

to one dimensional growth, two dimensional lame#lggregates (axialites) or three
dimensional aggregate superstructures of radiakllam (spherulites) respectively.
The value oh, can assume the integers 0 or 1 signifying insteedas nucleation or
spontaneous nucleation respectively (Lorenzo eR@0D.7). Overall therefore, total

values ofn suggest:

n=4 Heterogeneous nucleation and spherulitic alygtowth from sporadic
nuclei in three dimensions; Constant nucleatioe vétich is independent
of time.

n=3 Heterogeneous nucleation and spherulitic alysgrowth from
instantaneous nuclei in three dimensions; The ntgjaf nuclei are
formed at the beginning of the crystallisation mesx; The rate of
crystallisation decreases with time.

n=2 Two dimensional, plate-like crystal growth;vAry rapid nucleation rate
at the outset of crystallisation which decreaseth wime (Metin and
Hartel 1998).

n=1 One dimensional crystal growth from instantarsenuclei.

Melting, as a first order thermodynamic processiosaffected by increasing heating
rate. Crystallisation, however, is kinetically caniied and therefore the temperature
at which it occurs is reduced with increasing rattecooling. Modification of lipid
mechanical properties upon variation of cooling rdtie to the formation of mixed

glyceride crystals is well known (Sutananta etl@P4b). Increasing the cooling rate
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also enhances sensitivity making transitions appsger. This effect is due to an
increase in energy flow per unit time. This is dastoated by Figure 3.3 in which
the crystallisation exotherm increases considerablgize. The Tgnser) reduces in

temperature from 28°8 + 0.9 (Tgmax 27.4C + 0.9;AH 98.7 J/g * 8.4) cooling at
0.5°C/minute, to 208C + 2.3 (Tgmay 12.5C + 3.0; AH 100.6 J/g + 1.8) at

20°C/minute.

Heat Flow (W)

206C/min
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ZoCimin
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Balp Temperature (°C)

Figure 3.3 Heat flow against temperature signal on coolingvarying rates of Gelucire 44/14

crystallisation.

The physical state of the lipid in the formulate8C5will have implications on the
physicochemical properties of the final product.olt@ rate has been shown to
impact crystallisation of lipids greatly by the nifochtion of the solid fat content and
also the crystal habit. Slow rates of crystall@atcan encourage the aggregation of
small crystals into larger particles and thereftine formation of more stable
polymorphs (Bourlieu et al. 2010). This can therefaffect the physical state of the

lipid at room temperature. It is important, therefoto have an understanding of
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these processes in order to select the most apg@dformulation method and
storage conditions as the formulation may have ¢ocboled to much lower

temperatures than anticipated in order to achidudlyasolidified system.

It is noted by Sutananta et al (1994a) that sidme manufacturing of Gelucire
formulations, in the main, involves its transformoatinto the liquid state before
undergoing some form of solidification, due to tmmplex crystallisation behaviour
of the lipidic material, this process may affeat fhhysical structure and therefore the
performance of the final product. Another papeiths same author (Sutananta et al.
1994Db) also highlights that cooling rate has aquotl effect on the physical state of
the lipid, with a faster cooling rate forming a hageneous system and a slower
cooling rate encouraging fractionation of the vasidipid components into different

microscopic regions.

The crystallisation exotherm appears to be greathable in shape between repeats
of the same sample, often demonstrating a douhlg,J (data not shown). This may
in part be due to the nature of the different mgltpoint fractions of the lipid.
Crystallisation is also very dependent upon numeaand crystal growth and the
rate of these processes, which can vary extensiasltherefore can the shape of the
exotherm. The crystallisation of Gelucire 44/14 widsserved to be comparable
between those samples cooled at the same rate bBowalted at different rates
(data not shown), implying that crystallisationimelependent of the prior rate of
melting and therefore that it is not necessarilgashelent upon the thermal history of

the lipid.
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Solid Fat Content Calculation

The solid fat content illustrates the proportiontieé crystallisation exotherm, and
therefore the proportion of lipid in the crystadlistate, at any particular temperature
(Bourlieu et al. 2010). It can also be used to fhet progression of the endothermic
melting transition. The data is generally plottegaiast temperature; however
plotting versus time can also give information abttwe crystallisation process. The
solid fat content of Gelucire 44/14 crystallisatiofas calculated as a function of
temperature using the area under the re-crystiadirsglots at various temperature
points, expressing them as percentages of the tmtatomplete crystallisation,

assuming that the total peak represents 100% dryateon. This technique allows

visual simplification of the crystallisation prosey plotting the percentage solid
fraction against temperature, for each individuwalmg rate, it is possible to identify

the amount of Gelucire 44/14 present in the solatesat any temperature point

during the crystallisation process.

Figure 3.4 illustrates the percentage of solid Getu44/14 during crystallisation
after standard heating at®@minute. The cooling rate has a significant effacthe

crystallisation kinetics of the lipid. It can be sgloved that the crystallisation
temperature decreases with increasing cooling Tdts. will have a great impact on
the physical state of the lipid at room temperatdraking this into account and
referring to Figure 3.4, it suggests that at capliates above 0°6/minute, the lipid

may not be completely solidified at room temperatwas the crystals have

insufficient time to form. This does however make assumption that the area of the

103



Chapter Three

Characterisation of Lipidic Carriers

crystallisation DSC endotherm is directly propanabto the content of solid in the

system (Sutananta et al. 1994a).
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Figure 3.4 Percentage solid fat of Gelucire 44/14 during tajissation versus temperature on
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Using the solid fat fraction at tinteagainst time data (Figure 3.5) it was possible to
perform Avrami analysis. The Avrami modelling pasters are illustrated in Table
3.1. The data was found to fit well, wittf Ralues between 0.9934 and 0.9998. The
crystallisation rate constant, k, was observedtoeiase with increasing cooling rate.
The rate of crystallisation was also seen to haymsitive relationship with the
cooling rate on observation of the fraction of ddét in relation to time in Figure 3.5
above. The increase in crystallisation rate witbliog rate is attributable to a greater
driving force for crystallisation, thus effectingueieation and crystal growth

(Bourlieu et al. 2010).

Table 3.1 Avrami modelling parameters for the solid fat dafaGelucire 44/14.

Cooling Rate k 5
n R
(°C/minute) (min™)
0.5 4 0.0001 0.9934
2 4 0.015 0.9981
10 3.05 1.22 0.9998
20 3.24 4.67 0.9991

The value of the calculated gives an indication as to the time dependence of
nucleation and also the dimensionality of the alygrowth. Slower cooling rates
illustrated ann value of 4 suggesting heterogeneous nucleation spinerulitic
growth from sporadic nuclei. This also indicateattthe rate of nucleation was
constant and independent of time. Cooling ratedadind 20C/minute demonstrated
ann value of 3 (to the nearest integer) also sugggstpherulitic growth however
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from instantaneous nuclei, with the rate of nudteatdecreasing with time.

Heterogeneous nucleation is expected in the caGeloicire 44/14, as in most lipids,
due to the presence of many different componerite. Slower cooling rates may
allow spontaneous nuclei formation throughout thestallisation process however
faster rates reduce the amount of time for crystdlbn to occur suggesting that

nuclei may be instantaneously formed only at thet siff the process.

3.3.1.3 Temperature Cycling

On re-melting after first crystallisation, with a@asdardised thermal history, the
endotherm was altered in both size and shape @®6). The secondary melt of the
lower melting point fraction was reduced from gy 28.3C + 0.3 (Tmax 34.5°C
+0.2;AH 21.1 J/g # 0.3) to 23°€ + 0.6 (TNnax) 28.3°C + 1.0AH 4.3 J/g * 2.1).
The Tmonsery Of the primary melting endotherm remained reldyiveonstant and
could be seen to occur at 389+ 0.1 (TMmax) 45.0°C = 0.07AH 91.4 J/g + 3.2)
first melt and 40.2C + 0.5 (TMmax) 44.0°C + 0.07AH 70.7 J/g + 1.0) second melt.

A significant change in thaH of the peak could however be observed.

The second, third and fourth melting endothermseapg to be identical and

reproducible. This suggests an initial alteration the lipid’'s physicochemical

properties, which are maintained on heating andirmmpthereafter.
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Heat Flow (wig)
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Figure 3.6 Heat flow against temperature signal of Gelucird/14t heated multiple times at

10°C/minute (crystallisation data excluded).

Gelucire 44/14 contains a large proportion of PE@&ms (72%) and it is known that
PEGs can exist in different polymorphic forms cepending with different chain
folding arrangements, which are structurally degendupon the thermal history
(Sutananta et al. 1994b). Lipids can also existarying polymorphic forms due to
their generally complex nature, particularly natueds which consist of multiple
components, such as palm kernel oil (hydrogenatdd¢h is polyglycolysed with
PEG 1500 in the manufacture of Gelucire 44/14 (Meind Hartel 2005). Overall
crystallisation of Gelucire 44/14 will be a complaxture of different crystal forms
however the possible capacity of Gelucire 44/14 poments to exist in different
polymorphic forms may be the cause of the altenatibthe melting endotherm upon
temperature cycling. The process of the first nmetty initiate this polymorphic
change which therefore brings about a consequemtgehin the shape of the second

and subsequent melts.
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The shape of the second melting endotherm was faonble influenced by the
cooling rate of the first crystallisation. As thate of crystallisation increased, the
secondary melting peak became broader, the pripeak became sharper and the
Tmmax) inCreased in temperature (Figure 3.7). The ratehath the lipid crystallises
therefore appears to have an effect upon the thgnmoperties of both the lower and
higher melting point fractions. This must be takeio account when considering the
rate of cooling of the final product after formudat. Gattefossé, the manufacturer of
Gelucire 44/14, however, state that the structfit@eaducire 44/14 is not affected by

cooling rate.

Heat Flow (Wig)
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Figure 3.7 Heat flow against temperature signal on heatind @C/minute of Gelucire 44/14 second

melting after cooling at different rates (notedtbe plot).
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3.3.14 Aging

The melting endotherm of Gelucire 44/14 was obserte change during
temperature cycling i.e. the second melting endath@fter heating and cooling)
had altered in shape as demonstrated above. ligthieof this finding, the lipid was
heated and cooled, then aged for varying lengthsmed under ambient conditions
before being heated for a second time in orderstabdish if the lipid remained in

this altered state (Figure 3.8).

After one hour, the shape of the second Gelucivé4#elting endotherm almost
completely transformed back to that of the firspni Tmonsen 27.4C (TMmax)
33.6°C; AH 18.6 J/g) to 24 % (Tmmax 31.3C; AH 27.8 J/g) for the secondary peak,
and TMonsey) 40.0C (TMmax) 44.4C; AH 73.6 J/g) to 18& (Tmmax 14.6C; AH
99.0 J/g) for the primary peak. The slight diffezes between endotherms became
less and less pronounced with aging, particulanbt tof the primary peak. The
differences in the secondary peak, however, apgaeaneemain. The two phases seen

at time zero were reduced, as was thenky
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Figure 3.8 Heat flow against temperature signal of Gelucid4} first melt at 18C/minute (black)

before aging and second melt at’@dminute (red) after aging under ambient conditidms1 to 72

hours.

This suggests that any alterations to the thermadasties of the lipidic carrier after

first melting, as observed previously, may not leenpanent, and almost complete

conversion back to its original state, i.e. thaseslved upon first melting taken

directly from the container, is rapid, with thegs$lt exception of the lower melting

point fraction thermal properties. As discussedvabahe change noted in the

Gelucire 44/14 melting endotherm upon temperatycéing may be attributable to
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the possible capacity of Gelucire 44/14 componengxist in different polymorphic
forms after the first melt and crystallisation. Tiaet that the shape of the melting
endotherm can be observed to be time limited mggesst that the new polymorphic
form(s) is unstable and therefore upon aging, fgpsdnverts back to its original

state.

3.3.15 Continuity throughout the Container

Since Gelucire 44/14 is formed directly in the @mér during manufacture and is
composed of multiple constituents, it was felt rsegy to ensure that continuity
throughout could be assumed, by assessment of dh@noperties by conventional
DSC. The melting endotherm of samples obtained fitmentop, middle and bottom
of the container were analysed. The dmga;of the secondary melting endotherm of
all samples was found to occur at 28.2being reproducible to within + 0.1 standard
deviations (Trnax) 34.2C + 0.4;AH 19.5 J/g +1.4), with the main melt at 44+
1.1 (TMmax) 45.4C + 0.4;AH 92.5 J/g + 1.4). Crystallisation occurred at 2C.&
0.1 (TGmax) 15.9C + 0.8;AH 101.6 J/g +1.0) (data not shown). Samples takem f
throughout the container demonstrated good repibtitie of the melt and
crystallisation transition suggesting that all séspanalysed in the subsequent
studies should show good continuity and be independf its position in the original

container.
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332 Crystallisation Analysis using Quasi-lsothermal Modulated

Temperature Differential Scanning Calorimetry

The technique of QIMTDSC is a variant of traditibMirDSC which involves the
holding and modulation of a sample around a spet¢dmperature for extended
periods of time. The temperature can be incremigniactreased or decreased
through a transition, eliminating the influencerate and therefore investigating time
dependent processes. Crystallisation is a kinetmcgss and therefore highly
dependent upon the rate at which the sample i2do®@IMTDSC can be used in
such a way as to accurately characterise crystatiis, independent of cooling rate,
giving an indication of the true temperature at chhit occurs. In the case of
MTDSC, the kinetic nature of nucleation and crygfedwth means that the single
modulation enthalpic change can be sufficiently Ikttt the system is rendered
non-reversing, with the heat capacity of the sysbenmg observed in the reversing
signal (Reading et al. 2007). The crystallisatioocpss can also be observed through
the creation of Lissajous figures, whereby the nteted heat flow is plotted against
modulated temperature. This allows observationhef reproducibility of the sine
wave heat flow modulations within a single isothafmeriod. The crystallisation
can be observed in real time by noting the deunatibthe sine wave curves from the
steady state through the course of the crystatiisgbrocess, thereby providing a
means of de-convoluting the heat flow processesceéted with the thermal event as

a function of time, in the absence of kinetic effec
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Figure 3.9 Reversing heat capacity versus time signal foru@et 44/14 QIMTDSC 60 minute
isotherm on cooling with °& increments. Inset: Lissajous plot (modulated h#laiv against

modulated temperature) of the sine wave heat floguiations at 38C.

After analysis of Gelucire 44/14 usinethod Onewhich involved cooling from 40
to -1FC in 5°C increments with an isotherm of 60 minutes at emchement,
crystallisation appeared to occur during théGsothermal period. This is indicated
by the abrupt increase in reversing heat capacity aso the deviation of the sine
wave modulations from steady state or equilibriunthie Lissajous analysis (Figure
3.9). The distortion in shape of the sine waveps#is correspond with a change in
phase lag of the sample which can also suggesicitierence of crystallisation. This
therefore implies that the Tc of Gelucire 44/14ddpendent of cooling rate, lies
between 30 and 86. The exact temperature could not however be méted from

this analysis as the temperature increment waktge.

Deviation of the Lissajous plot from the steadytest@as at its maximum during the

first 31 minutes of the 60 minute modulation at@Qafter this period the sine wave
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curves reached equilibrium (see inset Figure 3.B& change in shape of the ellipses
indicated that the latent heat of the sample waangimg at this isothermal
temperature i.e. a thermal transition is occurrifige reversing heat capacity signal
appeared to reduce over the course of the expetimbis suggested crystallisation
was on going until the °@ increment where it began to reach steady state. T
crystallisation of Gelucire 44/14 therefore appdareconsist of an initial or primary
energetic crystallisation, followed by a secondslower, more extended period of
crystallisation which continued to much lower temgberes than previously
expected. Despite melting of Gelucire 44/14 comgisof two separate endotherms
attributable to the lower and higher melting pofmactions of the lipid, the

crystallisation transition did not demonstrate a step process.

This phenomenon was also demonstratedvigthod 2which subjected Gelucire
44/14 samples to a much reduced temperature inateohd’°C, from 35 to 8C, for

a more accurate determination of the true Tc (Bg®.10, 3.12 and 3.13).

When held isothermally for 20 minutes &atClincrements, deviations from the
equilibrium sinusoidal response and a change ipesteand size of the sine wave
ellipses in the Lissajous analyses were found tnioat 32C (see inset Figure 3.10).
Before and after this temperature, sine waves w@perimposable suggesting steady
state of the sample and therefore the absenceyadharmal or energetic transition at

these temperatures.
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Figure 3.10 Reversing heat capacity versus time signal foruGe¢ 44/14 QIMTDSC 20 minute
isotherm on cooling with °C increments. Inset: Lissajous plot (modulated h#lawv against

modulated temperature) of the sine wave heat floguiations at 39C.

It was found however, as previously, that a seconaaore extended period of slow
crystallisation was present after °81 in the reversing heat capacity signal,
continuing until the conclusion of the experiment5eC. This is demonstrated in
Figure 3.11 where the major slope of the sine waleses can be seen to decrease,
suggesting a subsequent decrease in the heat tyapaatiie sample over the course
of the experiment. In this case the modulated Hleat was plotted against the

modulated temperature derivative time so that tiygses were superimposed.
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Figure 3.11 Lissajous figures of the sine wave heat flow matthris of Gelucire 44/14 at the start

(85°C, black) and finish (%, red) of the cooling experiment showing the majope of each plot.

Gelucire 44/14, when subjected to QIMTDSEC lincrements with a 40 minute

isotherm, Tc was found to occur at°’@2 The crystallisation transition was noted to
be significantly more subtle that those noticed/janesly as the sine wave deviations
were much less pronounced (see inset Figure 3TI®re also appeared to be a
double peak occurring during both the 32 andC3ithcrements in the reversing heat
capacity signal, suggesting that primary crystafien may be taking place over both
temperature increments. This may be attributablerystallisation of the lower and

higher melting point fractions of the lipid at glity different temperatures.
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Figure 3.12 Reversing heat capacity versus time signal foruGe¢ 44/14 QIMTDSC 40 minute
isotherm on cooling with °C increments. Inset: Lissajous plot (modulated h#lawv against

modulated temperature) of the sine wave heat floguiations at 32C.
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Figure 3.13 Reversing heat capacity versus time signal foruGe¢ 44/14 QIMTDSC 60 minute
isotherm on cooling with °C increments. Inset: Lissajous plot (modulated h#iatv against
modulated temperature) of the sine wave heat flegulations at 33C. It should be noted that the
experiment only ran to the 4@ increment due to instrument inability to store tlarge data file

during collection.
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A similar trend was also demonstrated by the 60uteinsotherm (Figure 3.13).
Lissajous analysis displayed primary crystallisatiat 3f£C, with secondary
crystallisation continuing until the conclusiontb&é experiment in the reversing heat

capacity signal.

Method Threanvolved holding the sample isothermally for 72thuates (12 hours)

at temperatures from 29 to @@ Crystallisation was found to occur when held
isothermally for 12 hours at 29, 30, 31 and@2above this temperature however, no
obvious transition was present in the reversing lkbapacity signal over 12 hours
(Figure 3.14). The time to T Was calculated to be 24.91, 50.18, 25.36 and 39.67

minutes at 29, 30, 31 and°8respectively.
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Figure 3.14 Reversing heat capacity versus time signal fou@et 44/14 12 hour QIMTDSC at 29

to 40°C.

The shape was found to be variable between sammbssjbly due to the variable

nature of the crystallisation process and the cerigyl of the sample as described
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previously. Broadness, as well as peak smoothimesgased with temperature until
31°C, which was similar to that at 32. This effect may be due to the rate at which
crystallisation occurs at each individual tempemtuThe further below the
crystallisation temperature the sample is held hswhally, the faster the
crystallisation process will be on commencement@MTDSC methodology,
provided crystallisation did not occur prior to ghpoint whilst cooling with

conventional DSC (there was no evidence of thikénpresented data).

Method Fourextended the isothermal time period Gelucire 44424 subjected to at
the lowest temperature investigated’@9Figure 3.15). This was to explore the
extent of secondary crystallisation, and the tireagal over which this may occur.
Samples were held at Z9 for 48 hours. Primary crystallisation was sees, a
expected, at commencement of the experiment atldhistemperature. There was
also a continuous decrease in the reversing heatitg signal over the course of the

experiment.

The present evidence suggests that Gelucire 441ddrgoes an initial crystallization
followed by a secondary, slower process that magmially be extremely extensive
and hence alter processing or performance chaigtaterimmediately following

manufacture into solid oral dosage forms.

119



Chapter Three Characterisation of Lipidic Carriers

34

324

30+

Rev Cp (JAT-°CY)

28

26 T T T T T
a 500 1000 1500 2000 2500 3000

Time (min)

Figure 3.15 Reversing heat capacity versus time signal fouGed 44/14 QIMTDSC over 48 hours

at 29°C.

333 Observation of Thermal Transitionsby Hot Stage Microscopy

HSM was employed to visualise the melting and afiisation transitions of
Gelucire 44/14, previously characterised using eatienal and QIMTDSC. Figure
3.16 shows images of these processes. Melting hfc{ee 44/14 appeared to occur
over a wide temperature range, beginning at apprately 36C until completion at
46°C. This follows with the nature of Gelucire 44/1hacacterised by the DSC
studies Upon cooling, nucleation began atC3@ollowed by crystal growth until
28°C. The crystals appeared to be spherulitic andataalinature, growing outwards

in finger-like projections.

On re-heating, melting commenced at@@nd was completely molten by°@ The

crystallisation of other Gelucires, investigated iytananta (1994b) suggested that
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the crystals were formed of complex mixtures of poments rather than particular
pure components. Comparing this to data obtainemmn frconventional and
QIMTDSC, it is apparent that neither melting of tberer melting point fractions, or
the extended slow crystallisation of Gelucire 44éte visible using HSM. It should
however be noted that comparison of HSM and DSdifiisult due to the nature of
the thermal transitions in both cases i.e. HSM dwestrates crystal growth in two
dimensions however DSC illustrates bulk thermalavébur and crystal growth in

three dimensions.

Figure 3.16 HSM Images of Gelucire 44/14; a) Start; b) Meltimig36.0°C; c) Nucleation on cooling

at 30.4C; d) Crystal Growth end at 288.
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334 Hydration Behaviour Analysis using Dynamic Vapour Sorption

Hydration of Gelucire 44/14, as described by Svemsg al (2004), was outlined in
Chapter Two. This section, however, aims to esthlilhe temperature and humidity
parameters below which the lipidic carrier will raim stable. This is important for
consideration of storage conditions of Gelucirel44formulations. A series of
experiments were carried out using dynamic vapoupt®n in order to determine
the response of the lipidic Gelucire 44/14 to atphasic temperature and humidity.
Samples undergoing all three methods were subjetcted drying period which

consisted of 60 minutes at®5and 0% RH.
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Figure 3.17 Weight percent versus time signal for Gelucirel44at 75% RH with a temperature

ramp from 25 to 5%.

Method Oneheld each sample at 75% RH and ramped from 2%%6 With 60
minutes at each step. Gelucire 44/14 was founds$e b small amount of water

during the drying stage (0.09%, data not shownyssiting that the lipid contains a
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proportion of water (unknown) which can be remo\adteit very slowly, when held
at 0% RH. At 75% RH the sample absorbed only seralbunts of moisture when
held at 25 and 3C to a total of 0.9% (Figure 3.17). On increasiamperature up to
40°C, larger amounts of moisture were taken up, total tof 5.7%, with the
maximum observed at 35 (2.5%). At 48C Gelucire 44/14 could be seen to begin
losing this moisture, a loss which continued to ¢baclusion of the experiment at
55°C. The crystalline lipidic carrier undergoes majtion heating which has been
found to peak at 4&. This suggests that Gelucire 44/14 absorbs tleatgst
qguantity of moisture whilst it is undergoing megfiruntil it is completely molten, at
which point it begins to lose this moisture. In, ahis implies that, on storage,
Gelucire 44/14 is relatively stable at high RH pdad it remains below its melting

temperature.
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Figure 3.18 Weight percent versus time signal for Gelucirel44at 75% RH isothermal at 25 to

55°C for 60 minutes.
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Method Two which involved holding each sample isothermatly 80 minutes at a
single temperature from 25 to %5 at 75% RH, provided similar data to that of
Method Oneabove, however each sample was held isothermabynea temperature

only, the temperatures ranging throughout the tmatisition (Figure 3.18).

At 25 and 306C the lipidic samples appeared only to absorb smalbunts of
moisture at 75% RH, as observed above. The isothatao appeared to level out
suggesting a maximum was reached. AlC35moisture was absorbed steadily over
the course of the experiment. Unlike that showrMiethod One Gelucire 44/14
could be seen to absorb the greatest weight pagerdf moisture at 4G. This
change may possibly be attributable to the amotimtader previously taken up. In
Method Onemoisture had already been absorbed due to theiite isotherms at
lower temperatures, whereasMethod Two the sample had no previous high RH
exposure. At this temperature and above thereogeter, a distinct change in the
shape of the absorption. After initial increaseRiH from 0 to 75% there is a steep
increase in moisture uptake to a point which fallsapproximately 2.5 to 3.5%

weight increase, moisture uptake then begins t@.slo

Gelucire 44/14 appeared to absorb the greatest noduatmospheric moisture at
either 35 or 48C, depending upon the sample histdviethod Threevas chosen to
observe moisture uptake with increasing RH from 0@% at 48C with 60 minutes

at each step (Figure 3.19). Gelucire 44/14 was rebdeto absorb increasing
amounts of atmospheric moisture with increasing Rid,maximum weight increase

occurring at 90% RH (4%).
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Figure 3.19 Weight percent versus time signal for Gelucirel44dt 40°C with an RH ramp from 0 to

90%.

As shown by Svensson et al (2004), the hydratiocgss of Gelucire 44/14 appears
to be equivalent to the sum of the hydrations bfoalthe individual components.
Upon exposure to increasing RH, Svensson demoedtrdiat at low RH, free
glycerol absorbs large amounts of atmospheric m@stThis remains relatively
insignificant due to the low Gelucire 44/14 contehglycerol (approximately 3%),
thus allowing it to stay below the recommendedtliofil% w/w moisture uptake as
specified by the European Pharmacopoeia. As patheaif investigation, it was
suggested that up to 70% RH (at room temperatuoaveight increase in the
Gelucire 44/14 sample could be attributed solelyhi® absorption of moisture by
free glycerol. In this case, however, when condliete40C, over double the amount
of moisture is absorbed by this point. The Gelud4él4 sample, at this temperature
will be almost completely molten, suggesting thatthis state, the affinity of
Gelucire 44/14 for atmospheric moisture is sigaifity greater than at room

temperature. This will be attributable to the coetglly disordered nature of the
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Gelucire 44/14 molecules, increasing its reactiatyd therefore its capacity to
absorb atmospheric moisture. Above 70% RH, PEGnmaa to begin absorbing
moisture, and at 80% and above, PEG esters cotdrtbuhe total weight increase

observed over the course of the experiment (Sverstsal. 2004).

335 Summary of Gelucire 44/14 Characterisation Studies

This section has attempted to characterise theiggofemical properties of the lipid
Gelucire 44/14 using a number of different techeguThermal analytical methods
have confirmed thermal transitions which occur wgrheating and cooling. On
heating, a clear double melting endotherm is oleskrthe Trpnser Of Which were
found to be 282 * 0.3 and 39 + 0.1. Above the melting temperature, an
exotherm can be noticed at onset 14414 0.2 which may be attributable to

decomposition.

On cooling, crystallisation of Gelucire 44/14 cae bbserved. This transition is
found to be greatly dependent upon the rate attwhanling occurs, the Jgser)
reducing from 28.8 + 0.9 cooling at 0% /minute, to 20.%C + 2.3 at 28C/minute.

It should be noted that cooling at rates abo¥@/r@inute demonstrates incomplete
crystallisation by the time room temperature ischeml which must be taken into
account when considering the manufacturing parasieta pharmaceutical
formulations. Re-melting of Gelucire 44/14 demoatgs an alteration in the shape
of the characteristic double melting endotherm.sTdltered shape was found to be
maintained on heating and cooling thereafter. Afiging at room temperature,

however, the shape appears to regress back toothie original. This may be
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attributable to the formation of different polymbmp of the Gelucire 44/14
components, for example PEG, which are unstablegamzkly convert back to the

most stable form.

QIMTDSC is a novel method in the characterisatidnciystallisation. Gelucire
44/14 was found to display a crystallisation terapsme of 32C, without the
influence of heating rate using Lissajous analy§lee crystallisation was found to
occur over only a single temperature increment,pitesmelting of the lipid
demonstrating two fractions with different meltingpints. Examination of the
reversing heat capacity time plot suggested thir &n initial energetic primary
crystallisation, the lipid undergoes a slower, mexéended period of crystallisation
which continues to much lower temperatures tharvipusly expected. HSM
allowed the visualisation of the fundamental thdrimansitions observed using

conventional and QIMTDSC.

DVS studies suggested that Gelucire 44/14 has at geapacity to absorb
atmospheric moisture at high temperatures andivel&tumidities due to its many
different components. On storage it appears th&wb&5°C and 40% RH, the
moisture content of Gelucire 44/14 remains below limit set by the European
Pharmacopoeia of 1% weight increase. It has howkgen shown that at ambient
temperature, Gelucire 44/14 absorbs only limitedstooe below 70% RH (2%

weight increase).
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34 TPGS

34.1 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

Conventional DSC is used in this section to charagsd TPGS thermal properties i.e.

melting, and also crystallisation at varying ratésooling.

3.4.1.1 Melting

Upon heating, the melting endotherm of TPGS wasdow consist of two distinct
peaks, the first generally being the most promir{Eigure 3.20). The sizes of these
peaks were found to vary between samples. Thenddnwas observed to occur
reproducibly at 34.7 + 0.07, the Tnimax being dependent upon which of the two

peaks was most dominant (f#r) 37.29°C + 0.2AH 101.1 J/g + 0.5).

No published evidence of the presence of this doai®lting peak has been found in
the literature to date, with evidence only of agmelt endotherm. It does however,
in this case, suggest the incidence of two sepaia¢enical or physical (crystal)

forms of the lipidic carrier being present at vagydegrees from sample to sample.
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Figure 3.20 Heat flow against temperature signal of TPGS oating at 16C/minute.

Data collected internally at AstraZeneca, invesinga the molecular weight
distribution of TPGS, found evidence of both lowdahigh molecular weight
tocopheryl tails present in the sample. Both mond di substituted PEG 1000
chains with tocopheryl succinate groups were idiedti which may be responsible
for the observed double melting endotherms (Meeétaal. 2007). Double melt
endotherms could also be attributable to poor a@brtatween sample and DSC pan.
Due to the hard waxy nature of TPGS at room tentpezait is possible that
movement during heating could bring about the are® of two melt transitions.
This possibility of this effect could be eliminatég temperature cycling which is

investigated later in the Chapter.
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3.4.1.2 Crystallisation

The crystallisation exotherm of TPGS can be obskla® a single peak occurring
upon cooling. Crystallisation is highly dependepbn the rate at which the sample
is cooled. The temperature of the transition, tlogeg can be seen to reduce on
cooling from Tgonseny 31.9C + 0.6 (T@max) 30.4°C + 0.4;AH 96.9 J/g + 2.1) at
0.5°C/minute to Tgnset) 23.9C + 0.3 (Tqmax) 22.7°C *+ 0.2;,AH 97.5 J/g + 0.8) at

20°C/minute.

Figure 3.21 demonstrates that on cooling at elevedées i.e. 2L/minute and to
some extent IT/minute, the lipidic carrier may not have reachemmplete
crystallisation by the time it has reached room perature. This will have
implications on the manufacturing process of SSDstegys and also the

physicochemical properties of the final product.
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Figure 3.21 Heat flow against temperature signal of TPGS afjishtion at varying rates after

melting at 16C/minute.
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Crystallisation of TPGS was found not to be grealipendent upon the thermal
history of the carrier. A similar trend to that sho above was also noted after
melting at varying rates (data not shown), with Tegnsery and Tgmax) coinciding

accurately.

Solid Fat Content Calculation

The amount of TPGS present in the solid state ywpamt during crystallisatiowas
determined by calculating the area under the diigstaon exotherm on cooling at
each C increment throughout the transition and plottihig as percentage of the

total solid, against temperature (Figure 3.22).
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Figure 3.22 Percentage solid fat of TPGS during crystallisatieersus temperature on cooling at

varying rates.
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The temperature at which crystallisation occurgesed notably with increased rate
of cooling since it is a kinetic process. The rargjetemperature over which

crystallisation occurred however did not appeadodayreatly affected by the change
in cooling rate. A much broader exotherm would kpeeted due to the increased
transfer of energy per unit time associated wittlreasing rates. This effect may be

attributable to the fact that TPGS is a much plipgd in comparison to Gelucire

44/14.

In order to observe and compare the rate at whigstallisation occurred, the solid
fat data was plotted as a fraction against timguf@ 3.23). This illustrated, as

expected, that the rate of progression of crystilbn was considerably quicker for

those higher cooling rates.
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Figure 3.23 Fraction of solid fat of TPGS during crystallisai versus time on cooling at varying

rates.

132



Chapter Three Characterisation of Lipidic Carriers

The data in Figure 3.23 fitted well with the Avrambdel, with B values between
0.9921 and 0.9991. Modelling allowed calculationilefn parameter as an indication
of the time dependence of nucleation and also theemkionality of the crystal
growth (Table 3.2). All cooling rates demonstratatdn value of 4 (to the nearest
integer) corresponding with heterogeneous nucleatiod spherulitic growth from
sporadic nuclei. It also indicated that the ratecofstallisation was constant and
independent of time. The value of the crystallmatirate constantk, sharply
increased with cooling rate attributable to thessguent increased driving force for

the reaction.

Table 3.2 Avrami modelling parameters for the solid fat dafalPGS.

Cooling Rate k

2
o frmi n o R
(°C/minute) (min™)
0.5 4 0.0012 0.9967
2 4 0.26 0.9991
10 3.52 40.24 0.9951
20 4 327.52 0.9921

3.4.1.3 Temperature Cycling

Upon re-heating after the first crystallisatiore fiimonser fell accurately at 35°C +
0.04 (TMmax) 37.0°C £ 0.1;AH 102.1 J/g + 0.4) in comparison to that of thetfir
melting transition at 34.7€ + 0.07 (TNgnax 37.29°C + 0.2,AH 101.1 J/g * 0.5)

suggesting no significant alteration to the therikiaktics of TPGS (Figure 3.24).
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The shape of the peak, however, did not accurdtdlgw that of the first. The
double peaks remained, but the ratio and distobutf these peaks altered after

heating and cooling.

The presence of double peaks on second meltingestgythat this is not attributable
to sample movement or poor contact with the DSC parsuggested previously, as
this would have been resolved after first heatihgloes however imply that two

separate forms of the lipid may be present, asesigd by Meehan et al (2007), in
the existence of both mono and di substituted PBGO Ichains with tocopheryl

succinate groups. The process of heating may latogit conversion of one form to
another causing a shift in the peak distributiohisTcould be investigated using
other techniques such as IR or Raman Spectrosé¢mpyever this was outside the

scope of this project.
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Figure 3.24 Heat flow against temperature signal of TPGS st fieating and also second heating at

10°C/minute after cooling at £&/minute.
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3.4.14 Continuity throughout the Container

The continuity of TPGS throughout the container wawestigated using
conventional DSC to illustrate the reproducibildlyits thermal properties. Samples
taken from the top, middle and bottom of the corgaiwere found to demonstrate
good continuity, with the melting endotherm Fryy occurring at 34.%, being
reproducible to within + 0.3 standard deviationsffax) 37.6C + 0.2;AH 103.0 J/g

+ 1.7). Crystallisation was found to occur at 26.& 0.5 (Tgmax) 25.2C + 0.5;AH

101.1 J/g + 1.9).

34.2 Crystallisation Analysis using Quasi-lsothermal Modulated

Temperature Differential Scanning Calorimetry

The crystallisation transition of TPGS was furtlebaracterised using QIMTDSC.
Samples were analysed usikgthod Twe cooling throughout crystallisation atC
increments, in order to establish the true Tc. Wheld isothermally for 20 minutes
at each increment, Lissajous analysis of the aeduiata suggested crystallisation at
33°C by deviation of the isolated sine wave modulatifnom the steady state (see
Figure 3.25 inset). The shape of the ellipses aése observed to change in shape,
demonstrating a corresponding change in the ldteat of the sample, which also
confirmed that a thermal transition may be occugyrimhe reversing heat capacity
versus time plot (Figure 3.25), however, demonstiain increase beginning afG3
peaking at 3%C and continuing to decrease until the completibthe experiment at

5°C.
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Figure 3.25 Reversing heat capacity versus time signal for SRBMTDSC 20 minute isotherm on
cooling with £C increments. Inset: Lissajous plot (modulated hélatv against modulated

temperature) of the sine wave heat flow modulatair3C.

This decrease in heat capacity, as seen with Gelubi/14, suggests that the
crystallisation transition consists of an initialgsimary energetic phase, followed by
a secondary slower, more extended phase, contirtaimguch lower temperatures
than previously expected. This is demonstratedgnrgé 3.26 where the major slope
of the sine wave ellipses can be seen to decreagggesting a decrease in the heat
capacity of the sample over the course of the éxyat. This will have implications
on the physicochemical properties of the final folation. On cooling to room
temperature during manufacture, it is possible TGS may not be present in its

fully crystalline form.
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Figure 3.26 Lissajous figures of the sine wave heat flow matibris of TPGS at the start (%5,

black) and finish (%, red) of the cooling experiment showing the majope of each plot.

When held for 40 minutes at eacPClincrement, Lissajous analysis indicated an
increased level of sine wave deviation during tB¥3ncrement in accordance with
the 20 minutes isotherm data shown above. The singheat capacity time plot
demonstrated two energetic crystallisations, pepkin35 and 3Z (Figure 3.27).
This may be attributable to the possible preseridvo crystal forms of the lipid
relating to mono and di substituted PEG 1000 chaiith tocopheryl succinate
groups, this was not observed, however, using atioreal DSC. The reversing heat
capacity was also seen to decrease over time withcing temperature suggesting

continuation of the crystallisation transition.
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Figure 3.27 Reversing heat capacity versus time signal for SRBMTDSC 40 minute isotherm on
cooling with £C increments. Inset: Lissajous plot (modulated hélatv against modulated

temperature) of the sine wave heat flow modulatair3C.
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Figure 3.28 Reversing heat capacity versus time signal for SRBMTDSC 60 minute isotherm on
cooling with £C increments. Inset: Lissajous plot (modulated hé#latv against modulated
temperature) of the sine wave heat flow modulat@n33’C. It should be noted that the experiment
only ran to the 1% increment due to instrument inability to storee tlarge data file during

collection.
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With an isotherm of 60 minutes at each incremanstallisation was found to occur
at 33C using Lissajous analysis, as above. The reverbiegt capacity also

demonstrated a peak at this temperature (Figuy.3.2

Lissajous analysis of all TPGS QIMTDSC data gaveiratication that the true
crystallisation temperature of the lipid, minus #féect of heating rate, may lie at

33C.

34.3 Observation of Thermal Transitions by Hot Stage Microscopy

Melting and crystallisation of TPGS was further rdwterised using HSM. Figure
3.29 demonstrates images of the lipid during hgatimd cooling. Melting appeared
to begin at 342, being completely molten by 46@ Nucleation became visible at
31°C on cooling, with crystal growth continuing ur28.5°C. Growth of the crystals

were seen to be very spherulitic in nature withiraef edges, unlike the more
sporadic finger-like projections observed for Gekel4/14. On re-heating, melting
appeared at 352 until 40.4C. The visible Trnsey followed closely with that

demonstrated using conventional DSC (32C7% 0.07) however the biphasic
melting endotherm could not be detected usingrieghod. It should be noted that
the relationship of crystallisation observed usihig technique with other methods
such as DSC is difficult due to the two dimensionaiure of crystal growth. DSC
analysis gives crystals the opportunity to growthree dimensions and therefore

cannot be directly compared.

139



Chapter Three Characterisation of Lipidic Carriers

Figure 3.29 HSM images of TPGS: a) Start; b) Nucleation onliagoat 31.0C; c) Crystal growth

and d) Crystal Growth end at28(.

344 Summary of TPGS Characterisation Studies

Characterisation of the lipidic carrier TPGS isesdml in order to predict the
physicochemical properties of the final formulatishen combined with drug as part
of an SSD system. Thermal analysis techniques dtsed the melting of TPGS to
occur at 34.7% + 0.07 on heating. The transition was howevenébto consist of
two distinct peaks, which may be attributable te gnesence of both mono and di-
substituted PEG chains (Meehan et al. 2007). dhgstion of the lipid was
observed on cooling, which was highly dependentuihe rate at which this took
place. The Tgnseyy Was found to reduce in temperature from 31.% 0.6 at

0.5°C/minute to 23.8C + 0.3 at 28C/minute. On temperature cycling of TPGS, the
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Tmensery Was found to be reproducible however the distidoubf the double peaks

appeared to shift.

QIMTDSC analysis of TPGS crystallisation suggedted the transition occurred at
33°C when isolated using Lissajous plots. The decréaseversing heat capacity
over time observed in all cases, however, suggesiaidcrystallisation continued
until the conclusion of the experiment #C5 to much lower temperatures than

previously anticipated.

35 CONCLUSIONS

Characterisation of the physicochemical propemiegxcipients is essential before
progressing to the investigation of formulationsarporating active model drugs.
These properties can and will have impact on tlepeties of this final product, and

full characterisation can therefore allow prediotaf its behaviour.

The studies carried out in this chapter have deiratiesl a number of issues which
should be taken into consideration when decidingnupanufacturing parameters of

the final formulation. These include:

1) Unexpected properties such as the alteratiothefGelucire 44/14 melting
endotherm upon temperature cycling and also thébldopeak max of the
TPGS melting endotherm suggests that further imyasdn into the chemical

composition may be required in order to fully cltieaise the systems.

141



Chapter Three Characterisation of Lipidic Carriers

2)

3)

The rate at which the lipids are cooled appkdceimpact greatly on the
physical state at room temperature. Cooling at sfovates was found to
promote a more complete crystallisation unlikedasates which were found
to create larger and broader crystallisation exatisebeing complete by much
lower temperatures.

Crystallisation of both lipids, independentamfoling rate, was also found to
continue to lower temperatures than expected. Téosild result in
crystallisation / solidification of the formulateé®lSD system being incomplete

at room temperature.
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Chapter Four Characterisation of Semi-Solid Dispersions

4.1 INTRODUCTION

Active pharmaceuticals present in semi-solid disjper systems can exist as
crystalline or amorphous particles, as a molecdigpersion or as a mixture. The
physical state of the SSD is dependent upon a nundje factors: the

physicochemical properties of both the drug andctoeier, the interaction between
the two components and also the method of formarafJanssens and Van den
Mooter 2009). This being the case, the release epties of drug from these

formulations is subsequently determined by thestfa. The understanding of how
drugs are dispersed within and throughout SSD ftatimns is therefore a major
priority within the field. In this study, SSD systse were formulated using the melt
method, more specifically only the lipidic carrielas molten during mixing, at a
temperature below the melting point of the modelgdiFor this reason it is the likely
situation that the drug is either dispersed asdsotistalline particles, or as a
molecular dispersion i.e. solid solution, dependgodn the solubility of the drug

within the carrier.

Care must be taken during the investigation andacherisation of SSD formulations
using thermoanalytical methods. An investigatiorried out by Lloyd et al (1997)
into binary mixes and also SSD formulations of patamol and PEG 4000
demonstrated that the melting behaviour of thestesys was highly dependent upon
the heating rate employed. They noted that cryseatirug dispersed within the SSD
formulations had the potential to dissolve into thelten carrier during heating. The
drug was therefore observed to demonstrate broad temperature melting

endotherms, if any at all. This was attributedhe tissolution of paracetamol into
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the molten PEG over a wide range of temperatutess broadening the peak, in
some cases to such an extent that it could notdbeglished from the baseline. At
slow rates the drug appeared to have time to diesato the molten carrier during
analysis, thus reducing or eliminating the drugtmgl peak. At faster rates of
heating the paracetamol melting endotherm becamparept, attributable to the drug
having less time to dissolve. Taking this into aodo misinterpretation of DSC data
has the propensity to lead to inaccurate estimatiblrug solubility within the

carrier and incorrect identification of solid sadurts.

This effect was also investigated by GramaglialgR@05). They highlighted that
heating rates as low as °@minute allow time for the drug crystal molecutes
detach from the lattice in response to the inpuemérgy, thus dissolving into the
molten carrier. This has the effect of increasing apparent drug solubility within
the carrier material, attributable to the increasmdperature. Heating at faster rates
does not prevent the sample responding to the iopahergy, however increasing
the rate of heating to the order of 100-8Dninute does allow the inhibition of
kinetically controlled processes such as dissatutid the drug into the carrier,

thereby allowing for a more accurate estimatiotheftrue solubility.

In a paper published by Qi et al (2010b), the agtlpwopose a novel mathematical
model suggesting a method by which the concentratiependence of drug
crystallinity in hot-melt extruded SSD preparatiaas be interpreted in terms of the
miscibility of the drug with the carrier materiélpon heating, it is suggested that the
AH of the drug melting endotherm is composed of simultaneously occurring

processes; crystalline drug melting, as well asgdidissolution into the molten
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carrier. It is also suggested that depending uperdtug loading, different processes
may manifest on heating. At low drug concentratjdoedow the saturation solubility
in the carrier, drug dissolution into the carrieayrtake place. At high proportionate
drug loadings, carrier dissolution into the drugll wvdominate. Between these
extremes of concentration, both drug dissolutioto ithe carrier, and carrier
dissolution into the drug may take place simultarsfo With this in mind, plotting
the drug meltingAH from physical mixes of the two components agathst solid

weight content of the drug in the mix, a profiletbése three phases can be observed

(Figure 4.1).
P ,=solubility of the drug in the polymer (wiw %)
100-Pg=solubility of the polymer in the molten drug (w/w %)
_ Polymer loading
K=yl below the solubility of
=2 the polymer in the
g molten drug
§ Drug loading above the
S solubility of the drug in
% the polymer
=
£ | Drug loading below
W | the solubility of the
drug in the polymer
. 0 T
KoHp—a"" Pa Pg high drug
-------- L . loading
........ Drug concentration in the mixture(% wiw)

Figure 4.1 lllustration of the enthalpy-drug concentratioroplfor the range of drug-polymer mixes

(Qi et al. 2010b).
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The processes occurring at low drug loading (Phasan be represented by:

H
(Mp+Mp)

Xp (Hf + HD) Equation 4.1
whereH; is the total amount of heat change of the exotleepmak,Mp is the mass
of drug dissolved in the carrieMp is the mass of the polymeXp is the weight
fraction of the drug in the whole mixtund; is the heat of fusion of the drug aHg

is the heat of dissolution of drug in the carri@o(ght to be exothermic).

The intermediate phase of drug concentration ieesgmted by:

H; _

(Mp+Mp) Xp (Hf — KpHp + KPHP) + KpHp Equation 4.2

whereKp is the solubility of the drug in the carridt; is the solubility of the carrier
in the molten drug andlp the enthalpy of dissolution of the carrier int@ tmolten

drug.

High drug loading (Phase 2) is thought to obeyftilewing:

H; _

m XD (Hf — Hp) + Hp Equation 4.3
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The solubility of the drug in the carrieiKf) and the solubility of the carrier in the

drug Kp) can be further defined (as mass ratios) by:

M
Kp=-2 Equation 4.4
M
P1
M
Kp =22 Equation 4.5
Mp,

where 1 and 2 are used to denote the Phase.

The solubility of the drug in the polymer is thotidb be at the point whereby the
Phase 1 and intermediate regions join, denoted fpynHrigure 4.1, with carrier
solubility in the molten drug being at poing Rhere the intermediate and Phase 2

regions intersect.

From the literature, it is apparent that SSD systeme capable of enhancing the
dissolution properties of poorly soluble drugs. Tgwor uptake of this technology
onto the market is in part due to the lack of ustéerding of the mechanisms by
which these systems work, with the current knowéetging relatively limited. The
primary objective of this Chapter was thereforddion a greater understanding of
the compatibility of the chosen model drugs witk tipidic carrier when formulated

into SSD systems. This can be further defined as:
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a) Characterisation of the model SSD systems usmgventional DSC and
comparison to that of the lipidic carrier alone.

b) Development of a method to more accurately eggnsolubility of the model
drug within the carrier of the SSD systems usirgg feeating rates.

c) Investigation of the effect of drug on the cajssation process of the lipidic
carrier.

d) Visualisation of the formulated SSD systems giditSM to investigate drug

distribution and phase separation.

It was decided at this point to confine all subgsquSSD formulations to those
including Gelucire 44/14, due to the possibilityfofther production of TPGS being
terminated. The following results therefore onlglude SSD formulations of poorly

soluble model drug with Gelucire 44/14.

4.2 METHODOLOGY

421 Conventional Differential Scanning Calorimetry

Conventional DSC experiments were performed undetragen environment, with
a purge rate of 50ml/minute. Calibration of thetimsient was conducted, prior to
experimentation which involved cell resistance apdpacitance (baseline)
calibrations with an empty cell and sapphire di€kzero calibration), cell constant
calibrations using indium standard (melting poiB65°C, heat of fusion 28.6J/g),
and finally temperature calibrations using benzmi (melting point 122.4°C) and
n-octadecane (melting point 28.2°C). Temperatulidredions were carried out at

the same rate as intended for sample analysis. [Barfgr analysis, in the weight
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range 2 to 2.5mg, were taken either directly frév@ ¢ontainer or formulated into
physical mixes or SSD systems, the preparation loichvhas been outlined in

Chapter Two, then prepared into Tzero aluminiumspan

All conventional DSC experiments were conducted 18C/minute, heating
throughout the melting transition; to %D for Gelucire 44/14, 16C for ibuprofen
alone and its formulations, 28D for indometacin alone and its formulations, and
220°C for piroxicam alone and its formulations. All SSfamples, after initial
melting, were cooled to -8C before being heated through the melt for a second

time. Experiments were repeated up to four times.

4.2.2 Hyper (Fast Speed) Differential Scanning Calorimetry

Hyper DSC experiments were performed under a heéomronment, with a purge
rate of 20ml/minute. Calibration of the instrumevdas conducted using indium and
tin standards. Samples for analysis, taken direfttyn the original container or
formulated as outlined in Chapter Two, were pregpaméo 40ul aluminium pin holed
pans in the weight range 2 to 2.5mg. All experirmemere carried out in triplicate at
500°C/minute from -56C to 150C for Gelucire 44/14 alone, to 2 for ibuprofen
alone and its formulations, to 2%Dfor indometacin alone and its formulations, to

260°C for piroxicam and 30T for the formulations of piroxicam.
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4.2.3 Quasi-lsothermal Modulated Temperature Differential Scanning

Calorimetry

Quasi-isothermal MTDSC experiments were performedden a nitrogen
environment at a purge rate of 50ml/minute. Catibra of the instrument was
conducted prior to experimentation, as per conwveati DSC. An additional
calibration using aluminium oxide was also carreed in order to calibrate for the
required QIMTDSC method, determining the total amdersing heat capacity
constants. Samples with the approximate weightnofj 2vere prepared into Tzero

aluminium pans.

Samples were heated to either ADOfor ibuprofen SSD systems, 2@0 for
indometacin and 22Q for piroxicam at 1%C/minute. They were then cooled to
25°C, at which point QIMTDSC was initiated ir’C increments to T, with an

isotherm of 20 minutes, an amplitude of&land a period of 60 seconds.

4.2.4 Hot Stage Microscopy

Samples for analysis were applied to glass micymsaides and enclosed with a
glass cover slip. Samples were heated from roonpeeature through the melt
transitions of both the lipidic carrier and the rabdrug at 18C/minute. Capture was
terminated on visualisation of complete melting.ajes were captured at x20

magnification under polarised light.
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4.3 | BUPROFEN AND GELUCIRE 44/14 SEMI-SOLID DISPERSION

SYSTEMS

In this section, formulations of the lipidic cami@&elucire 44/14 with the model drug
ibuprofen, a BSC Class Il drug, were investigateith the aim being to characterise,
using thermal analysis techniques, the physicabgmees of their SSD systems as a

whole and any subsequent interactions resulting titeir combination.

4.3.1 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

43.1.1 Analysis of Raw Materials

The melt of the lipidic carrier Gelucire 44/14 da@ observed as a characteristic and
reproducible double endotherm displaying achggyat 28.3°C + 0.3 and a T at
45.0°C = 0.07 (see Chapter Three, Section 3.3.TH¢. melting transition of the
model drug, ibuprofen, can be observed to occuntmibly at Tngnser 74.8C +
0.05, and Trpax) 76.4°C £ 0.07 (Figure 4.2), complying well withtdaresented in

the literature (British Pharmacopoeia 2010; Monegh008).
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Figure 4.2 Heat flow against temperature signal of the ibdpromelting endotherm on heating at

10°C/minute.

4.3.1.2 Analysis of Physical Mixes

The melt transitions of ibuprofen and Gelucire 44/aAs a physical mix, were
analysed using conventional DSC, the purpose keintparacterise combinations of
the two compounds prior to formulation. The drugtnéd data from the physical
mix DSC traces also served as a calibration plmwang calculation of the amount
of crystalline drug remaining in the final SSD fartation. This is outlined in section

4.3.3.

The characteristic double Gelucire 44/14 meltingkpavas observed, occurring
reproducibly at Tansen 26°C and Tngnax) 44°C for all drug loadings, 5 to 50% w/w
(Figure 4.3). This confirmed the absence of anraition between the two

components at this point.
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On increasing the temperature, an ibuprofen melo#erm would be expected in all
samples, which was indeed the case (highlightédguare 4.3), with the exception of
5% wi/w. Absence of the drug melting peak at 5% satggone of two things. That
the crystalline ibuprofen present is completelysdiging into the lipidic Gelucire
44/14 during analysis, therefore leaving no cryisi@l particles for melting point
detection by DSC,; or that the ibuprofen meltingkosaundetectable in this case due

to its small mass in the mix.

0%

Heat Flow (W)

100

Bt Temperature (°C) UN I VLTA TA st it

Figure 4.3 Heat flow against temperature signal of ibuproterd Gelucire 44/14 physical mixes on

heating at 18C/minute.

The detected ibuprofen melting endotherms were umedsabove 7. The

transition increased in size amtH with increasing drug loading. Taking into
consideration the absence of an ibuprofen melhén5% w/w physical mix, and the
possibility of drug dissolution into the lipid dag analysis, the crystalline ibuprofen

seen to melt in the higher loading samples may tinlg be accountable for that
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remaining after an amount of dissolution into Geli@4/14, given time to occur

during the slow heating rate.

The Tmonsen@and TMimax) Of the ibuprofen melt transitions were observeddoy in
temperature, in the range ofGand 5C respectively, from one drug loading to
another. Upon analysis of SSD systems using DS€hifain the melting peak of
either component, or a change in thE value of the transition, can indicate an
interaction between the SSD components (Abdul-Radtad Bhargava 2002). This
observed change in T#sery and Tmmaxyy May therefore suggest an interaction of
some kind between the remaining crystalline ibugmo&nd the molten Gelucire

44/14 during analysis.

Gelucire 44/14 has the capacity to facilitate hgeém bonding interactions,
attributable to its many components i.e. PEG 199BG 1500 fatty acid esters
(mono- and di-), glycerides (mono-, di- and trindafree glycerol, in particular the
presence of PEG (Barakat 2006). The ibuprofen migecontains one hydrogen
donor group and two hydrogen acceptor groups, siiggethat the two components
may be capable of forming a large number of hydndgends with each other during
analysis (Knox et al. 2011). The calculat®d values of the repeated samples were
also found to vary in size between repeats whicl beacaused by variations in the

amount of dissolution able to occur during analysis

In the cases where an ibuprofen melting transii@s present, the peak was very
broad in nature, with the Tgnsen being reduced from that of the drug alone (7@)8

by up to 12°C. This suggests that the melting pewly comprise drug melting
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energy, plus that of its dissolution into the lipicthis effect was also noted by Lloyd
et al (1997) who attributed it to the dissolutidrdoug into the molten carrier over a

wide range of temperatures.

4.3.1.3 Analysis of Semi-Solid Dispersion Systems

Upon heating of the ibuprofen and Gelucire 44/1D S$$stems, the characteristic
Gelucire 44/14 double melting peak was observeth tie exception of 50% w/w
drug loading, in both formulations i.e. those cdob 20C (SSD(20)) and at°€
(SSD(4)) (Figure 4.4). In comparing this melt wiliat of the lipid alone (0%) or the
physical mixes, there is little variation in eith#re TMonser) OF TMmax) Of the
secondary endotherm however there is an obviousctied in temperature of the
primary Tmmaxy The primary melting peak also appears to reduc@aH with
increasing drug loading. This may be attributablel¢creasing lipid mass, however
the secondary melting peak does not reduce in ptiopp suggesting it may be
caused by interaction between iburofen and thednighelting point fractions of the
Gelucire 44/14. Chambin et al (2004) also obsemvetbpression in temperature of
the Gelucire 44/14 primary melting endotherm whermiulated into an SSD with
ketoprofen. It was suggested that this was broafbtit by solubilisation of the drug
into Gelucire 44/14 when in the molten state. Tivas backed up by X-ray
diffraction analysis which showed the disappearamicéhe crystalline ketoprofen

peaks when in the SSD formulation.

At 50% w/w, the primary Gelucire 44/14 melting paalcompletely absent in both

systems, with the secondary peak being shifted lowar temperature. It is also
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possible that the primary peak Tm may have reduoedn extent to which it is
incorporated into that of the secondary or posdibat it is sufficiently small that it
is hidden by that of the ibuprofen melting endotmeVith either being the case, it
indicates an interaction with the high concentratmf ibuprofen not previously

detected with lower concentrations.

S%
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Figure 4.4 Heat flow against temperature signal on heatind &C/minute of ibuprofen and Gelucire

44/14 a) SSD(20) and b) SSD(4) — First melt.
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No detectable ibuprofen melt was observed in the(®,or 15% w/w SSD(20)
systems. This was also observed by Chambin etO&4)2 and in combination with
XRD studies, they concluded that the SSD systestexias a solid solution. In this
case the data suggested either the presence didasstution, with the ibuprofen
completely dissolving into the lipid during formtizn, or that any remaining
crystalline drug dissolved during analysis at tleevsheating rate, as suggested by Qi
et al (2010b) and demonstrated by the physical study. This was investigated in
more detail using HSM and Hyper DSC later in the@hr. At this point however it
indicated, when compared to the physical mix angaligith the exception of the 5%
system which did not demonstrate a drug melt), thatlegree of ibuprofen
solubilisation into Gelucire 44/14 occurred duriiegmulation. If this had not been

the case, an ibuprofen melt transition would hasenbdetected.

An ibuprofen melting transition was observed at 58% in both the SSD(20) and
SSD(4) systems, occurring at ey 42.8C + 1.3 and Tmpay 64.0C + 1.0;
TMeonsety56.2C + 6.5 and Tpax 68.2C * 2.4 respectively. This was significantly
broader and lower in temperature than that seethédrug alone, which displayed a
sharp peak at Tphsey 74.8C and Tngmax 76.4°C. This broad peak may be a
combination of melting of the Gelucire 44/14 higheglting point fractions, and also
that of ibuprofen. It must be considered that, aieeGelucire 44/14 lower melting
point fractions become molten, the solid highertmglfractions begin to melt, as
well as the crystalline ibuprofen in the formulatibeginning to dissolve, with these
two processes possibly occurring simultaneouslye Endothermic peak may
therefore represent both events. At this high daagling, lipid dissolution into the

drug may also be occurring, which may accountlierachanges seen in the Gelucire
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44/14 melt transition. In the SSD(4) system, adanpuprofen melting endotherm
was detected with atiH of 29.2 J/g = 2.5 in relation to that of 17.5 #/§.4 for 50%
SSD(20). This suggests the presence of a greatecentration of crystalline

ibuprofen which may be affected by rate of coolghe formulation.
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Figure 4.5 Heat flow against temperature signal on heatind &C/minute of ibuprofen and Gelucire

44/14 a) SSD(20) and b) SSD(4) — Crystallisation.

Crystallisation was seen to occur upon cooling i@pdesentative plots are displayed

in Figure 4.5. The crystallisation transition inh ehses was found to vary in shape
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between repeated samples of each system, howex€FGfasery and Tgeng) Of the
transitions were comparable. This was likely todbe to the complex nature of the
process and also the complexity of the lipid-drystem itself. In the main, however,
the 5, 10 and 15% w/w samples demonstrated sipdak shapes, a main peak with
a leading shoulder which decreased in size and éetyre with increasing drug
loading. The different peak shapes observed duciygtallisation illustrated the
presence of different crystal formations, creaté imteraction between Gelucire

44/14 and molecularly dispersed ibuprofen.

In comparison of the SSD(20) and SSD(4) systenesciistallisatiomH values of

each drug loading corresponded closely with eadterpthowever there were
significant differences in the shape of the exatheifhe faster cooled systems
demonstrated much broader peaks than those ofaWwerscooled systems, therefore
losing resolution between the primary peak andehding shoulder. Both however
could still be well defined. This suggested thasstal growth was a slower process,

occurring to the same extent but over a wider teatpee range.

The temperature of the leading shoulder appearedcawespond well with
crystallisation of Gelucire 44/14 alone (Figure,2%). Lloyd et al (1997) suggested
that a bimodal crystallisation peak observed in PEIBO was attributable to the
formation of two different crystalline forms. Takirthis into account it may be
possible that, in this case, the observed primgystallisation peak may be due to a
new crystal entity. This exotherm, and also itsréase in Tgax, Which can be seen
to further decrease in temperature with increadinnig, may be due to dissolved drug

acting as a diluent and subsequently reducing nucbmcentration, thereby
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decreasing crystallinity of the sample (Long etl@95). Following this, at 50% w/w,
there is little to no obvious crystallisation oagng, particularly for the SSD(4)
system. An additional peak began to appear at appately -10C in the SSD(20)

systems which increased in size with increasing dvading; most prominent in the
15 and 50% w/w systems. This also suggested timeatoyn of an additional crystal

species.
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Figure 4.6 Heat flow against temperature signal on heatind &C/minute of ibuprofen and Gelucire

44/14 a) SSD(20) and b) SSD(4) — Second melt.
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Upon re-melting, none of the SSD systems demosestrah ibuprofen melting peak
(Figure 4.6). This suggested that by this point tlheg was either completely
dissolved within the Gelucire 44/14 (which may hdeen the case with the 5 to
15% w/w systems), or that the remaining crystalldrag, seen to melt on first
heating at 50% w/w, may now be present in the ahmrp form. The glass transition
of ibuprofen is known to be approximately °@5(Domanska et al. 2009) and would

therefore not have been detected.

The Gelucire 44/14 melting endotherm no longerteriss two distinct peaks but as
one larger peak with a leading shoulder. The loamd higher melting fractions
could however still be defined, similar to that ebs&ed for the lipid alone (Figure
4.6, 0%). The changes observed in the lipid meltagk may possibly therefore be
attributed to both the immediate cooling and retmglof the sample, in addition to

dissolution of the crystalline drug into the li@dd their subsequent interaction.

The overall endotherm shape corresponded closélytivat of Gelucire 44/14 alone
however the Trgnseny and Tmax) could be seen to reduce in temperature with
increasing drug concentration which may be dueutthér lipid-drug interaction.
The high crystalline drug content at 50% w/w, aghhghted by Qi et al (2010b),
may also bring about dissolution, to an unknowreetxtof the SSD carrier Gelucire
44/14 into the drug. The small melting endothernecked at 50% does however
suggest that there was a small degree of crystadiis which was difficult to detect

on cooling at 18C/minute, particularly for the SSD(4) systems.
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4.3.2 Assessment of Thermal Properties using Hyper (Fast Speed)

Differential Scanning Calorimetry

4.3.2.1 Analysis of Raw Materials

The raw components of the SSD systems were firatyaed at 50W/minute in
order to investigate their response to the fastimgaate. The characteristic double
melting endotherm of Gelucire 44/14 was observadufe 4.7). The resolution or
separation of the primary and secondary peaks &hsed however due to the speed
of melting, so for this reason the peal was measured as a whole. The peak was
found to display an Tgghsenof 33.5C + 5.1, @ Trgnax of 56.0C * 2.2 with amAH of
97.3J/g = 8.3. In comparison to that at’@Oninute, the Tmanser iNcreased in
temperature, as did the primary fm,. The increase in Tphsey Will be due to
integration of the peak as a whole, instead oftihe peaks individually, with the
increase in Timhay being attributable to the fast heating rate broaudg the

transition.

108

Temperature (")

Figure 4.7 Heat flow against temperature signal of the Getid4/14 melting endotherm on heating

at 500C/minute.
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The ibuprofen melting endotherm was significanttpdsler than that observed at
slower rates due to thermal lag making the Jspn fall at a temperature
approximately 7C higher at 83%€ + 2.0 (Figure 4.8). The Tgaseyy however, was
found to correspond closely at 7%5+ 0.6 compared to 748 + 0.05 as should be

the case with thermodynamic events such as melting.
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Figure 4.8 Heat flow against temperature signal of the ibdpromelting endotherm on heating at

500°C/minute.

4.3.2.2 Analysis of Physical Mixes

When heated at a rate of 3@@minute, the shape of the Gelucire 44/14 melting
endotherm was observed to change with increasing drading (Figure 4.9). The
peaks, unlike those at AMYminute, were integrated as a whole due to reduced
resolution and therefore reduced separation ofwoepeaks. Maximum of the lipid
secondary melting peak appeared to maintain aajpately 25C in all samples.
The higher melting temperature primary peak waséwan observed to reduce in

size with increasing ibuprofen loading as obseraed 0°C/minute. This may be
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caused by reduction in mass of the lipid in the amxl also broadening of the peak
due to heating at such a fast rate, bringing alexiced resolution of the peak from

the melting endotherm of ibuprofen.

Ibuprofen melting endotherms were detected as W0# w/w, theAH values of
which increased with loading. At higher drug loaginreproducibility of peakhH
was found to decline, however the ) could be observed to fall reproducibly at
79.7°C + 0.8. Variability was also observed to be amési other studies such as
McGregor and Bines (2008). Onset temperature ofldhprofen melting endotherm
reduced by approximately’@ with each increase in drug loading concentration
which may be an effect of the peak merging witht tifahe primary Gelucire 44/14

melting endotherm as suggested above.
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Figure 4.9 Heat flow against temperature signal of ibuproterd Gelucire 44/14 physical mixes on

heating at 508C/minute.
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4.3.2.3 Analysis of Semi-Solid Dispersion Systems

Analysis of the Gelucire 44/14 and ibuprofen SSBtays at a heating rate of
500°C/minute demonstrated disappearance of the Geldeif&4 primary melting
endotherm, with a depression in the (ki of the secondary peak, in both the slow
cooled (SSD(20)) and fast cooled (SSD(4)) formalsi The complete
disappearance of the primary lipid melting endatheimplies some level of
interaction of these crystals with the drug, brdugbout by solubilisation of drug

into Gelucire 44/14 when in the molten state, ageated by Chambin et al (2004).
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Figure 4.10 Heat flow against temperature signal of ibuprofend Gelucire 44/14 a) SSD(20) and b)

SSD(4) on heating at 580/minute.
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An ibuprofen melting endotherm could be detectedtHe 50% w/w systems only, in
both cases. ImM\H, the peaks were found to be similar in both ti&D&0) and
SSD(4) systems, however the peak hbgywas approximately 2C lower in the
SSD(4) formulation than that of SSD(20), &4+ 0.6 and 65°C * 1.1
respectively. There was also a significant diffeeem the Trgnax at 68.0 + 1.0 for
SSD(4) and 82 + 4.0 for SSD(20). This may be due to varyingelsvof
interaction between the primary melting fractiorighe lipid with the drug during

cooling.

4.3.3 Comparison of Conventional and Hyper Differential Scanning

Calorimetry Data

As outlined previously, the assumption of a sobtlison should not be made on the
basis of the absence of a drug melting endothemgU@SC analysis at slow heating
rates (16C/minute) due to dissolution of drug into the ligidrrier during analysis.

The use of fast heating rates (80Ominute) has highlighted the possibility of
reduction, but not complete elimination, of thesesdlution effects seen at slower

rates.

In theory, analysis of physical mixes of lipid addug should illustrate melting

endotherms of both components, independent of etar. In reality, this has been
shown not to be the case i.e. the disappearaneedaiig melting peak at 5% wi/w.
This phenomenon will therefore impact the assummgtimade regarding the physical
state of the final formulated SSD system. Qi €Rall0b) proposed that thaéH value

of the drug melting peaks measured representsmyptnoelting but also the energy
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of its dissolution into the carrier lipid. In order determine the extent of molecular
dispersion into Gelucire 44/14 during formulatiomnus dissolution during analysis,

physical mix analysis was used as a calibratioh plo

All physical mix systems were analysed for ibuprofeelt AH values which were
plotted against the initial crystalline ibuprofeencentration. For those systems
subjected to heating at 10°C/minute, a linear i@mtghip was not observed, as
predicted by the Qi model (Figure 4.11). Similarllge AH values for 25, 30 and
40% w/w systems were larger than expected comgarpdre drug, probably due to

dissolution effects contributing to the measureldea

w
o
]

Enthalpy (J/g)
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Crystalline Ibuprofen Concentration (% w/w)

Figure 4.11 Crystalline ibuprofen content in the physical ragainst the measured ibuprofen melt

enthalpy analysed on heating at’@dminute.

The AH values for physical mixes analysed at 500°C/naralso appeared to follow
the Qi model, however the point at which lipid disgion into the drug became the
dominant process did not appear to have been réachggesting that Gelucire

44/14 solubility in ibuprofen is less than 50% wf#wgure 4.12). This also suggested
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that faster heating rates reduce, but do not eliteinthe dissolution effects seen at
10°C/minute. The disappearance or reduction of dheg meltingAH does not
therefore necessarily signify the presence of adseblution since no drug

dissolution could have occurred prior to analysisthiese physical mixes.

Given the above, it was decided to use the’G0finute physical mix data as a
calibration standard in that, by comparing the S80profen AH values to the

physical mixes, a more reliable method of ascerigisolid crystalline drug content
may be derived. The physical mix plot was not Imeat demonstrated two of the

three phases outlined by Qi et al (2010b).
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Figure 4.12 Crystalline ibuprofen content in the physical ragainst the measured ibuprofen melt

enthalpy analysed on heating at 5G0minute.

Using this approach it was possible to estimatestii@l drug content of the SSD
systems using the equation from the appropriat®megf the calibration plot (Table
4.1). For both SSD systems, ibuprofen melting peak® detected only at 50% w/w

when analysed at either 20500C/minute. On the whole the data indicated that the
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drug was present as crystalline particles and dts@ small extent, a molecular

dispersion within the Gelucire 44/14.

Table 4.1 Calculated crystalline (Cryst.) and molecular (Mabuprofen content of SSD systems.

Heating Ibup Cryst. lbup Mol. Ibup
Enthalpy
System Rate Conc / Dispersion Dispersion
()/g)
(°C/min) | (%w/w) (%w/w) (%w/w)
10 50 17.5+3.4 46.6 3.4
SSD(20)
500 50 16.6+1.4 45.1 4.9
10 50 29.2+25 66.1 0
SSD(4)
500 50 16.9+26 45.7 4.3

Ibuprofen meltAH values were found to be similar, if not slightywer, when
analysed at 50C/minute, which was unexpected. If the fast spead preventing
further dissolution of the drug into the lipid dugi analysis, peakH values should
be greater thus corresponding with a more accestimation of drug concentration
as a molecular dispersion after formulation intoS8D system. This however was
not the case. As mentioned above, data obtained) uke hyper DSC method was
found to be lacking in reproducibility which willnpact on the final calculated
crystalline and molecular dispersion concentratialues. It was however observed,
with the exception of 10% SSD(4), that despite ridte of heating, the calculated
concentration of molecular dispersion in the SSBBtay was circa 4% wi/w.
Unfortunately the data did not show, with any greattainty, the benefits of using

fast heating rates and more research is requirdudaeffect. It did however give an
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indication that ibuprofen solubility in Gelucire /A4 may fall at approximately 20%

w/w.

4.34 Crystallisation Analysis using Quasi-lsothermal Modulated

Temperature Differential Scanning Calorimetry

Quasi-Isothermal MTDSC was used to further charmsetethe crystallisation
transition of the formulated SSD systems containgrofen with the lipidic carrier
Gelucire 44/14. The technique allows isolationha true crystallisation temperature,
independent of the kinetic effects of heating rdteis can then be compared with
that of the lipid alone in order to establish thée& of drug presence on the
transition. All SSD systems were analysed with sothermal period of 20 minutes
and an increment of °C, reducing stepwise throughout the crystallisation
temperature range. The reversing heat capacity piotefor representative samples

of the SSD systems can be seen in Figure 4.13.

The crystallisation temperatures of the formulagi@ooled slowly (SSD(20)) and
quickly (SSD(4)) appeared to correspond relativelgsely with each other. In
general, the crystallisation temperature of thillipas decreased from %1 for the
lipid alone,to 25°C and below in the presence of ibuprofen, with ¢hestallisation
temperature decreasing with increasing drug load&ig50% w/w, no obvious
crystallisation was observed. As suggested by Leingl (1995), the decrease in
crystallisation temperature may be brought abouthleydrug acting as a diluent and
subsequently reducing the concentration and nuwoidguclei able to bring about the

process of crystallisation.
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Figure 4.13 Reversing heat capacity versus time signal fopibfen and Gelucire 44/14 a) SSD(20)

and b) SSD(4) QIMTDSC 20 minute isotherm on coadiitly 1°C increments.

In all cases, after the event of crystallisatitw, teversing heat capacity continued to

decrease over time. This phenomenon was observe&Gdtucire 44/14 alone in

Chapter Three and was thought to be brought abpathbnitial or primary energetic

crystallisation, followed by a secondary slower, rencextended period of

crystallisation which continued to much lower temgteres than previously

expected.
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Figure 4.14 Lissajous figures of the sine wave heat flow matthrs (crystallisation) of ibuprofen

and Gelucire 44/14 SSD systems; SSD(20) a) 5% %))QL5% and SSD(4) d) 5% e) 10% f) 15%.

Lissajous figures were isolated for each tempeeaiacrement by plotting the

modulated heat flow against modulated temperaturebserve any deviation from

the steady state thus indicating the occurrencergétallisation. Representative
samples can be seen in Figure 4.14. The Lissajoal/sees were found, on the
whole, to support the crystallisation temperatwbserved from the reversing heat
capacity time plots above. Isolation of each QIMTD&mperature increment for
the 50% w/w samples showed no obvious sine wavatiav, as suggested by the

reversing heat capacity time plot above, therefioiedata is not presented.
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The major slope of the Lissajous analysis is kntavgive an indication of the heat
capacity of the sample. In all samples, the axis f@and to reduce from the start to
the conclusion of the experiment, suggesting aesyent decline in heat capacity.
This agrees with the observation from the revers$iagt capacity time plot above
(and also that of Gelucire 44/14 alone in Chaptere&) of an extended period of

secondary crystallisation after that of the primangrgetic phase.
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Figure 4.15 Lissajous figures of the sine wave heat flow mathra of ibuprofen and Gelucire 44/14
SSD(20) 10% w/w systems at the star@%lack) and finish @, red) of the cooling experiment

showing the major slope of each plot.

Of the repeated sample analyses carried out fdr fEmmulation, reproducibility of
the detected crystallisation temperatures was faonbe poor, with the transition
being found to occur over two temperature incresm@nbne of the three repeats (see
Table 4.2). This may be brought about by nucleatiocurring at varying rates, and

also the growth of different crystal formationsmay also be due to crystallisation of
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the lower and higher melting point fractions of Gxte 44/14 crystallising over two

different temperatures.

Table 4.2 Measured crystallisation temperatures for ibuprofand Gelucire 44/14 SSD systems using

QIMTDSC reversing heat capacity versus time anddjtus analysis.

Ibuprofen Crystallisation Temp: Crystallisation Temp:
System
Loading (%w/w) Reversing Cp (°C) Lissajous (°C)

5 24.8°C+0.2 24.8°C+0.2

10 21.7 £3.2 21.8+3.4
SSD(20)

15 21.7 0.6 21.7 +0.6

50 None None

5 24.7 £ 0.6 24.8 0.3

10 22.7£23 23.2+238
SSD(4)

15 21.3+0.6 21.3+0.4

50 None None
4.35 Observation of Thermal Transitions by Hot Stage Microscopy

On visualisation of the 5% w/w SSD(20) systems @happeared to be a small
number of ibuprofen crystallites, which dissolveidly during and after melting of
Gelucire 44/14 (Figure 4.16 b). This confirmed tbamplete ibuprofen dissolution,
at this drug loading, did not occur during formidat as suggested by thermal
analysis at slow and also higher rates, and thaarmaount of dissolution occurs
during formulation into the Gelucire 44/14 since trystallites have sufficient time
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to dissolve prior to their melting temperature.58% w/w SSD(4) however, there is
no indication of any crystalline ibuprofen (Figu4el6 d). This may suggest that
complete dissolution does occur during formulatiomvever, the slower cooling rate
of the SSD(20) systems allows formation of smalipiwfen crystallites before

complete solidification.

Figure 4.16 HSM images of a) ibuprofen, b) SSD(20) 5%, c) 88D%0%, d) SSD(4) 5% and e)

SSD(4) 50% at S in order to visualise only crystalline ibuprofen.

At 50% w/w a significant number of ibuprofen crystaould be observed in both
formulations (Figure 4.16 ¢ and e). These crystadse larger in size than those seen
at 5% SSD(20), however, with the exception of alsmanber, were smaller in size
than crystalline ibuprofen alone (Figure 4.16 a)eSe crystals began to reduce in

size immediately post Gelucire 44/14 melting, ailti due to dissolution into the
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molten lipid, and then melting with increasing tesrgiure, having completely
disappeared before 7. This indicated melting point depression, as destrated
by conventional DSC, as crystalline ibuprofen alaa@ be seen to begin melting

just after 76C, being molten by 8C.

It should be noted at this point that HSM and DSE€asurements cannot be
compared directly with any absolute certainty daedifferences in measurement
method. Data obtained from HSM gives an indicatisrto the behaviour of a small
number of individual crystals; however DSC averaties melting of all the crystal
species at a similar temperature as a whole. lildralso be considered that the heat
flux experienced by a sample enclosed in an alwmnpan will not be the same as

that experienced by a sample exposed to the atrapsfButananta et al. 1994b).

4.3.6 Summary of Ibuprofen and Gelucire 44/14 Semi-Solid Dispersion

System Characterisation Studies

The characterisation of SSD systems composed pfaben and Gelucire 44/14 has
produced some interesting findings into the existenf drug within the formulation
and also to the interpretation of data. The DSCspay mix data at 10 and
500°C/minute showed a similar trend in that a dngjting peak was absent at 5%
w/w. This could be taken to suggest that the chystaibuprofen present is
dissolving during analysis or that the mass fakdolw the instrument limit of
detection. So at first glance there is no diffeeeand also little benefit of the faster
heating rate in this case. Analysis using fastihgattes may be best suited to linear

models. On plotting the crystalline ibuprofen mald values against the initial
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crystalline ibuprofen content, it became appareat the faster heating rate followed,
to some extent, the model put forward by Qi eR8ILQOb), highlighting the processes
of drug dissolution into the lipid at low drug laagds, lipid dissolution into the drug
at high drug loadings and both occurring in betwédre use of the corresponding
sections of the plot to calculate the crystallineprofen content of the SSD systems
suggested that those systems with a measurablendeltgAH (50% w/w at both
10°C/min and 500°C/min) also, on the whole, corgdimolecularly dispersed drug
of circa 4% w/w. Conventional DSC along with Quesithermal MTDSC showed
the decrease of lipid crystallisation temperatur® mcreasing drug loading, thought

to be due to dilution of nuclei by the moleculadigpersed drug (Long et al. 1995).
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4.4 INDOMETACIN AND GELUCIRE 44/14 SEMI-SOL 1D DISPERSION

SYSTEMS

In this section, formulations of the lipidic cami@&elucire 44/14 with the model drug

indometacin, a BSC Class Il drug, were investigated

4.4.1 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

4411 Analysis of Raw Materials

The melting endotherm observed upon heating oft&@ityse indometacin presents as
a sharp peak occurring reproducibly atJrg)159.6C + 0.04 and Tighax 160.7°C

+ 0.09 (Figure 4.17).
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Figure 4.17 Heat flow against temperature signal of the indtanim melting endotherm on heating at

10°C/minute.
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44.1.2 Analysis of Physical Mixes

Upon analysis of indometacin and Gelucire 44/14spia} mixes using conventional
DSC, the characteristic Gelucire 44/14 double émefot was observed in all cases
(Figure 4.18). The Tiphser @and Tnimax vValues of both the primary and secondary
endotherms occurred reproducibly at 46.G: 0.1 and 443 + 0.1, and 27Z +*
0.4 and 34.X + 0.2 respectively, corresponding well with thadehe lipid alone.
This confirmed the absence of any previous intevadietween the two components
prior to analysis. TheAH values for both peaks could however be obsereed t
decrease with increasing indometacin loading attable to the decreasing mass of

lipid in the binary mix.

The baseline at the point of indometacin melting feaind, in most cases, to be very
noisy. At least six repeats were therefore caroetdin order to achieve a minimum
of three measurable and usable results for furtirexlysis. Measurable melting
endotherms were detected at 15% w/w indometacin abale. In general, the
Tmenseny@nd Timax) Values appeared to increase with increasing dradimhg in the
range 122 to 14€ and 136 to 15°C, both of which were significantly lower than
those observed for the crystalline drug alone i 159.6C, TMmax 160.7°C).
Both this and the increased broadness of the prakgested an interaction with the
molten lipid during analysis. As outlined earligpeak broadness is thought to be
attributed to the melting and dissolution of theuglrover a wide range of

temperatures. The measured values were also observed to increase.
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Figure 4.18 Heat flow against temperature signal of indometaand Gelucire 44/14 physical mixes

on heating at 1%C/minute.

As with the ibuprofen physical mixes, the absenfca drug melting peak at 5% w/w
suggests one of two things. That the crystallirdometacin present is completely
dissolving into the Gelucire 44/14 during analysisthat the indometacin melting
peak is undetectable due to its small mass in tixe which is certainly much less
likely with the 10% systems. The crystalline inddaoéin seen to melt at the higher
drug concentrations may thus only be accountalsléhéd remaining after a standard
amount of dissolution into the lipid given timedocur during the slow heating rate.
The AH values may also be attributable, in some parthéoenergy of dissolution of

indometacin into the molten Gelucire 44/14 duringlgsis, as discussed previously.
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4.4.1.3 Analysis of Semi-Solid Dispersion Systems

Upon melting of the formulated SSD systems, theuG@et 44/14 double melting
endotherm could be observed to occur reproducibl¥mgnseny 3PC and Tngnax
35°C (Figure 4.19). In comparison with the lipid alpheth peaks corresponded well
however a slight decrease in the primary s in the range of €, could be
observed. This melting point depression of the &igmnelting point fraction of the
lipid may suggest solubilisation of indometaciroithe molten Gelucire 44/14 either
during formulation or analysis, or a combinationtio¢ two. TheAH values of the
lipid melting endotherms in both systems did nanhdastrate any particular pattern
of change with increasing drug. At 50%, howevere thH value decreased

considerably, possibly owing to the reduced lipiassiin the mix.

An indometacin melting endotherm could be detectedly for the 50% wi/w
formulations of both the SSD(20) and SSD(4) systeif® TMonsery aNd TNinax)
values of the peaks, in both cases, were reducezbnmparison to those of the
crystalline drug alone, again suggesting interactioth the lipidic carrier during
manufacture and analysis, the extent to which tishatable to analysis cannot be
defined at this stage. The indometacin molecuka@vn to consist of four hydrogen
bond acceptor groups and one hydrogen bond donapgtt is reasonable to assume
that the indometacin molecule may therefore be ldapaf forming hydrogen bonds
with the many components of Gelucire 44/14 whichregs both hydrogen acceptor
and donor groups. The interaction observed betwebkymetacin and Gelucire 44/14
may be stronger in nature that that seen with itsigpr due to the larger number of

groups capable of bonding.
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Figure 4.19 Heat flow against temperature signal on heatingl&tC/minute of indometacin and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — First.mel

Crystallisation upon cooling of the SSD systemssli®wn in Figure 4.20. The

temperature of crystallisation was reduced sigaifity when compared to that of

Gelucire 44/14 alone. It could also be observeddorease further with increasing

indometacin loading. This may be attributable tesdlved drug acting as a diluent

and subsequently reducing nuclei concentratiorrethedecreasing crystallinity of

the sample (Long et al. 1995), as observed withithprofen SSD systems. The

shape of the crystallisation exotherm varied betwésrmulations due to the
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complex nature of the process and of the lipid-dryggem itself. The different peaks
observed possibly representing different crystahttions due to hydrogen bonding

between the molten lipid and molecularly disperded) (Lloyd et al 1997).

Heat Flow (Wig)

T T T T T T T
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: b)_ 0%
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Figure 4.20 Heat flow against temperature signal on heatingl&tC/minute of indometacin and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Crysiion.

The 5 to 15% w/w formulations demonstrated a legadihoulder at approximately
15°C which appeared to correspond well with crystatien of Gelucire 44/14 alone.

As noted previously, Lloyd et al (1997) suggesteat the appearance of a bimodal
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crystallisation peak may indicate the presencenof different crystal forms. In this
case, the observed leading shoulder may be atiblatto the formation of a
proportion of the original lipid crystal configuran, with the majority constituting
the formation of a new crystal entity or entiti&ge crystallisation peaks appeared to
be uncharacteristically sharp in nature, since enegal the lipid demonstrated a
broader transition in relation to the complexity tife process. No obvious
crystallisation was observed to occur upon coobhthe 50% w/w formulations of
either SSD system, suggesting complete inhibitioorgstallisation of lipid over the
temperature range observed in the presence ofja tmncentration of molten drug,

with the systems remaining, on the whole, liquich@ture.

The second heating of both SSD systems demonstrthtewes to the Gelucire 44/14
melting endotherm from those observed upon firgttihg (Figure 4.21). There was
reduced separation between the primary and secppeaks, which could also be
observed for the lipid alone, with the T values in both cases decreasing with
increasing indometacin loading, probably due terattion with the drug. Despite no
obvious sign of crystallisation on cooling of th&®% w/w systems, a small
endothermic peak was detected upon reheatingolilgtbe considered that, at this
large drug concentration, not only will dissolutiohdrug be occurring into the lipid
but vice versa and also a combination of the two. rNeasurable indometacin
melting peaks could be detected in all cases stiggethat it may be present as a

molecular dispersion or exist in the amorphous form

185



Chapter Four Characterisation of Semi-Solid Dispersions

G%

Heat Flow {W/g)

T T
100 150

Temperature [*C) Uik Al VATATA s Tament.

5%

Heat Flow (/o)

T T
100 150

Eo Temperature [°C) Uikl VAT TA listme 1

Figure 4.21 Heat flow against temperature signal on heatingl&tC/minute of indometacin and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Secoritd me
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4.4.2 Assessment of Thermal Properties using Hyper (Fast Speed)

Differential Scanning Calorimetry

44.2.1 Analysi®of Raw Materials

Upon analysis at fast heating rates, crystallindoimetacin displayed a she
endotherm at Tighset 158.7C +1.0 and Tnmaxy 165.5C + 0.8. These value

increased in comparison with those measured usingentional DSC
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Figure 4.22 Heat flow against temperature signal of the indan#t melting endotherion heating at

500°C/minute.

4.4.2.2  Analysis of Physical Mixe

Analysis of indometacin and Gelucire 44/14 physivakes allowed distinction ¢
the characteristic lipid melting endotherm in a@bes. The peak Tonsenyand TNimax)
values displayed no particular pattern of changé vimcreasing drug loadin

occurring at 35%C + 4.7 and 53°C + 1.2 respectively. These values died from
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those of the lipid alone probably due to limitegrolucibility of the technique

however it did still suggest no prior interactiogtlween the two components.

Indometacin melting endotherms could be measureallisamples, from 5% w/w
and above, occurring reproducibly at Gy 154.8C + 0.6 and Ty 161.5C +
0.8, both of which were slightly reduced in compan with those of the drug alone.
This may be as a result of possible hydrogen bandiith the molten lipid during
analysis. This effect should be reduced due tdakeheating rate, however will not

be completely eliminated.
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Figure 4.23 Heat flow against temperature signal of indometaand Gelucire 44/14 physical mixes

on heating at 50 /minute.

4.4.2.3 Analysis of Semi-Solid Dispersion Systems

Analysis of indometacin and Gelucire 44/14 SSD ayst at 50%C/minute heating
rate can be observed in Figure 4.24. Theeldm and Tnmax values of the lipidic

melting endotherm appeared to vary between repeatsdples as observed
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previously using this technique. In all cases, theasured Tiphser Values were

greater in temperature compared to that of thel lgpone, being most prominent at
50% w/w. The Trmax Of the melting peaks however were found to be fpwe
suggesting that the peak is narrower. This shifohghe transition as a whole may

suggest possible hydrogen bonding interaction thighdrug.
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Figure 4.24 Heat flow against temperature signal of indometaamd Gelucire 44/14 a) SSD(20) and

b) SSD(4) on heating at 5&Yminute.

Distinct and measurable indometacin melting endatbecould be distinguished at
15 and 50% for SSD(20) and 10 to 50% w/w for th®@$ systems. These peaks,

however, demonstrated poor reproducibility. At 15%%e indometacin melting
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endotherm was observed to consist of two peaks, ¢lent however was n

observed in all repeated samg

4.4.3 Comparison of Conventional and Hyper Differential Scanning

Calorimetry Data

All conventionalDSC data was analysed for indometaomelt AH values. Physical
mix AH data was plotted against the initial crystallindometaci concentration. As
discussed previous Qi et al (2010b) proposethat the measuredH value
represents not only melting of tdrugbut also the energy of its dissolution into
carrier lipid TheAH against crystallinendometacirplot for physical mixes analyse
at 10°C/minutedemonstrald a comparativelylinear relationshi, excluding 20%
w/w whose value &« larger than expected compared to pure driossibly due to

dissolution effects contributing to the measurelde (Figure4.2t).
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Figure 4.25 Crystallineindometacin content in the physi mix againstthe measure indometacin

melt enthalpy analysesh heatincat 1°C/minute.
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At 500°C/minute, the measured indometagiH values appeared to follow the (
model in that it was triphasic in nature (Fig4.26. The values obtained for 15 a
20% w/w were higher than expected, again possilblg tb dissolution effect:
however this should be reduced in comparison tb gkan for conventional DS
This plot was therefore used as a calibration stahdgainst which to determine f
solid crystdiine indometacin content of the formulated SSDtays Table 4.3). It
could also be determined from this plot that indtaom solubility in Gelucire 44/1
appears to b@5% w/w, with Gelucire 44/14 solubility within melt indometaci

being 60% wi/w.
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Figure 4.26 Crystallineindometacin content in the physical againstthe measure indometacin

melt enthalpy analysesh heatincat 500C/minute.

Indometacin peaks were detected only at 50% w/wvilfose SSD systems analy:
at 10C/minute; however at a heating rate of °C/minute, crystalline meltin
endotherms could be measured as low as 15% forZB$R@6d 10% for the SSD(
systems. Firstly this highlights that heating aiwadr rates allows dissolution

crystalline drug into the moln lipid during analysis, thus preventing detectamd
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measurement of drug melting and therefore the mecbrassumption of a solid
solution created purely from the formulation prace&nd secondly, by increasing
the rate at which the sample is heated, the exterwhich the crystalline drug
dissolves during analysis can be reduced thoughcoatpletely prevented. At
500°C/minute, the SSD(4) system demonstrated a drug mtela lower drug

concentration than that seen for SSD(20), and finerea larger concentration of
crystalline drug after formulation. It may be a gibdity that any remaining

crystalline drug may continue to dissolve in thdtemlipid whilst cooling at a slow

rate to room temperature.

The measured crystalline indometacin mt values at 5RC/minute were found
to be similar to those at the slower heating ratdysequently giving comparable
calculated values of crystalline indometacin in fimal SSD systems. It would be
expected that heating at faster rates would demaiadiarger indometacin mekH
values. It should however be considered that tlaeeea great number of factors
which can affect the data obtained, such as ingntirarror, calibration and baseline
error, sample and reference pan variation etc.riibasured\H values of the repeat
samples were significantly variable in value, a® d¢#® seen by the standard

deviation, which will give a false indication astte true concentration.
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Table 4.3 Calculated crystalline (Cryst.) and molecular (Mahdometacin content of SSD systems.

Heating Indo Cryst. Indo Mol. Indo
Enthalpy
System Rate Conc / Dispersion Dispersion
(J/g)
(°C/min) | (%w/w) (%w/w) (%w/w)
10 _ _ _
10 15 _ _ _
50 29.7 £2.0 37.8 12.2
SSD(20)
10 _ _ _
500 15 23.7 +111 34.6 0
50 24.6 £6.9 35.2 14.8
10 _ _ _
10 15 _ _ _
50 31.3+2.2 36.6 134
SSD(4)
10 1.8+0.5 6.6 3.4
500 15 2.7 +1.7 10.7 4.3
50 19.6+2.3 32.5 17.5

The molecular dispersion concentration values as®d with increasing
indometacin loading into the SSD formulation. Timay suggest that the system was
unable to reach indometacin saturation into thetenoGelucire 44/14 during the
time allowed for mixing during manufacture. At 50%/w, the -calculated
concentrations of molecularly dispersed indometagne similar in value, ranging
from 12.2 to 17.5% w/w which may suggest that iatghis point that saturation is

achieved.
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4.4.4 Crystallisation Analysis using Quasi-lsothermal Modulated

Temperature Differential Scanning Calorimetry

Quasi-Isothermal MTDSC was utilised as a tool tentify the true crystallisation
temperature of the formulated SSD systems, andtalswestigate the effect of drug
presence on the lipidic carrier. The reversing heapacity time plot for

representative samples of the SSD systems are drrait@a in Figure 4.27.
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Figure 4.27 Reversing heat capacity versus time signal foroindtacin and Gelucire 44/14 a)

SSD(20) and b) SSD(4) QIMTDSC 20 minute isothereoofing with £C increments.
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Overall, crystallisation of Gelucire 44/14 was sigantly reduced in temperature
from 31°C to 25C and below due to interaction, possibly hydrogendbrelated,
with indometacin, as also demonstrated with ibugmofThis effect may have been
caused by molten indometacin acting as a diluedtjeing the number of nuclei and
subsequently delaying crystallisation (Long etl@95). The reversing heat capacity
of all systems could be observed to decrease ower even after the main energetic
crystallisation had taken place, suggesting a skgmprocess ongoing over a longer
time and to much lower temperatures. No energatystallisation process was
detected for the 50% w/w formulations of either S§f3tem, the reversing heat

capacity did however still decrease over time.

ted Heat Flow (Wig)

Modulated Heat Flow (Wig)

lateds Heat Flaw (Wig)
at Flow (W/g)

Modulated Heat Flow (W/g)

Figure 4.28 Lissajous figures of the sine wave heat flow matibrs (crystallisation) of indometacin

and Gelucire 44/14 SSD systems; SSD(20) a) 5% %%))QL5% and SSD(4) d) 5% €) 10% f) 15%.
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Deviation of the sine wave modulations was obsemsiig Lissajous analyses,
indicating the occurrence of crystallisation (Figut.28). The extent to which the
sine wave ellipses deviated from the steady sthtbeoliquid or solid form varied
between SSD systems and even between samples. Owhble however, the
crystallisation temperature indicated by modulatioh the Lissajous analyses
coincided with the equivalent reversing heat cadgatime plot. Following the
absence of crystallisation in all 50% w/w formubau$ in the reversing heat capacity
time plots, isolation of each temperature incremest a Lissajous figure
demonstrated no sine wave deviation, and thereforerystallisation. This data is

not shown.

Start (250C)
Finish (DaC)

Modulated Heat Flow (W)

Eotp Deriv. Modulated Temperature (°C/min) UNERAIVATA TR 15T

Figure 4.29 Lissajous figures of the sine wave heat flow matibris of indometacin and Gelucire
44/14 SSD(20) 10% w/w systems at the starf@2Black) and finish (&€, red) of the cooling

experiment showing the major slope of each plot.

The major slope of the sine waves could be obsetvezhange between samples,

thus suggesting that the extent to which the sasnpése loaded with drug, and also
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the rate at which the SSD systems were cooled glunanufacture, affected the heat
capacity of the final formulation. The slope wascafound to reduce from start to
finish of each experiment, in all cases, confirmihgt the heat capacity of each
sample reduced over the course of the experimég. grovides further evidence of
an extended period of secondary crystallisatiomgufé 4.29). The width of the
ellipses were also observed to increase which eggest that there is a change in the
phase lag, probably brought about by the sampleengathg crystallisation. The
interpretation of phase lag should be done witle @& a change can also be caused
by factors such as asymmetry of the reference amgle pan placement and uneven

purge gas.

Table 4.4 Measured crystallisation temperatures for indonsétaand Gelucire 44/14 SSD systems

using QIMTDSC reversing heat capacity versus time lassajous analysis.

Indometacin Crystallisation Temp: Crystallisation Temp:
System
Loading (%w/w) Reversing Cp (°C) Lissajous (°C)

5 21.3+15 21.3+15

10 24.6 +0.6 24.8 +0.3
SSD(20)

15 22.3+24 223124

50 None None

5 21 +4.6 21+46

10 22.2+2.38 22.2+2.38
SSD(4)

15 24.3 +0.6 24.0

50 None None
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Reproducibility of the detected crystallisation fmratures for formulations of the
SSD(20) and SSD(4) systems was found to be poaurong at a different

temperature for each of the repeated samples (BableOn the whole, however, the
crystallisation temperature was reduced, from thserved for Gelucire 44/14 alone
(31°C), most significantly by the 5% w/w formulationh& 10 and 15% systems

demonstrated a reduction in crystallisation tenipeesto a lesser extent.

4.4.5 Observation of Thermal Transitions by Hot Stage Microscopy

Observation of the SSD systems using HSM demosstrtat at 5% w/w no
crystalline indometacin was present (Figure 4.2 d). It should be noted that the
dark areas observed in these images were not indomerystals. They did not melt
at the indometacin melting temperature, and werstmpbably dirt on the slide or
lens and therefore should be discounted. The absgingsible indometacin crystals
confirmed that dissolution during analysis did nobtribute to the absence of a drug
melting endotherm in both conventional and hypeCDifaita, and that the solubility

of indometacin in Gelucire 44/14 is greater thanVuAf.

At 50% w/w, indometacin crystals were very demsthe formulation (Figure 4.30 ¢
and e), however these crystals began to dissotoetlie molten Gelucire 44/14 well
below their own melting temperature of 260 thus confirming the presence of
dissolution effects caused by slow heating ratéssdution of the crystals appeared
to be complete by approximately £80in both systems i.e. melting point depression

as observed using thermal analysis.
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Figure 4.30 HSM images of a) indometacin, b) SSD(20) 5%, €)(3® 50%, d) SSD(4) 5% and e)

SSD(4) 50% at S in order to visualise only crystalline indometaci

4.4.6 Summary of Indometacin and Gelucire 44/14 Semi-Solid Dispersion

System Characterisation Studies

Characterisation of indometacin and Gelucire 4488D systems using thermal
analysis techniques has given an insight into thgsipal state of the incorporated
constituents. When investigated at slower heatatgsr using conventional DSC,
dissolution effects during analysis of physical esxorought about the absence of
indometacin melting endotherms at 5 and 10% w/whigher drug loading, changes
could be observed to the melting endotherm sugggestiteraction with Gelucire

44/14 occurring during analysis, possibly due ttepbal hydrogen bonding between
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the two components. Solid dispersions demonstratedometacin  melting
endotherms only at 50% w/w however the presen@esalid solution at lower drug
loadings could not be attributed to either dissotuinto the lipid during analysis or
during formulation at this point. Analysis usingpey DSC confirmed that the
absence of indometacin melting peaks at the loweay thadings were contributed to
by dissolution effects during analysis by demonstgapeaks at 10 and 15% w/w.
The crystalline indometacin concentration versues ittdometacin melting\H plot
closely followed the model proposed by Qi et al 1(@0) however subsequent
calculation of SSD indometacin molecular disperstontent of 50% formulations
showed a value in the range of 12 to 17% w/w sugges the dissolution of a
standard amount of indometacin in all cases. THebsiy of indometacin in
Gelucire 44/14 was also calculated to be 25% wivet jabove the molecular
dispersion value, with Gelucire 44/14 solubility nmolten indometacin being 60%
w/w. QIMTDSC data confirmed the decrease in tentpeeaof the Gelucire 44/14

crystallisation transition as observed for ibuprofe
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45 PIROXICAM AND GELUCIRE 44/14 SEMI-SOLID DISPERSION

SYSTEMS

In this section, formulations of the lipidic cami@&elucire 44/14 with the model drug

piroxicam, a BSC Class Il drug, were investigated.

45.1 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

451.1 Analysis of Raw Materials

Upon heating, crystalline piroxicam displayed arphaelting endotherm at Tgaser)
201.8C + 0.2, Tmax) 202.3C + 0.06 and\H 108.3 J/g + 1.6. This data will act as a
comparison on which to base any observed changid® tmelt as part of a physical

mix or SSD.

Heat Flow (wig)

190 2DID 21|D
B Up Temperature (*C)
Figure 4.31 Heat flow against temperature signal of the picaxn melting endotherm on heating at

10°C/minute.
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45.1.2 Analysis of Physical Mixes

Representative samples of piroxicam and Geluciré4physical mixes, analysed
using conventional DSC, are demonstrated in Figus&. The Trgnsenand Timax)

values of the Gelucire 44/14 double melting endotiseremained stable over the
increasing piroxicam concentrations. These vallss @rresponded well with those
of the lipid alone, thus confirming the absenceany interaction between the two

components prior to analysis.

Heat Flow (W/g)
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Figure 4.32 Heat flow against temperature signal of piroxicand Gelucire 44/14 physical mixes on

heating at 18C/minute.

Piroxicam melting endotherms could be detected fid% w/w and above. The
baseline around this peak tended to be noisy hawewas still possible to measure
usableAH values. These values increased with increasirmgxisam concentration.
No particular pattern of change was noted for thgskerand Tngnax Values which

remained in the region of 183 and i@0both of which are well below those of the
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crystalline drug alone, thus suggesting interactwith the molten lipid during

analysis.

The absence of a piroxicam melting endotherm at Va8 suggests either the
complete dissolution of the crystalline drug durantalysis, or the limit of detection
of the instrument lies above the mass of the dnuge mix. If the former is the case,
then it is reasonable to assume that the measiedalues for the drug melting
endotherms of the higher loading mixes may be dmrttd to by an unknown extent

of dissolution into the lipid during analysis, aggested by the Qi model.

45.1.3 Analysis of Semi-Solid Dispersion Systems

SSD formulations of piroxicam and Gelucire 44/1gon heating, demonstrated the
characteristic lipid melting endotherm (Figure 4.33Vith increasing drug
concentration, the Tghsey and Tmmax) remained consistent at 28CL+ 0.7 and
35.3C + 0.3, 40.1C £ 0.1 and 433 + 0.2; and 283 + 1.1 and 343 + 0.9,
40.1°C + 0.05 and 43°€ + 0.1 for SSD(20) and SSD(4) respectively. Theslaes
corresponded very closely with those of the lipidna. The lipid double melting
endotherm appeared to remain unchanged by formolammto an SSD with
crystalline piroxicam, possibly due to low compdip between the two

components.
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Figure 4.33 Heat flow against temperature signal on heating18tC/minute of piroxicam and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — First.mel

Measurable crystalline piroxicam melting peaks,hwat Tmmax) between 185 and
202C, were detected in all cases, increasing AH with increasing drug
concentration. In general, the baseline arounctitystalline piroxicam melting peak

was found to exhibit a degree of noise making dmrft measurement more difficult.

At 10 and 15% wi/w, in addition to a piroxicam medfi peak at the lower

temperature of circa 18, another endotherm was observed, occurring imethien
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of 110°C at 10% and 12€ at 15% w/w (Figure 4.34). These additional endoatts,

despite the integration values of which being \@ean nature, were found to occur
in all repeat samples for these formulations. knswn that piroxicam can display
polymorphism and it is unknown how many differeotnfis exist (Vréer et al.

1991). It may be possible that, during formulati@onversion to an alternative
polymorphic form may have been induced by the kinehergy of the process.
Another possibility may be that piroxicam presestaamolecular dispersion may

have crystallised during cooling into a metastdbten.
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Figure 4.34 Heat flow against temperature signal on heating18tC/minute of piroxicam and

Gelucire 44/14 SSD - First piroxicam melt at 10 4586 w/w magnified.

An endothermic peak was also observed in similamédations of piroxicam and
Gelucire 44/14 by Karagaet al (2005) who suggested it may be attributéblan
interaction between the benzothiazine ring -OH grod piroxicam with the fatty

acid esters of the lipid, initiated by applied hexating the formulation process.
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At 50% w/w, the broad piroxicam melting endothernaswfound to occur at
approximately 198C Tmmax for both SSD systems. This reduced temperature may
be attributable to melting point depression broughbut by interaction of the
piroxicam with Gelucire 44/14. It could also be doethe creation of an alternative
polymorphic crystalline formation with a meltingipbof 195C as noted by Vier

et al (1991).

Upon cooling of the molten SSD systems, the 50% Woknulations of both the
SSD(20) and SSD(4) systems demonstrated no oberystallisation. At 5 to 15%,
both the Trpnseryand Tmmax) Of the transition were found to decrease, in camepa
with Gelucire 44/14 alone, with increasing piroxicaoncentration (Figure 4.35). As
suggested previously in this Chapter, this effeay ime due to the molten drug acting
as a diluent, thereby reducing the nuclei concéntraand decreasing crystallinity of
the system (Long et al. 1995). In all cases, wiathéxception of 50%, a leading peak
was present at a temperature corresponding witiT ¢y of crystallisation of the
lipid alone suggesting formation of the originall@d#re 44/14 crystal arrangement
(Lloyd et al 1997). In addition to this, the formatibns appeared to form another
crystal entity, indicated by the shoulder of theimpeak. This peak became less
prominent and lower in temperature with increasingg loading, being completely
absent by 15%. It should also be noted that agairseen for indometacin systems,

the crystallisation peaks were uncharacteristicsgtiigrp in nature.
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Figure 4.35 Heat flow against temperature signal on heating18tC/minute of piroxicam and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Crystaiion.

Re-heating of the SSD systems demonstrated antesrdat transition in the region
of 20 to 50C in all cases, most likely attributable to meltio§ re-crystallised
Gelucire 44/14 (Figure 4.36). At 5% wi/w, the endwoth was unchanged from that of
Gelucire 44/14 alone, confirming its presence arngtal formation in the system,
and also the lack of interaction with piroxicam. K%, the secondary peak became
more prominent, with the primary peak being comglleabsent at 15%. TheH was

found to decrease with increasing drug loadings Thay suggest a closer proximity
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between the piroxicam and Gelucire 44/14 on a nutdedevel than the complete
lack of interaction observed upon initial meltingromoted by melting both
components together. The interaction appeareddor adith the higher melting point
fractions of the lipid, suggested by the disappssgaof the primary melting

endotherm, with the effect becoming more prominettt increasing drug loading.

Heat Flow (W/g)
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Figure 4.36 Heat flow against temperature signal on heating18tC/minute of piroxicam and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Secortd Me
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The 15% w/w formulation of the SSD(20) system amel % to 15% formulations of
the SSD(4) systems demonstrated a small endoth@eaic at approximately 152
and all of similarAH which may be attributable to the melting of a ngwoxicam

polymorph created after melting and cooling.

0z

S50

01

L)

Heat Flow (Wig)

0.0 -

-01 T T T T T
a 50 100 150 200

B lp Temperature (°C)

Figure 4.37 Heat flow against temperature signal of piroxicand Gelucire 44/14 50% SSD systems

— Second Melt magnified.

At 50% piroxicam loading, no crystallisation peakasvdetected upon cooling
however a possible melting peak, at s 17°C, was present during re-heating in
the region of Gelucire 44/14 melting (Figure 4.3Me Tmmax Was found to occur
at 26.£C + 0.3 and 27 + 2.7 for SSD(20) and SSD(4) respectively. Initala to
this lipidic melting peak, a small peak was deteete123.3C + 3.0 for SSD(20) and
119.7C * 0.6 for SSD(4) systems, with akH larger in that of the SSD(20)
formulations at 2.7 J/g £ 3.2 in comparison with @/g + 0.5 for SSD(4). This
additional peak may be attributable to a new polyhaof piroxicam, crystallising
from the amorphous form. It is possible that thenfation of microcrystals occurred

upon cooling which was undetectable using thermalyeis in this case, the melting
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of which was able to overcome the instrument detectimit and therefore

demonstrating an endotherm on the DSC pilot.

45.2 Assessment of Thermal Properties using Hyper (Fast Speed)

Differential Scanning Calorimetry

45.2.1 Analysis of Raw Materials

Under analysis at fast heating rates, crystallimexpcam demonstrated a melting
endotherm on heating, occurring at gy 198.9C + 0.6 and Tngax 206.£C +
1.3. The Tnpnser Value corresponded closely to that of the drugl@aver heating
rates, as described above, falling within a coupledegrees. TheAH of the
endotherm was also found to be comparable, at 103t 0.6. The peak was

however much broader, increasing the sy by approximately %C.

Heat Flowe Enco D own ()
=

120 140 160 180 200 220 240 260 280 290
Temperature (°C)

Figure 4.38 Heat flow against temperature signal of the pioaxh melting endotherm on heating at

500°C/minute.
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45.2.2 Analysis of Physical Mixes

Overall, on heating, the Gelucire 44/14 melting cthdrm remained generally
unchanged for the physical mixes, with an diga,of 37.5C + 1.7 and Trpax) Of
55.5C + 1.1, comparable to that of the lipid alone.sTindicated the absence of any
prior interaction with piroxicam. PeakH was found to decrease with increasing
piroxicam concentration. A piroxicam melting endatin could be detected in all
cases, being reproducible between repeated sampdeslso with increasing loading
(TMeonseyy 197.3C = 1.2; Tmmay 204.6C + 1.8), thus also confirming that no
interaction had taken place between the two comusndheAH of these peaks

increased with piroxicam concentration.
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Figure 4.39 Heat flow against temperature signal of piroxicand Gelucire 44/14 physical mixes on

heating at 508C/minute.
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45.2.3 Analysis of Semi-Solid Dispersion Systems

Analysis of Gelucire 44/14 and piroxicam SSD systemt 500C/minute
demonstrated that the lipid melting endotherm reexhia similar shape to that of the
lipid alone, as the drug concentration increasemveéver, despite the T@sern being
increased from 33°%& for the lipid alone to 39°8 + 0.9 and 38% * 1.0 for the
SSD(20) and SSD(4) systems respectively, the,Jywas comparable in both cases

for all formulations.
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Figure 4.40 Heat flow against temperature signal of piroxicamd Gelucire 44/14 a) SSD(20) and b)

SSD(4) on heating at 580/minute.
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A piroxicam melting endotherm could be detectedllatirug concentrations. At 5 to
15% w/w drug concentration, the peak was foundctupat a Trnsery@and Tima)
significantly higher that observed for the drugr&o(Tmonseyy 198.9C; TMmax)
206.PC). The values corresponded closely between fortionk at Tngnser
approximately 21 and Tngnax) approximately 21& for the SSD(20) systems, as
did those for SSD(4) at Tgnsen approximately 21°C and Tngnax) approximately
219, with the exception of 15% T#msenat 213C. It should be considered that this
increased piroxicam melt (particularly the Grgey as the Tmnaxy would increase
due to peak broadness at fast heating rates) mastthbutable to a different
polymorphic form, the conversion to which was brstugbout during manufacture.
This was not, however, observed at slower heatsgsr suggesting that any
conversion taking place does not occur during mactufe but during analysis. In
theory however any change occurring in the sammpbellsl be reduced the faster the
analysis takes place. The measukeétivalues were found to be equally small for 5 to
15% formulations with no particular pattern of chanAgain, the values obtained

using this technique were found to be variable.

At 50% w/w, the piroxicam melting endotherm was eed to occur at a lower
temperature than that of the lower drug loaded datrons and also of the drug
alone at an Tignser Of approximately 17% and a Tnay Of approximately 197C.
Such a melting point depression was also notethi®ISSD systems analysed using
conventional DSC and attributed to possible intgsacwith the molten lipid during

analysis.
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4.5.3 Comparison of Conventional and Hyper Differential Scanning

Calorimetry Data

Upon examinationof the piroxicam and Gelucire 44/14 physical mixgesing
conventional and hyper DSCFigures 4.41 and 4.42), it waapparent that tt
measured drug melhAH values again followed the rdel proposed by Qi et

(2010b).
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Enthalpy (J/g)

O ' T T T T T 1
0 10 20 30 40 50 60

Crystalline Piroxicam Concentration (%w/w)

Figure 4.41 Crystalline piroxicam content in the physical r againstthe measure piroxicam melt

enthalpy analysedn heatincat 1(°C/minute.

At 500°C/minute, the melAH versus crystalline concentration plot demonstr
two of the three phases suggested by the modealatwlg that the point of Geluci
44/14 solubility in piroxicam had not been reachibereforebeing lower than 509
w/w. This was notinexpected as the DSC data suggest loncompatibility of the
two components. Piroxicam solubility in Gelucire/#4 could however be estimat
as 10% w/w. This plot was used for the purposeslaiérmining the crystallin

piroxicam concentration inhe formulated SSD systems, and subsequently
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amount, if any, present as a solid son or molecular dispersion. It 's assumed
that this data represen a more accurate estimation of the true physicé sthdrug
in the SSD system since the fasating rate reducedut not eliminatd, dissolution

into the molten lipid during analys

50 ~

40 A y=1.1662x - 8.8578
— R?*=0.9878
)
= 30 -
2
< 201 y=0.2533x+0.0061
% R?=0.9999
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Crystalline Piroxicam Concentration (%w/w)

Figure 4.42 Crystalline piroxicam content in the physical r againstthe measure piroxicam melt

enthalpy analysedn heatincat 500C/minute.

All SSD systems, at both 10 and “°C/minute, demonstrated a piroxicam n
endotherm, from 5 to 50% wATable 4.5does however highlight that, in all cas
the drug meltAH, and subsequentthe crystalline concentration, 's reduced when
analysed at 50C/mintte in comparison with those measured ©C/minute which
was unexpected. If the fast heatinge was reducing drug dissolution into the lif
during analysis, the crystalline meXH should have beengreater. This agai
demonstrateethat speeds greatthan those employed in this study may be reqt

in order to overcome drug dissolution effect irite tarrier material during analys
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Table 4.5 Calculated crystalline (Cryst.) and molecular (Mghiroxicam content of SSD systems.

Heating Pirox
System Rate Conc

(°C/min) | (%w/w)
5

10
10
15

50
SSD(20)
5

10
500
15

50
5
10
10
15
50
SSD(4)
5
10
500
15

50

Enthalpy
(/g)

3.2+0.6
19z+17
3.6+23
32.2+238
1.3+08
33 +338
2.1+20
243 +45
2.8+18
41+13
3.7+11
28.4+29
19+16
1.4+0.2
0.4 +£0.05

23.5+9.1

Cryst. Pirox
Dispersion

(%w/w)

10.3

7.3

10.7

38.6

5.2

10.4

8.3

29.9

10.0

111

10.8

34.4

7.5

5.4

1.4

29.0

Mol. Pirox
Dispersion

(%w/w)
0
2.7
4.3

11.4

6.7

20.1

4.2

15.6

4.6
13.6

21.0

The extent to which piroxicam was molecularly diseel within Gelucire 44/14 was

found to increase with increasing piroxicam loadingp the SSD formulation.

Piroxicam demonstrated a lower solubility of 10%wwin the lipid when in

comparison with ibuprofen (20% w/w) and indometa(®®% w/w). Reaching a
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value of 21% molecular dispersion within Gelucird/i would therefore be
unexpected, especially since at low piroxicam cotre¢ions there appeared to be no
molecular dispersion. As discussed previouslysitikely that the drug melting
endotherm observed upon heating of the SSD systeagmde attributable to not only
melting of the crystalline drug alone, but its dission into the carrier excipient. It
may also be possible that the endothédrhis contributed to by dissolution of the
lipid into the high concentration of molten drudig would bring about an increase
in the measuredH value and a therefore a subsequent increaseeirtdltulated
content of what was assumed to be solely molegutiislpersed piroxicam making

interpretation of this value incorrect.

454 Crystallisation Analysis using Quasi-lsothermal Modulated

Temperature Differential Scanning Calorimetry

The piroxicam and Gelucire 44/14 SSD systems weatyaed using QIMTDSC in
order to further characterise the effect of drugcoystallisation of the lipidic carrier.
As with the other two model drugs, piroxicam wasodound to significantly reduce
the measured crystallisation temperature of Gedud#t/14, independent of heating
rate, to 28C and below. The reversing heat capacity time @led demonstrated the
noted energetic primary crystallisation followeddglower more extended period of
secondary crystallisation continuing to much lowemnperatures, as observed for the

lipid alone (Figure 4.43).
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Figure 4.43 Reversing heat capacity versus time signal fooxpdam and Gelucire 44/14 a) SSD(20)

and b) SSD(4) QIMTDSC 20 minute isotherm on coaliitly 1°C increments.

Isolation of the Lissajous figures allowed the siveere modulations to be monitored
for any deviation from the equilibrium or steadgtst Representative samples can be
seen in Figure 4.44. On the whole, the detectedstalfisation temperatures
corresponded well with those observed from thersng heat capacity time plots.
Reproducibility between repeated samples was hawkend to be poor (Table

4.46).
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Modulated Heat Flow (W/g)

Figure 4.44 Lissajous figures of the sine wave heat flow matibis (crystallisation) of piroxicam

and Gelucire 44/14 SSD systems; SSD(20) a) 5% %))QL5% and SSD(4) d) 5% €) 10% f) 15%.

In all samples, the major slope was found to redtm® the start to the conclusion
of the experiment, suggesting a subsequent deitliteat capacity. This provided
further weight to the argument of a slower, extehdeeriod of secondary
crystallisation taking place after the initial egetic crystallisation as observed in the

reversing heat capacity time plot above.
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Figure 4.45 Lissajous figures of the sine wave heat flow matehris of piroxicam and Gelucire 44/14
SSD(20) 10% w/w systems at the star@%lack) and finish @, red) of the cooling experiment

showing the major slope of each plot.

Table 4.6 Measured crystallisation temperatures for piroxitand Gelucire 44/14 SSD systems using

QIMTDSC reversing heat capacity versus time anddjisis analysis.

Piroxicam Crystallisation Temp: Crystallisation Temp:
System
Loading (%w/w) Reversing Cp (°C) Lissajous (°C)

5 24.0 +1.0 23.8+0.8

10 19.7 +23 19.7 +23
SSD(20)

15 22.7 +0.6 23.2 +1.1

50 None None

5 21.3 +3.1 21.3 +3.1

10 21.7 +3.2 21.7 +3.2
SSD(4)

15 18.3 +4.2 20.0 +4.2

50 None None
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455 Observation of Thermal Transitionsby Hot Stage Microscopy

HSM of the formulated piroxicam and Gelucire 44/88D systems allowed
visualisation of the physical state of the drug. % w/w a large number of
piroxicam crystals were present in both the SSD@@J SSD(4) systems. These
crystals began to dissolve immediately post Gedud#/14 melting, with the process

being complete by approximately P20in both cases.

Figure 4.46 HSM images of a) piroxicam, b) SSD(20) 5%, c) 28P%0%, d) SSD(4) 5% and e)

SSD(4) 50% at € in order to visualise only crystalline piroxicam.

This temperature was lower than that expected mpesison with that measured for
conventional DSC This effect highlighted the pracbyg which crystalline drug can

dissolve into the molten lipid during DSC analyatsslow heating rates. At 50%
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w/w, the drug crystals appeared very dense in ah@adlation. Again these crystals
began to dissolve once in molten lipid, with afjr8 of solid drug gone by 188 and

194C for the SSD(20) and SSD(4) systems respectively.

4.5.7 Summary of Piroxicam and Gelucire 44/14 Semi-Solid Dispersion

System Characterisation Studies

Considering the DSC data, limited alterations te titrermal properties of either the
piroxicam or Gelucire 44/14 were detected. Evereraformulation into SSD
systems, at low piroxicam concentration, and awgieating rates, it was possible to
detect measurable drug melting endotherms. Thigesigd that the compatibility
between the two components was limited. Analysispbfsical mix data at
500°C/minute, to some extent, followed the Qi modehiat it demonstrated the first
two proposed phases. From this, piroxicam solybilit Gelucire 44/14 could be
estimated as 10% w/w. It was however noted thageimeral, this fast heating rate
gave lower piroxicam meltH values which was unexpected. This subsequently
suggested that dissolution effects known to ocauwnind thermal analysis were
occurring to a greater extent at the faster heatatg. The hyper DSC data was
however found to exhibit poor reproducibility whichay contribute to this effect.
QIMTDSC data also further confirmed the inhibitioof Gelucire 44/14

crystallisation by the presence of molten piroxicam
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4.6 CONCLUSIONS

All the investigated model drug SSD systems witHuGee 44/14 were found to
follow the Qi model to some extent. This therefdees suggest that using faster
heating rates does give a more accurate estimatithre actual crystalline content of
the SSD systems. However, in the systems studigismproject, the measured
values of the crystalline drug melt at 360minute were found to be similar, if not
less, than those measured atClhinute. Despite heating at speeds of°8@Minute,

it proved insufficient to overcome the dissolutieffect of drug into the lipidic
carrier during analysis since many of the companehtelucire 44/14 such as PEG,
when in the molten state, are good drug solubgis&mrate of up to 150C/minute is
most likely required, for systems with this comptgxbefore a reliable effect can be
seen. Nonetheless the model drug solubilities enlighidic carrier Gelucire 44/14
were approximated to be 20%, 25% and 10% w/w fapiibfen, indometacin and
piroxicam respectively, with Gelucire 44/14 solutgilin indometacin being 60%
w/w. An estimation of Gelucire 44/14 in ibuprofendapiroxicam could not be
speculated since the third phase of the Qi modsl nett achieved below 50% w/w
drug loading (up to which was tested), thus sugggsthat in both cases the
solubility is less than 50% w/w. HSM proved usdfulconfirming the presence, or
not, of drug crystals in the lower drug loaded sy, thus confirming the presence
of dissolution effects at slower heating rates. ldgoof the molten systems during
analysis using conventional DSC demonstrated tdecten in temperature, and
almost complete inhibition at 50% w/w, of the limictrystallisation process. This
data coincided with that obtained from QIMTDSC lhcases; however it was found

to demonstrate poor reproducibility.
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Chapter Five In Vitro Release of Semi-Solid Dispersions

5.1 INTRODUCTION

Gelucire 44/14 is well established as an effeatixeipient known for improving the
dissolution properties of poorly soluble drugs asahsequently increasing their
bioavailability. This effect has been demonstrateth a number of different drug
SSD systems, including halofantrine (Abdul-Fattall 8hargava 2002), rofecoxib
(Ahuja et al. 2007) and glibenclamide (Tashtousal.e2004). The process by which
this dissolution enhancement occurs is not comigletederstood however there are
many suggestions in the literature. Gelucire 44id4known to spontaneously
emulsify on contact with aqueous media which imtbas been shown to increase
drug wettability and dispersibility, protecting thparticles from aggregation
agglomeration and precipitation (Tashtoush et @042. The incorporation of drug
into the hydration layer of the lipid after self-elsification has also been noted
(Barker et al. 2003). Alongside this, other authbewve suggested a decrease in
interfacial tension between the drug and water raemulsion (Ahuja et al. 2007)

and decrease in drug patrticle size (Abdul-FattahBimargava 2002).

Upon in vitro dissolution of drug and lipid SSD wy®ms, the first minutes are
occupied with disintegration of the hard gelatipsisle surrounding the formulation.
Dissolution of the drug from the SSD then occurseoim contact with the aqueous
media. Drug release from swellable matrices candmgrolled by one or more of a

number of processes:
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1. Water diffusion into the matrix.

2. Swelling of the matrix due to hydration or relaxatiof the polymer chains
(“Case Il Transport”), i.e. structural polymer clgas brought about by the
penetration of water, causing the polymer to swell.

3. Drug diffusion through the swollen matrix and exigtpores if present.

4. Matrix erosion or dissolution (Sutananta et al. 389

The mechanism by which drug is released from theddation can be determined

via the application of a mathematical model todfssolution data collected.

The Higuchi model is the most well known methodduse describe the rate of
release of drug from a matrix system, however Iy applies when pure diffusion is

the controlling mechanism (Gao 2011; Higuchi 1961):

M
—£ = k\/t Equation 5.1
Moo

Where M/M,, is the fraction of drug released at time t and & constant which takes
into account the design variables of the systens &guation therefore demonstrates
that the fraction of drug released is proportidoahe square root of time. In order to
apply this model, a number of assumptions haveetonbde, these include the fine
state of suspended particles, negligible swellindissolution of the matrix, and one-
dimensional diffusion of the formulation, among et which for SSD systems are

not suitable or applicable (Siepmann and Peppa%)200
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However, the semi-empirical power-law model, depelb by Korsmeyer and co-
workers has been found to best describe the diagse kinetics from these kinds of

systems (Ahuja et al. 2007).

The power-law model is demonstrated as follows ¢kwyer et al. 1986a;

Korsmeyer et al. 1986b):

— = ktn Equation 5.2

Where M/M,, is the fraction of drug released at time t as jmesly, k is the release
constant and n is the release exponent. The n i&elimensionless number which
is suggestive of the dominating mechanism of dalgase from the formulation. For
n = 0.5, Fickian diffusion of drug through the nimatrontrols release, n = 1 indicates
Case Il Transport or non-Fickian transport, and aalpye between (0.5 < n < 1)
indicates anomalous transport i.e. a combinatiorthef two processes (Qi et al.
2008). Values ofn below 0.5 are also thought to suggest anomalaussport,

however in this case a combination of diffusion dast release brought about by
disintegration is thought to be responsible (Gab120It should be noted however
that these values are valid only for formulationthva slab geometry, for cylindrical
or spherical systems, the values are replaced @b to 0.89 and 0.43 to 0.85
respectively. The model has been found to hold farethe first 70% of drug

released (Sutananta et al. 1995a).

The mechanisms by which drugs are released fromoBe$ are dependent upon the

composition of the base. The fast rate of drugasserom pharmaceutical glycerides
227



Chapter Five In Vitro Release of Semi-Solid Dispersions

with high HLB values, such as Gelucire 44/14, wsught to involve both dissolution
and erosion processes. These Gelucires may aldbvevem in contact with agqueous
media (Sutananta et al. 1995a). Furthermore, g stoiiducted by Ahuja et al (2007)
also found that Gelucire 44/14 SSD systems comgimbfecoxib demonstrated

slightly non-Fickian release behaviour.

In addition to determining if drug release from SSkstems is controlled by
diffusion or case Il transport, another method &firdng this release is presented in a
review by Craig (2002). The model attempts to expldne behaviour of drug
particles during dissolution by suggesting dissotumay be controlled either by the
drug or the carrier material. In carrier-controllegstems the rate of drug release is
equivalent to that of the polymer alone, and inegah the drug is required to be
present as the minor component. The ratio of qatvi€lrug at which dominance of

control of dissolution changes can be presentatyusguation 3

Nag _ DpCsa

= Equation 5.3
Np  DpCsp

where N represents the proportion of carrier (A)l @nug (B), D is the diffusion
coefficient and g the solubility of each component in the investgltmedia. The
ratio at which the change in control of dissolutioccurs is dependent upon the
solubility of the drug in relation to the carridf. the drug demonstrates a low
solubility compared to that of the carrier then th@o at which carrier-controlled
release will dominate also be low, and vice velfsthe carrier is known to control
dissolution, it has been argued that the drug phy$orm should therefore have no

effect on the rate of release (Lloyd et al 1999%sblution of SSD systems may also
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be controlled by the properties of the drug if te@centration is high enough i.e. the
dissolution properties are similar to those ofdhgg alone due to the formation of an

drug rich layer exposed to the dissolution media.

The model proposed by Craig (2002) is illustrated tbe following schematic
(Figure 5.1). It makes the assumption that theeepslymer-rich layer at the surface

which becomes hydrated when in contact with aquetedia.

= >.

Figure 5.1 A schematic diagram showing the fate of drug phs during the dissolution process; (a)
carrier-controlled dissolution (b) drug-controlledlissolution, where large spheres represent
undissolved drug particles, small spheres partiaigsolved drug particles and shaded regions

hydrated material.

Carrier-controlled dissolution (a), involves thepith molecular dispersion of drug
particles in the carrier-rich diffusion layer, atiterefore the rate limiting step to
dissolution is the release of the carrier. This hodt of drug release is largely

dependent upon drug solubility in the carrier. Doogitrolled dissolution (b)

229



Chapter Five In Vitro Release of Semi-Solid Dispersions

however involves slow molecular dispersion of dmtp the carrier-rich diffusion
layer and the subsequent release of intact druglesrinto the aqueous media. This
process is therefore determined by drug propestied as physical form and particle

size (Craig 2002).

In this chapter, in vitro dissolution studies halieen used to establish any
enhancement of the aqueous dissolution propertigtge@oorly soluble model drugs
investigated, and also to analyse the release daeaistics of drug from the

formulated Gelucire 44/14 SSD systems.

5.2 METHODOLOGY

Prior to data collection, a calibration plot wasguced for each of the three model
drugs by either dissolving an amount of the appaber5% w/w SSD(20) for
ibuprofen and indometacin or equal parts piroxicGamd Gelucire 44/14, in 500ml
distilled water on shaking and heating. The addibbé Gelucire 44/14 was chosen in
an attempt to reduce the solubility issues assettiaith the crystalline drugs alone
which are known to be highly water insoluble, attiam at least a small amount of
drug in aqueous solution for detection. A seriesddtitions were made, the
absorbances of which were measured using a UV rgpeeter at a wavelength of
220nm for ibuprofen, 320nm for indometacin and 3B@or piroxicam (Figure 5.2

a, b and c).
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Samples for analysis were formulated and prepanénl capsules as outlined in
Chapter Two. The drug content in each capsule \was/&ent to 25mg ibuprofen,
25mg indometacin and 10mg piroxicam. The quantitedsindometacin and
piroxicam were chosen to match the lowest streogth formulations currently on
the market. Since marketed formulations of ibupnafentain a minimum of 200mg,
a reduced ibuprofen content was chosen for thidystie. 25mg. The insoluble
nature of the drugs, and also the equipment avajlatade it impracticable to obtain
sink conditions in all cases. It did however alltthe comparison of drug release
from the formulated SSD systems with that of thegdralone. Dissolution studies
were carried out, in triplicate, in 900ml distilledater at 37C over 45 minutes.
Samples, 10ml in volume, were withdrawn periodicaind replaced with an
equivalent volume of dissolution medium at the sé@mneperature. The samples were
filtered through a 0.45um filter, the UV absorbanad which were recorded in

triplicate.
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5.3 IN VITRO RELEASE PROFILE OF IBUPROFEN AND GELUCIRE

44/14 SEM1-SOLID DISPERSION SYSTEMS

531 In Vitro Release Studies of 1buprofen and Gelucire 44/14 Semi-Solid

Dispersion Systems

Upon in vitro dissolution analysis of ibuprofen a@Gelucire 44/14 SSD systems in
water at 37C, the dissolution properties of ibuprofen wereesbed to be greatly
improved in comparison to that of the crystallimaglalone (Figure 5.3). In the cases
of 5, 10 and 15% w/w, ibuprofen was released togreatest extent. The mean
dissolution time for ibuprofen release up to 50%idated that all lower ibuprofen
loaded systems demonstrated a fast release ofasitnhe ranging from 4 to 8
minutes (Table 5.1). For both SSD(20) and SSD(4) 38% w/w systems were
observed to release ibuprofen at the slowest emteexpected due to the probable
formation of a crystalline drug rich surface layemdering dissolution. The extent to
which ibuprofen was released from the 50% w/w systevas however still observed

to be greater than that of the drug alone.

In an attempt to determine the mechanism of drigpse from the formulated SSD
systems, the power-law mathematical model was tesétithe dissolution data. The
data was found, in most cases, to fit this lawtnetdy poorly. It should be noted at
this point that Gelucire 44/14 is an amphiphilicigxent known to spontaneously
emulsify on contact with agueous media and theeet@re should be taken when
attempting to categorise the mechanism of drugaseldrom these systems. The n
values obtained did however give an indicationcathé method of drug release. All

n values calculated were found to be lower thannhieh is outside the limits of the
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power-law in this case. This suggested that thehar@ems of drug release were
controlled by both diffusion and fast release lsirdegration. No trend in the values

appeared to be present.
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Figure 5.3 Percentage release of ibuprofen over time fron58D(20) and b) SSD(4) systems in

water at 37C.
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Table 5.1 Mean dissolution time for ibuprofen release up5@% (MDT-50%) and the calculated

release exponent n using the Power-Law.

Power-Law 5
Formulation MDT-50% (min) R
Model n
Ibuprofen Alone 34.8 0.45 0.989
5% 7.5 0.37 0.862
10% 4.9 0.27 0.913
SSD(20)
15% 6.4 0.32 0.864
50% 8.6 0.34 0.940
5% 8.1 0.39 0.880
10% 6.3 0.33 0.865
SSD(4)
15% 4.7 0.24 0.913
50% 11.8 0.43 0.961

Thermal characterisation of these systems detailedhapter Four suggested that
ibuprofen, in lower concentrations, was presentthe form of a molecular
dispersion. This was highlighted by the absencanofbuprofen melting endotherm,
even at high heating rates. It would be reasonas$yimed, in the case of molecular
dispersion, that drug release would be controlledely by those mechanisms
thought to be attributable to the lipid carrierreda.e. the anomalous transport of a
combination of dissolution, erosion and swellinggnobnstrating an n value of
between 0.5 and 1. Alteration to the Gelucire 44ffdting endotherm upon heating
of the SSD systems however suggested some degreateohction, potentially
hydrogen bonding, between ibuprofen and the lipigctv may have an effect on the

mechanism by which the drug was released. Valugerlthan 0.5 were calculated,
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indicating that the mechanism of release had clthbgeot only diffusion but fast
release of drug due to disintegration. This igne with the mechanism of release for

the pure drug alone.

53.2 Summary of Ibuprofen and Gelucire 44/14 Semi-Solid Dispersion

System In Vitro Release Studies

Dissolution properties of ibuprofen were found te Hrastically enhanced by
formulation into SSD systems with the lipid Gelec#4/14. All formulations, with
the exception of the highest loading of 50% w/wrev®und to release ibuprofen up
to 100%. Overall, the mechanism of ibuprofen redeass found to be anomalous,
consisting of both diffusion and disintegration miés the presence of a suspected

molecular dispersion in the lower loaded systems.
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54 IN VITRO RELEASE PROFILE OF INDOMETACIN AND

GELUCIRE 44/14 SEMI1-SOLID DISPERSION SYSTEMS

541 In Vitro Release Studies of Indometacin and Gelucire 44/14 Semi-

Solid Dispersion Systems

Formulation of crystalline indometacin with the itlpGelucire 44/14 into SSD
systems demonstrated an improvement in dissolutmmpared with crystalline
indometacin alone, however complete dissolution was achieved (Figure 5.4).
Both the 5 and 10% w/w systems were found to reléagdometacin to the largest
extent, with the two being comparable. It wouldelpected however that the release
of indometacin would continue to increase overdberse of the experiment rather
than reach equilibrium at just below 60%. This sgg that the dissolution media
may have become saturated due to non-sink congitidn increase in the extent of
indometacin after formulation into an SSD with Gee 44/14 could be observed

nonetheless.

The mean dissolution time for indometacin relegséoub0% i.e. rate of release, was
found to be similar if not slightly faster for 108w (Table 5.2). The 15 and 50%
w/w systems, along with indometacin alone, werenébunot to reach 50% drug

release over the 45 minute course of the experiment
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Figure 5.4 Percentage release of indometacin over time frgr83D(20) and b) SSD(4) systems in

water at 37C.

Modelling of the dissolution data using the powaslequation gave an indication of
the process by which indometacin was released thenfiormulation, however due to
the nature of the emulsifying properties of Gelead#/14, the data again did not fit

well. Crystalline indometacin alone demonstratecharalue of 0.34 suggesting that
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it was controlled by diffusion and disintegratioAt 5% w/w SSD indometacin
loading, an n value of slightly greater than 0.5&ahieved in both cases, indicating
anomalous transport, being controlled by diffusias well as swelling/erosion
processes. This was also true for the 50% w/w ldddenulations. However, at 10
and 15% w/w, low values of were calculated indicating that indometacin redeias
controlled again by diffusion and disintegrationfasindometacin alone. It should
be considered that the valueroalso depends upon the geometry of the system and
the particle size distribution. Qi et al (2008) evbtthat for microsphere systems,
particle sizes of below 180um demonstratednavalue of below 0.5 which was
assigned to accelerated drug transport and digsolatf the small particle size.

Particle sizes of 180 to 250um showed values ¢w8e5.

Table 5.2 Mean dissolution time for indometacin release ap®% (MDT-50%) and the calculated

release exponent n using the Power-Law.

Power-Law 5
Formulation MDT-50% (min) R
Model n
Indometacin Alone > 45 0.34 0.759
5% 17.7 0.54 0.813
10% 13.3 0.38 0.780
SSD(20)
15% > 45 0.40 0.819
50% > 45 0.56 0.956
5% 16.6 0.51 0.808
10% 14.8 0.43 0.759
SSD(4)
15% > 45 0.37 0.788
50% > 45 0.51 0.952

239



Chapter Five In Vitro Release of Semi-Solid Dispersions

At 5% w/w, thermal characterisation outlined in @tea Four suggested that
indometacin may be molecularly dispersed througlt@eifucire 44/14. Tha value

of slightly greater than 0.5, indicating diffusiaiong with swelling/erosion, is
known to occur with this lipid. At 10 and 15% w/@olid crystalline indometacin
particles were thought to be present in the systeonmulation into SSD systems
with Gelucire 44/14 is known to reduce the partwilee of the dispersed drug, thus
improving wetting properties and encouraging marefiolubilisation. Then value,
being lower than 0.5, may be influenced by theiglarsize of these crystals as in the
Qi et al (2008) study. At 50% w/w, a large propamtiof crystalline indometacin
particles were found to be present. Thealue, calculated to be slightly greater than
0.5, may therefore be influenced by the largeriglarsize in combination with the

lipid.

54.2 Summary of Indometacin and Gelucire 44/14 Semi-Solid Dispersion

System In Vitro Release Studies

The dissolution properties of indometacin were fbam improve with formulation
into SSD systems with the lipid Gelucire 44/14. leswdrug concentrations were
found to be optimum, with 5 and 10% w/w achievihg targest extent of release. In
all cases however, no greater than 56% indometat@ase was achieved in water at
37°C, most likely due to non-sink conditions. The natbm of release was found to
vary with indometacin loading, possibly being imfhced by particle size of the

crystalline drug distributed throughout the lipi8[3 system.
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5.5 IN VITRO RELEASE PROFILE OF PIROXICAM AND GELUCIRE

44/14 SEM1-SOLID DISPERSION SYSTEMS

551 In Vitro Release Studies of Piroxicam and Gelucire 44/14 Semi-Solid

Dispersion Systems

The formulation of piroxicam into SSD systems wa@hklucire 44/14 was observed to
greatly increase the extent of dissolution in watieB?C (Figure 5.5). At 5% w/w

piroxicam loading, on completion of the experimehsgsolution to the extent of 95%
was achieved. As the piroxicam content was inckabe extent of dissolution was

found to decrease.

Considering the mean dissolution time for piroxicestease up to 50% (Table 5.3),
the 5 and 10% w/w SSD(20) systems demonstratetd afaelease of approximately
11 minutes, with that of 15% being slightly slowatr 15 minutes. The SSD(4)
systems showed similar release rates for 5, 101&f6l w/w formulations, being 12
to 13 minutes. The lower piroxicam loaded systethdeanonstrated similar release
rates, despite being released to varying exterits.50D% piroxicam loaded systems
were found to release the drug at a much slowey, with 50% of the drug being
released after 39 minutes for SSD(20) formulationsver 45 minutes for SSD(4).
This was similar to piroxicam alone which did neach 50% drug release over the

course of the 45 minute experiment.

241



Chapter Five In Vitro Release of Semi-Solid Dispersions

100 . /ﬂrmr{r—_. -

80 = e
Vs -
.
% 60 :’/* , /i/ T o
E // i T —»—Piroxicam
& /+ —8— 5% wiw
£ A0 7 & 10% wiw
/ ——15% wiw
//; ——50% wiw

50
100 o
b) P 2
'
80 —— — 1;
}!’/ _ - _—$
/a8
% 60 71 1 oo
@ / —>—Piroxicam
© o
N // —o— 5% wlw
< 40 /1 —— 4 10% wiw
¢ | —&—15% wiw
- ——50% wiw
0 10 20 30 40 50

Time (min)

Figure 5.5 Percentage release of piroxicam over time from @Pp&0) and b) SSD(4) systems in

water at 37C.

The n values calculated by modelling the colleatisdolution data using the power-
law equation are shown in Table 5.3. As expectedslucire 44/14 SSD systems,
the data did not fit well, however anvalue of 1 was obtained for piroxicam alone

and 50% w/w systems for both SSD(20) and SSD(4)s ttonfirming zero order
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release kinetics. It suggested that drug release amatrolled by case Il transport
(erosion/swelling). The lower piroxicam loaded sys$ all demonstrated similar
values (1 = 0.53 to 0.68) suggesting that with increasindu@ee 44/14 content and
decreasing drug loading, drug release was contratlainly by Fickian diffusion,
with an element of swelling/erosion which followket observations made by
Sutananta et al (1995a) and Ahuja et al (2007)irmd!in the introduction of this

chapter.

Table 5.3 Mean dissolution time for piroxicam release up5tf6 (MDT-50%) and the calculated

release exponent n using the Power-Law.

Power-Law 5
Formulation MDT-50% (min) R
Model n
Piroxicam Alone > 45 1 -0.500
5% 11.3 0.55 0.857
10% 11.5 0.56 0.842
SSD(20)
15% 15.1 0.68 0.870
50% 39.2 1 0.678
5% 12.3 0.62 0.861
10% 13.8 0.66 0.840
SSD(4)
15% 13.5 0.53 0.877
50% > 45 1 0.632

Thermal characterisation of the piroxicam and Getud4/14 SSD systems outlined
in Chapter Four suggested low compatibility betwdentwo components indicated

by crystalline melting endotherms in all systemhisTwas found to result in the
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major proportion of piroxicam being dispersed ie {ipid as crystalline particles,
with only a small amount being molecularly dispétsBissolution of piroxicam
present as crystalline particles, upon spontaneoussification of Gelucire 44/14 in
contact with water, may be brought about by emuabdiion and micellar

solubilisation and therefore improved wetting clesgastics (Karatas et al. 2005).

A study carried out by Karatas et al (2005) ingeted the combination of
piroxicam with Gelucire 44/14 as a solid dispersidhey also found the dissolution
properties of piroxicam to be increased, from appnately 40% alone to 75.6% in
water at 37C for 5% w/w loaded dispersions. They noted thaiicam release was
pH dependent, with 100% in buffer 6.8 and 71.6% .5 The extent of release was
found to improve upon the addition of labrasoligaild surfactant with an HLB also
of 14. In this present study however, piroxicamsdistion in water at 3 was
discovered to be almost optimum, reaching 95 afdd &8 the 5% w/w SSD(20) and
SSD(4) systems respectively. Karatas et al alsergbd that in simulated gastric
fluid without pepsin (pH 1.2) at 8C, 5% w/w piroxicam SSD release was complete
within 45 minutes, giving an indication that thagpes of systems may allow total
piroxicam release in vivo, although it is difficult make this correlation with any
certainty. The authors attributed this enhancedotlision to partial molecular
dispersion, solubilising effects of the carriensgd @lso an improvement in wettability

of the piroxicam.
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5.5.2 Summary of Piroxicam and Gelucire 44/14 Semi-Solid Dispersion

System In Vitro Release Studies

SSD formulation of piroxicam with Gelucire 44/14 svM@und to notably improve the
dissolution profile of the drug in aqueous medid. &l the drug loadings, a
piroxicam content of 5% was found to be optimuntamms of drug release, being
almost 100%. At low piroxicam loadings, release ¥masd to be controlled by both

diffusion and case Il transport and demonstratetl dirder release kinetics.

5.6 CONCLUSIONS

Overall, SSD formulations of poorly soluble drugs dombination with the lipid
Gelucire 44/14 appear to consistently increasedteand extent of drug dissolution
in aqueous media, whether by molecular dispersfaiirug or increased wetting or
micellar solubilisation of solid drug particles, @smonstrated by this study and also
many examples in the literature. This dissolutiohancement may correspond to a
subsequent improvement in the in vivo bioavail&pihowever this correlation is
difficult to establish. The power-law mathematioabdel is a useful tool to predict
the mechanism of drug release from the formulatadtmough care should be taken
when relating these data to systems composed aic&el44/14 due to its ability to

spontaneously emulsify on contact with aqueous aedi
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Chapter Six Hydration of Semi-Solid Dispersions

6.1 INTRODUCTION

The hydration properties of the lipid Gelucire #4Have been outlined previously in
this thesis, in terms of the literature detailedChapter One and dynamic vapour
sorption analysis in Chapter Three. This analysas wseful in giving an indication
as to temperature and humidity parameters belowctwthie lipidic carrier alone
would remain stable. These studies suggestedhbatapacity of Gelucire 44/14 to
absorb atmospheric moisture increased at high textyses and relative humidities
attributable to its many components, in partictltee presence of PEG which serves
to facilitate hydrogen bond interactions with wateslecules (Barakat 2006). Below
30°C and 40% RH, the moisture content of the lipid agrad below the European
Pharmacopeia limit of 1% weight increase and atiamtiemperatures only limited
moisture was absorbed below 70% RH. These propetileinevitably be altered by
the incorporation of insoluble drug as an SSD.his tase however, any solid drug
present in the formulation is likely to be presenthe insoluble crystalline form and
not the more soluble amorphous energy state, Hgisase in the vast majority of
SSD systems. This will therefore have an impactuihe affinity for atmospheric
water demonstrated and it is accepted that thecad®m of water with components,
drugs in particular, at relatively low levels camdawill affect the physicochemical
properties of the formulation for example chemidagradation and dissolution rate

(Ahlneck and Zografi 1990).

The analysis presented in this Chapter hopes wade@n insight into the changes in

the hydration process of the lipid in combinationthwdrug to assist in the
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anticipation of SSD behaviour, which will in turradilitate prediction of the

behaviour of the final product during storage.

6.2 METHODOLOGY

6.2.1 Dynamic Vapour Sorption

Samples to be analysed gravimetrically using DVSewmrmulated using the
method outlined in Chapter Two and prepared int@arigucrucibles against an empty
reference. All samples were dried af@%nd 0% RH for 60 minutes before being
held isothermally at 75% RH and either 35, 45 diCsfor 60 minutes. Desorption
and absorption of water was measured as weighblogain. Samples were analysed

in triplicate.
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6.3 HYDRATION BEHAVIOUR OF |BUPROFEN AND GELUCIRE

44/14 SEM1-SOLID DISPERSION SYSTEMS

Upon holding at isothermal temperatures at 75% R SSD(20) systems
demonstrated properties on the whole that wererdifit to those of the lipid alone
(Figure 6.1). At 38C, Gelucire 44/14 absorbed the smallest proportadn
atmospheric moisture; however the presence of 5% Wlprofen allowed the

uptake of a much greater weight percent of moidtieigure 6.1 a).

At 5% w/w, the analysis shown in Chapter Four sstgpk that the majority of
ibuprofen present in these systems existed as acuoidal dispersion in Gelucire
44/14, attributable to its reasonable solubilitytie lipid. The ordered molecular
arrangement of crystalline solids is known to lierall by defects and imperfections,
and it is not unreasonable to assume that a maledispersion of drug within
Gelucire 44/14 will demonstrate a similar effecttbe crystalline lipid (Figure 6.2).
This effect is recognized to bring about regionslamfal molecular disorder with
enhanced chemical reactivity due to increased mtdemovement and the exposure
of a greater number of reactive chemical groupdr(@tk and Zografi 1990). This
suggests therefore that, since at this tempergberdipid would on the whole be in
the solid state, the potential increased chemeattivity of the crystalline Gelucire
44/14 may encourage the uptake of atmospheric oreigb a greater extent than

observed for the lipid alone.
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Figure 6.1 Weight percent versus time signal for ibuprofed &elucire 44/14 SSD(20) a) 5% w/w

and b) 50% w/w compared to that of Gelucire 44/bha at 75% RH isothermal at 35, 45 and 55°C.

At temperatures above %5, the SSD(20) systems showed similar moisturekeyptia
that of the lipid alone. Once in the liquid statag SSD(20) with ibuprofen
molecularly dispersed within it and the lipid aloaee disordered to equal extents,

therefore demonstrating comparable atmospherictoreisbsorption profiles.
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giiiofoii

Figure 6.2 Schematic of potential defects in the ordered $timecof a crystalline particle (adapte

from Kopeliovich (2009)

At all equivalent temperatures, the shape of thasptemaiec similar. At 35C,
weight gain appear to demonstrate a steady increase over the coursihe
experiment. However at 45 and°C, water uptake appearéd be fast over th
initial stages of the process up to a weight ineeeaf 2.5%. The rate and ent of

moisture uptake then becto slow for the remainder of the experim

At 50% wi/w ibuprofen Figure 6.1b), all SSD(20) systems incred in weight
equivalent to the extent of atmospheric moistursodied to similar degrees, whi
was close in valugo that of Gelucire 44/14 at °C. At 35°C the shape of th
SSD(20) plot suggest a more rapid rate of absorption ththat of the lipid alone, |
did however slow over the course of the experimentingiwa final total weigh
increase similar in valueThe SSD(20) formulations demonstid a lower affinity
for atmospheric water than the lipid alone oncéhia liquid state at 45 and °C.
This effect will be attributable to the large projan of insoluble drug present in t
systemin combination witha reduced mass, by hatff Gelucire 44/1. Even when

molten at 58C, the ibuprofen wou exist, in the majority, as insoluble crystalli
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solid particles. Crystalline ibuprofen is knownhave the capacity to adsorb water
up to two molecular layers at high RH, however sir@elucire 44/14 is water
soluble, the moisture uptake would most likely etyi be associated with Gelucire
44/14 (Nokhodchi 2005). The presence of these gbestiand the subsequent
reduction in mass of Gelucire 44/14 would thus tithie extent of water uptake

achieved.

Table 6.1 Moisture uptake as percentage weight gain by ibtear and Gelucire 44/14 SSD systems in

comparison with Gelucire 44/14 alone under isothertamperature conditions at 75% RH.

Isothermal Weight Gain Standard
Formulation

Temperature (°C) (%) Deviation
Gelucire 44/14 3.8 1.4
35 5% SSD(20) 5.2 1.8
50% SSD(20) 3.8 1.0
Gelucire 44/14 5.7 1.8
45 5% SSD(20) 54 1.8
50% SSD(20) 3.7 1.0
Gelucire 44/14 5.2 1.6
55 5% SSD(20) 5.0 1.7
50% SSD(20) 3.9 1.2

Overall, the collected DVS data was relatively osjucible (Table 6.1), with the
variation of the weight gain values most likely rgpiattributable to a number of
factors including the mass of sample in the craggitile initial moisture content after

drying for 60 minutes and also instrument effects.
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6.4 HYDRATION BEHAVIOUR OF INDOMETACIN AND GELUCIRE

44/14 SEM1-SOLID DISPERSION SYSTEMS

Upon analysis by DVS, indometacin and Gelucire 44/3SD(20) systems
demonstrated properties similar to those obsergethe ibuprofen formulations. At
35°C, the 5% w/w systems were found to absorb atmaipheoisture to a much
greater extent than the lipid alone (Figure 6.3tajid however show a similar curve
shape suggesting that moisture absorption steauihgased over time. The DSC
analysis presented in Chapter Four suggested tr&oan/w the indometacin was
present as a molecular dispersion, completely hiedowithin Gelucire 44/14. The
increased affinity of SSD(20) for atmospheric maist at this temperature, as
detailed above, may therefore be explained by tBerdered nature of the lipid
crystalline structure due to the incorporation al@eular indometacin disrupting the
crystal formation and packing, and thus increagmghemical reactivity in localised

regions.

At higher temperatures (45 and®86% both the SSD(20) systems and Gelucire 44/14
displayed similar weight increases. The shapeshef durves were also similar,
appearing to undergo a rapid moisture intake updight gain of 2.5 to 3.5% which
then slowed for the remainder of the experimergugigested that once in the molten
state, the addition of indometacin at low conceitns did not significantly affect
the absorption properties of the lipid. This wobkl attributable to the equal state of

molecular disorder experienced by the samplesaniduid state.
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Figure 6.3 Weight percent versus time signal for indometagid Gelucire 44/14 SSD(20) a) 5% w/w

and b) 50% w/w compared to that of Gelucire 44lbhe at 75% RH isothermal at 35, 45 and 55°C.

At 50% w/w (Figure 6.3 b), the SSD(20) systems webserved to absorb less
moisture than Gelucire 44/14 at all temperaturés35#C however, the shape of the
SSD(20) plot appeared to be closer to that of thepdes analysed at higher
temperatures, with a rapid water uptake initiallitiethh began to slow over time,

unlike that of the lipid alone at this temperatugich absorbed moisture at a steady

rate over the course of the experiment.
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Table 6.2 Moisture uptake as percentage weight gain by ingtagin and Gelucire 44/14 SSD systems

in comparison with Gelucire 44/14 alone under issthal temperature conditions at 75% RH.

Isothermal Weight Gain Standard
Formulation

Temperature (°C) (%) Deviation
Gelucire 44/14 3.8 1.4
35 5% SSD(20) 5.9 1.6
50% SSD(20) 2.8 0.7
Gelucire 44/14 5.7 1.8
45 5% SSD(20) 5.3 2.0
50% SSD(20) 3.0 0.7
Gelucire 44/14 5.2 1.6
55 5% SSD(20) 4.9 1.7
50% SSD(20) 2.7 0.7

At this high concentration, the drug constitutesnajor component of the SSD
system, and it was shown in Chapter Four that efsihlid crystalline indometacin
that was formulated into the system, approxima@h® w/w remained in the
crystalline state. It would be reasonable to asstiaewhether the lipid be in the
solid or liquid state, the presence of a large priopn of insoluble crystalline drug
particles would retard the water absorption capigbibnd capacity of the
formulation. It should also be noted that Geluei#14 would only constitute 50%
w/w of the system and therefore, in terms of masshe crucible, would be

significantly less than that of the lipid alone.
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6.5 HYDRATION BEHAVIOUR OF PIROXICAM AND GELUCIRE

44/14 SEM1-SOLID DISPERSION SYSTEMS

The piroxicam and Gelucire 44/14 SSD(20) systemmahstrated a similar
hydration profile as that observed for both ibuprofind indometacin. At 36 low
piroxicam concentrations (5% w/w) were seen to havegreater affinity for
atmospheric moisture than that of the lipid aloR&re 6.4 a). Data outlined in
Chapter Four however suggested unexpectedly tha§%a w/w, there was no
molecular dispersion of piroxicam possibly duedw Imiscibility between the lipid
and drug, and subsequently therefore that the igmox existed in the formulation as
solid crystalline particles. Despite this, this hgttbn data may give an indication
that there could possibly be a small extent of b piroxicam dispersion, enough
to create sufficient lipid crystalline moleculasdider to allow an increased level of

water uptake when in comparison with the lipid &lon

The SSD(20) systems at 45 andGmbsorbed moisture at a similar rate and to a
similar extent as the lipid alone due to the molstate of the systems creating
complete molecular disorder to equal extents i bloe¢ SSD(20) and Gelucire 44/14

samples alike.
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Figure 6.4 Weight percent versus time signal for piroxicand &elucire 44/14 SSD(20) a) 5% w/w

and b) 50% w/w compared to that of Gelucire 44lbhe at 75% RH isothermal at 35, 45 and 55°C.

At a piroxicam loading concentration of 50% w/we t8SD(20) systems showed a
consensus of reduced water affinity compared td tiathe lipid alone at all
temperatures (Figure 6.4 b). This was as expeatedal the likelihood of the large
proportion of solid insoluble crystalline piroxicastill present in the system during
analysis retarding the water uptake capabilityhaf 8SD(20) systems along with a

reduced mass of Gelucire 44/14.
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Table 6.3 Moisture uptake as percentage weight gain by poaxi and Gelucire 44/14 SSD systems

in comparison with Gelucire 44/14 alone under issthal temperature conditions at 75% RH.

Isothermal Weight Gain Standard
Formulation
Temperature (°C) (%) Deviation
Gelucire 44/14 3.8 1.4
35 5% SSD(20) 5.9 1.4
50% SSD(20) 2.6 0.6
Gelucire 44/14 5.7 1.8
45 5% SSD(20) 5.5 1.7
50% SSD(20) 2.7 0.8
Gelucire 44/14 5.2 1.6
55 5% SSD(20) 4.9 1.7
50% SSD(20) 2.5 0.7
6.6 CONCLUSIONS

Overall, the DVS analysis of the three insoluble delodrug SSD systems
demonstrated very similar results. The most intergoint to note is that at low
drug SSD loading and at the lowest temperaturestiyated, 3%C (which is not

unattainable during storage), the affinity for watd the formulation increased
noticeably. Despite this experiment being condu@ed5% RH, it gave a good
indication of the samples response to humidity, @nshould be considered that
under ambient conditions the RH will fluctuate, guatally reaching a maximum of
60%. This effect of low drug concentration will leaan impact on the effect of
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storage on the formulation and should thereforéaken into consideration. At high
drug concentrations, the effect of temperature afgueto have little effect upon the
water affinity of the SSD systems, with all absaghmoisture to similar extents. It
therefore seems reasonable that not only shouldettancement of dissolution
properties be taken into account (which decreaseésimcreasing drug) but also the
effect on the affinity for atmospheric moisture {(@fh decreases with increasing

drug) when selecting suitable drug loadings fomfolated drug SSD systems.
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Chapter Seven Aging of Semi-Solid Dispersions

7.1 INTRODUCTION

Aging of formulations upon storage and subsequdteration of their physical
properties is a major issue governing the succepsogpective dosage forms. These
changes must therefore be fully investigated aradagiterised, determining the effect
on the biopharmaceutic parameters and thereby ialpestablishment of product
stability and optimum conditions for storage ousrintended shelf life. Gelucires,
being composed of varying amounts of glycerides &5 esters, and their
formulations are known to exhibit physical instdipilupon aging thereby causing
modification to the in vitro and in vivo release drug from the dosage form. The
glyceride and PEG ester components of Gelucireskaogvn to display different
physical properties and limited solubility withim® another meaning that, after
aging, extensive segregation of these componetasdifferent melting fractions in
microscopic regions has been noted in the liteeatlihese changes have also been
correlated with alterations in tensile strengtlihef sample (San Vincente et al. 2000;
Sutananta et al. 1994a). It should also be coreid#rat Gelucires, being lipidic in
nature, have the capacity to spontaneously reath wkygen bringing about

subsequent degradation of the excipient (San Viecetal. 2000).

Gelucires have been found to demonstrate increaselting temperatures after
storage however this effect could not be correlatgld drug release (Dennis 1988).
Thermal history has also been shown to impact tistal structure and dissolution
properties of PEGs which are found in large prapogin many grades of Gelucires

(Craig and Newton 1991). There have however baaiest which noted no change
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in the dissolution properties of SSD systems ofuGiet 44/14 after storage over 3

months (Dordunoo et al. 1991).

Khan and Craig (2004) noted that upon storage dficde 50/13 and caffeine or
paracetamol SSD systems, significant changes isutface morphology were found
to take place in the form of microcracks (due tatcaction of the matrix) and also
blooming which, in relation to fat systems, is asated with the migration of lipid to

the surface of the formulation rather than polynmacchanges, most likely to occur
in soft, low melting point lipid systems like thosé Gelucire 44/14. These gross
surface alterations were attributed to supramoégcoit microscopic changes in the

SSD integrity which were undetectable using DSC.

These factors are investigated in this chapter \agked SSD formulations being
characterised using conventional differential saagpncalorimetry and hot stage
microscopy, and the release properties of the mddeys from the formulations

being observed using in vitro dissolution testing.

7.2 METHODOLOGY

7.2.1 Conventional Differential Scanning Calorimetry

Conventional DSC experiments were performed und@tragen environment, with
a purge rate of 50ml/minute. Calibration of thetimsient was conducted, prior to
experimentation which involved cell resistance andpacitance (baseline)
calibrations with an empty cell and sapphire di§kzero calibration), cell constant

calibrations using indium standard (melting poiB656°C, heat of fusion 28.6J/g),
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and finally temperature calibrations using benzmi (melting point 122.4°C) and
n-octadecane (melting point 28.2°C). Temperatutdredions were carried out at
the same rate as intended for sample analysis. IBamere formulated into SSD
systems as outlined in Chapter Two, prepared amdped into Tzero aluminium

pans and analysed at time zero and also after Is¢amgd at room temperature and

humidity, protected from light, for 12 months.

Experiments were conducted at °@fminute, heating throughout the melting
transition to 108C for ibuprofen formulations, 26G for indometacin, and 220 for
piroxicam. Samples were then cooled to°@0Experiments were repeated four

times.

7.2.2 Hot Stage Microscopy

Samples for analysis were formulated into SSD systas outlined in Chapter Two
and stored at room temperature and humidity, ptederom light, for 12 months
prior to analysis. Samples were applied to glassonacope slides, enclosed with a
glass cover slip and heated from room temperatieugh the melt transitions of
both the lipidic carrier and the model drug afQmninute. Capture was terminated
on visualisation of complete melting. Images weaptared at x20 magnification

under polarised light.
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723 In Vitro Release

Samples for analysis were formulated and prepanéal ¢apsules as outlined in
Chapter Two. Capsules were stored at ambient tenper and either ambient
humidity or 0% relative humidity achieved under #&ogphorous pentoxide
environment, protected from light, for 2 monthss&ulution studies were carried
out, in triplicate, in 900ml distilled water at %7 over 45 minutes. Samples, 10ml in
volume, were withdrawn periodically and replacedhwan equivalent volume of

dissolution medium at the same temperature. Theplesnwere filtered through a
0.45um filter, the UV absorbances of which wereorded in triplicate. Full details

of calibration data can be found in Chapter Fivasti®n 5.2.
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7.3 AGED |IBUPROFEN AND GELUCIRE 44/14 SEMI-SOLID

DISPERSION SYSTEMS

731 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

Differential scanning calorimetric analysis of thiest melting transition of SSD
samples at time zero and after storage under amb@ditions for 12 months is
shown in Figure 7.1. For 5% w/w systems, the mglamdotherm of the lower
melting point fractions of Gelucire 44/14 displayad increase in Tghsey and
Tmmax) for the SSD(20) formulations, also noted by Denii888), with only a
higher Tmonser for SSD(4). In both cases, a small increasakhof the peaks was
measured. Damian (2002) made a similar observatiod attributed it to a
reorganisation of the Gelucire 44/14 structureldvahg on from this however, the
primary melting endotherm corresponding to the aigmelting point fractions was
found to occur at a lower Trny With a significantly reducedH value in both cases
i.e. from 44.7 J/g £ 1.8 to 15.5 J/g + 5.5 for SAM(and 40.4 J/g £ 1.6 to 24.6 J/g
1.4 for SSD(4) also possibly attributable to a cial reorganisation. The aged
samples did not demonstrate an ibuprofen meltirdp#rerm, comparable with the
fresh samples, which suggests that a molecularedisg of the drug still existed

and therefore no phase separation occurred dulGngge.

There are many different opinions with regards @gh Gelucires presented in the
literature. A study carried out by Sutananta gfl894a) noted that Gelucire 50/13,
known to contain both glycerides and PEG esteks,4i4/14, which display varying

physical properties, separated into its constitysmrts or melting fractions upon
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aging. This segregation was more prominent fordgrsgmmnples that had been cooled
slowly from the melt due to increased opportunity Segregation. It was also
observed that the solubility between glycerides BR@G esters was limited which
would also promote separation. This effect wasnamiessarily observed in the data
collected in this present study, however changeB3iC traces after storage were
found to be associated with the recombination aregmtion of the numerous
components into different regions on a microscagmale. Further to this, it was
observed by San Vicente et al (2000) that the nmeshmbehind the aging effects
seen in Gelucires may in part be attributed todbmeversion of triglycerides into
more stable polymorphic forms, however they did observe any noteworthy
changes in the DSC trace after 12 months stordgs.€ffect was most prominent in
fast release lipidic systems (as is Gelucire 4444 to the low melting point and
the subsequent possibility of a proportion of tigdl being liquid in nature at

ambient temperature which may recrystallise oresfer

At 50% w/w, as described in Chapter 4, the primarglting endotherm was
completely absent suggesting interaction betweerhibher melting point fractions
with the ibuprofen. This was not detected at lodrerg concentrations. This was also
confirmed by the broadening of the ibuprofen meltipeak with a subsequent
depression in the melting point from°@for ibuprofen alone to 88. This effect
was also seen in the aged samples. For the SSBy2®ms, the ibuprofen melt
endotherm was found to increase significantly inchg®) and AH, in the range of
11°C and 14 J/g respectively, suggesting recrystéitisaof the molecularly
dispersed ibuprofen over time. The SSD(4) howevdy @emonstrated a slight

increase in the Tgghseryy With the Tnmax andAH being similar in value. In both cases
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the lipid secondary peak was smaller and sharpi, an increased Tpser and

reduced Trmhaxy TheAH of the peaks was significantly reduced from 28d + 1.9

to 2.7 J/g £ 0.7 for SSD(20) and 25.1 + 1.1 toddL.+ 1.2 for SSD(4). The changes

in the DSC traces again suggested that upon agdegganisation of the Gelucire

44/14 structure may have taken place, involvingrde®mbination or segregation of

components into different microscopic regions.
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Figure 7.1 Heat flow against temperature signal on heatingl&iC/minute of aged ibuprofen and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Firstmel
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Figure 7.2 Heat flow against temperature signal on heatingl&iC/minute of aged ibuprofen and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Crystiion.

Upon cooling of the 5% w/w aged systems, in botlsesa the shape of the
crystallisation exotherm demonstrated changes latioa to that prior to aging
(Figure 7.2). A leading shoulder was still observetiich appeared to correspond
with the original Gelucire 44/14 crystal formatiah approximately &, however
the main crystallisation peak reduced in tempeeatior below 6C. In the aged

SSD(20) formulations, an additional shoulder wassent, which appeared to
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correlate with that of the main crystallisation keaf the freshly prepared

formulations.

After heating however, both the lipid and drug wer¢éhe molten state and therefore
isotropic in nature, and theoretically identical tttat of the fresh samples. One
possible explanation for the changes observeddrtitsstallisation transition may be
that Gelucire 44/14 underwent auto-oxidation durigtprage bringing about

degradation of the lipid (San Vincente et al. 2000)

7.3.2 Observation of Thermal Transitions by Hot Stage Microscopy

HSM images were captured of SSD formulations atgng. At 5% w/w, the fresh
and aged samples were observed to be much the isagpearance, with the
complete absence of ibuprofen crystal particlesis TWwas attributable to the
dissolution of ibuprofen during formulation creafia molecular dispersion, and it
therefore suggests the absence of phase sepacdtibe ibuprofen from the lipid

during storage, in line with conventional DSC.

At 50% w/w however, as expected, crystalline ib@gmowas present. The crystals
present in the freshly formulated sample were iysgmaller in size and great in
number. After aging however the ibuprofen crystakre much larger and more
structured in shape. It should be considered ti@pbsition of the microscope over
the sample may be a factor. It is also possibledvewthat during formulation the
molten Gelucire 44/14 became supersaturated witlecularly dispersed ibuprofen,

which then proceeded to recrystallise out of theallduring storage causing growth
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of the pre-existing crystals. DSC was able to levelght to this conclusion by
demonstrating an increasati of the ibuprofen melt for the aged SSD(20) system

however this was not the case for the SSD(4) system

Figure 7.3 HSM images of ibuprofen and Gelucire 44/14 SSD&®% fresh; b) 5% aged; c) 50%
fresh; d) 50% aged; and SSD(4) e) 5% fresh; f) Ffeda g) 50% fresh; h) 50% aged at’&0in order

to visualise only crystalline ibuprofen.
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7.3.3 In Vitro Release Profile

In the literature it is apparent that many studiase found it difficult to correlate
changes observed in the physicochemical propeosfiese aged SSD systems with
those subsequent changes seen in the dissolutaditepfSutananta et al. 1995b;

Sutananta et al. 1996).

In this study, upon in vitro dissolution of ibupeof and Gelucire 44/14 SSD systems
in water at 37C after aging under ambient conditions, no notelmochanges in the
release profile were observed. At 5% both aged dtations achieved a total
ibuprofen release of 100%, comparable to that efftash samples. The MDT-50%
values were also similar. At 50% w/w again thererevao significant changes
observed in the release profile or MDT-50%, withthbdhe aged and fresh

formulations releasing ibuprofen to approximatedy 8
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Figure 7.4 Release of ibuprofen from a) SSD(20) and b) SS&(&ems over time in water at°G7

either freshly prepared or after storage at ambiend 0% RH.

272



Chapter Seven Aging of Semi-Solid Dispersions

Table 7.1 Mean dissolution time for ibuprofen release up5@$ (MDT-50%) and the calculated

release exponent n using the Power-Law.

Storage MDT-50% Power-Law Model
Formulation
Humidity (min) n
Ibuprofen Alone 34.8 0.45
Fresh 7.5 0.37
5% Aged Ambient 8.6 0.96
Aged 0% RH 9.1 1
SSD(20)
Fresh 8.6 0.34
50% Aged Ambient 8.2 0.45
Aged 0% RH 9.1 0.38
Fresh 8.1 0.39
5% Aged Ambient 8.8 1
Aged 0% RH 9.3 1
SSD(4)
Fresh 11.8 0.43
50% Aged Ambient 8.9 0.61
Aged 0% RH 9.3 0.44

In studies carried out by Khan and Craig (2004) éxmv, an increased release rate
and extent of release were observed. This increasebacked up by SEM data
which indicated that supramolecular changes inGeticire 50/13 SSD matrix had
occurred during storage, compromising its integuiiyh a subsequent increase in
erosion of the matrix and therefore drug release ia this case, minor changes to
the thermal properties were noted using conventiomEBC suggesting

physicochemical alteration on storage to some exparssibly due to degradation of
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the lipid by auto-oxidation; however these chandeshot appear to have impacted

the release of ibuprofen from the formulations.

The power-law mathematical model was used to gineimalication as to the
mechanism of drug release from the aged SSD systetmsh was used as a
comparison with the fresh samples. It is essentiddear in mind at this point that
care must be taken in the interpretation of the etlimd) data. These systems are
known to self emulsify upon contact with aqueousdimedue to the nature of
Gelucire 44/14 and therefore the mechanisms of delgase cannot be easily
categorised. It is however interesting to note hine data fits the model. The
calculated values), are presented in Table 7.1. In all cases, chamgd®e values
and therefore the mechanism of drug release weserofd. At 5% w/wh was
found to take a value of 1 or close to, in compmarigith a value of less than 0.5 for
the fresh samples. This suggests that after stanager ambient conditions, drug
release from the SSD systems changed from anomatansport, diffusion and
disintegration controlled, to a release controlldny case Il transport
(erosion/swelling) with zero order kinetics. Itngt possible to speculate as to the
exact mechanism by which the release of ibuprofes lbeen altered, however it is
reasonable to suggest that the possible reorgmmsat the lipid components into
different microscopic regions during storage, amaestrated by thermal analysis,
may be a contributing factor. At 50% w/w howewewnas found to be closer in value
to that of the fresh samples. For the SSD(20) systeéhe mechanism of ibuprofen
release remained controlled by diffusion althoudte tSSD(4) formulations

demonstrated anomalous drug transport i.e. a catibmbetween both processes.
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San Vicente et al (2000) found thevalue of all investigated Gelucires not to change
significantly upon aging, suggesting that desphgsical changes occurring during
storage, with subsequent dissolution changes, teehamism was found to be

maintained.

Again, after storage at 0% RH, the fresh and agédwBw samples demonstrated
comparable ibuprofen release profiles, with simédatent of release and MDT-50%
values (Figure 7.4 and Table 7.1). In both cases50f%6 w/w systems were also
found to display a dissolution profile similar twat of the fresh and aged at ambient
formulations. This suggests that since the majaitthe drug present in the system
was in the stable crystalline form, that storage @ven ambient humidity, which can

reach levels as high as 60%, had little effecth@nformulation.

After modelling of the dissolution data using tr@mer-law equation (Table 7.1), it
was observed that at 5% wi/w, after aging at 0% fREl,mechanism of release was
similar to if not the same as the aged at ambigsitems. Again this showed that
before aging and storage, drug release was caedrdlly Fickian diffusion and
disintegration, which is found to change to norklEn case Il transport, again
possibly due to the reorganisation or segregatfahelipid components over time.
At 50% w/w however, those systems aged at 0% hiywadere found to displan
values comparable with those of the fresh sampéediffusion and disintegration
controlled release, which lends weight to the agdion that the large proportion of
stable crystalline ibuprofen, alongside the cryist@al lipid did not promote

physicochemical changes over time.
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Literature has suggested that the effect of stohageidity on the physicochemical
properties of Gelucires, and therefore the ratedmfg release from their SSD
formulations, may be determined by the mechanisrwiigh drug is released from
the system. In the case of Gelucire 50/02, drugasd from SSD formulations is
controlled by diffusion and after aging under hiBlid, the dissolution rate was
observed to decrease. Drug release from systempasmd of Gelucire 50/13,
however, is known to be controlled by erosion (dasensport) and formulations of
this lipid were found to demonstrate an increaseruy release after storage at high
RH. This may be due to the presence of a high ptigmoof PEG stearates which
can hydrogen bond with atmospheric moisture anagbaibout significant changes in
the lipid structure (Sutananta et al. 1996). Irs tbase however, despite Gelucire
44/14 being known to contain up to 72% PEG estaoschange in the ibuprofen
release was observed after aging, either at ambief6 RH suggesting that the

formulations were very stable on storage.

734 Summary of Aged Ilbuprofen and Gelucire 44/14 Semi-Solid

Dispersion System Characterisation Studies

Characterisation of the ibuprofen and Gelucire 44&85D systems over time has
demonstrated a number of changes to the physicachemroperties of the

formulations. DSC analysis of these systems sugdeshat in all cases a
reorganisation of the lipid components into différenicroscopic regions may have
taken place during storage bringing about altemation the observed melting
endotherm. The formulations with a higher ibuprofemtent also suggested that

there may have been further crystallisation of tiedecularly dispersed drug upon

276



Chapter Seven Aging of Semi-Solid Dispersions

aging. The HSM images showed no change to the 5fsy$tems in the absence of
crystalline ibuprofen particles, however at 50% wthe crystals appeared to be
larger in size, which backed up the observatiomfrthe DSC data of further

crystallisation at this drug concentration.

Despite these changes, a subsequent alteratibe to vitro ibuprofen release profile
from the SSD systems was not observed after staabgéher ambient or 0% RH.
The mechanism of drug release from the low conagotr systems was seen to
change after aging from diffusion and disintegmatcontrolled to solely case I

transport. The mechanism of ibuprofen release frttra high concentration

formulations did not change, possibly attributatdethe large proportion of stable
ibuprofen crystals. The formulations therefore destiated good stability in terms

of in vivo ibuprofen release after aging.
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7.4 AGED |INDOMETACIN AND GELUCIRE 44/14 SEMI-SOLID

DISPERSION SYSTEMS

74.1 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

After aging of indometacin and Gelucire 44/14 SSIbnfulations under ambient
conditions the characteristic lipid melting endetheould be observed (Figure 7.5 a
and b). At 5% w/w the secondary melting peak of lip&l lower melting point
fractions was found to occur at a slightly lower Ji3yand Tngnax, however the
measuredAH values were comparable to those of the fresh Emn@he lipid
primary melting endotherm corresponding to the npostinent peak of the higher
melting point fractions was observed to show simil@gnsery aNd TNimax) t0 the
fresh samples however were measured to have gredtealues i.e. from 52.8 J/g =

1.8 t0 65.9 J/g + 2.9 for SSD(20) and 51.6 J/gt6.64.1 J/g + 1.2 for SSD(4).

This change in transitionH may be attributable to a reorganisation of thpedli

structure brought about by recombination or sedregaof the many components
into different microscopic regions (Damian 2002t&anta et al. 1994a). As with
the fresh samples, the aged systems did not digpimynetacin melting endotherms
suggesting that, even after storage, a moleculgedsion of indometacin was still

present despite alterations within the lipid.
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Figure 7.5 Heat flow against temperature signal on heatind &C/minute of aged indometacin and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Firstmel

At 50% wi/w, the secondary melting endotherm wasenkel to shift to a slightly

lower Tmonsery @nd Tmay) than that of the fresh samples. The mgit was also

observed to decrease in the range of 2 to 3J/g.td@imperatures of the primary

melting transition were found not to have changédraaging, however thaH

increased by 10J/g in both cases, again possibly tu lipid segregation or

reorganisation. On average, the indometacin mekimgptherm, after aging of the

SSD(20) systems was observed to shift to a high&snden and Tnnax by 1PC in
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each case, with a reducadi in the region of 7J/g in comparison with the Figs
analysed samples. The drug melt of the SSD(4) ftatimms however were

comparable with those of the fresh samples.
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Figure 7.6 Heat flow against temperature signal on heatind &C/minute of aged indometacin and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Crystiion.

Upon cooling of the 5% w/w SSD systems, in bothesashe main crystallisation
peak was observed to visually decrease in sizei(€ig.6 a and b). The FgsenWwas

found to remain the same at°c3 after aging. In terms of peakH, this was
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comparable for the SSD(4) systems however it wagmed to decrease from 89.6
Jig £ 2.7 to 67.2 J/lg £ 3.4 for the SSD(20) fornioless. The shapes of the
crystallisation transition demonstrated obviousfeddnces however. The fresh
samples displayed a small leading shoulder to tlgstallisation exotherm which
appeared to correspond well with that of the Geduel4/14 alone. In the aged
samples, this shoulder appeared to be more promsweggesting more extensive
conversion of the lipid to its original crystallif@mation. It should be noted that the
crystallisation peaks for both the fresh and ageues were uncharacteristically
sharp for lipids which tend to be broad in natuse tb their complex characteristics.
The observed changes may have been attributalij@dalegradation brought about
by auto-oxidation as suggested earlier in the GrapAt 50% w/w, again no
crystallisation transition could be observed foe ged samples as was observed

with those analysed at time zero.

74.2 Observation of Thermal Transitions by Hot Stage Microscopy

In all cases, there were no obvious differencethénHSM images of the aged SSD
systems in comparison with the fresh samples. @ltyst indometacin particles were
completely absent from the 5% w/w systems configrilre presence of a molecular
drug dispersion in the lipid. As expected, a langenber of indometacin crystals
were observed at 50% w/w which was comparable twee fresh and aged

samples.
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Figure 7.7 HSM images of indometacin and Gelucire 44/14 S8D&} 5% fresh; b) 5% aged; c)
50% fresh; d) 50% aged; and SSD(4) e) 5% fresb&)aged; g) 50% fresh; h) 50% aged afGan

order to visualise only crystalline indometacin.

282



Chapter Seven Aging of Semi-Solid Dispersions

7.4.3 In Vitro Release Profile

The dissolution profile of indometacin and Geluel14 SSD systems, aged under
ambient conditions protected from light, were irtigeged in water at 3T over 45
minutes (Figure 7.8). The 5% w/w systems releasddmetacin to the same extent,
slightly less than 60%. This is likely to be attriible to non-sink conditions of the
experiment. After aging however indometacin wasaséd at a slower rate than that
of the fresh samples, with the MDT-50% increasiranf 17.7 to 25.8 minutes for
SSD(20) and 16.6 to 31.1 minutes for SSD(4). Thengks observed in the DSC
traces of the aged samples suggested a reorganisaitsegregation of the Gelucire
44/14 components which may have an effect on ttee aawhich the indometacin
was released. The DSC data demonstrated that attf#4dndometacin was still
present as a molecular dispersion after aging stiggethat the extent to which it
was released over the course of the experimentdvoelcomparable. However it
was suggested by Remunan et al (1992) that changd® dissolution profile of
Gelucire 53/10 SSD systems may be attributabldéoférmation of microcrystals
which were undetectable using DSC which may besaipity in this case. At 50%
w/w, the SSD systems demonstrated equivalent dissol profiles suggesting little
change in the SSD physicochemical properties amez,tmost likely attributable to

the large proportion of stable crystalline indons&tgresent in the formulation.
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Figure 7.8 Release of indometacin from a) SSD(20) and b) §3yétems over time in water at’G7

either freshly prepared or after storage at ambiend 0% RH.
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Table 7.2 Mean dissolution time for indometacin release ap®% (MDT-50%) and the calculated

release exponent n using the Power-Law.

Storage MDT-50% Power-Law
Formulation
Humidity (min) Model n
Indometacin Alone >45 0.34
Fresh 17.7 0.54
5% Aged Ambient 25.8 1
Aged 0% RH 24.4 1
SSD(20)
Fresh > 45 0.56
50% Aged Ambient > 45 0.71
Aged 0% RH >45 0.73
Fresh 16.6 0.51
5% Aged Ambient 31.1 1
Aged 0% RH 21.1 1
SSD(4)
Fresh > 45 0.51
50% Aged Ambient > 45 1
Aged 0% RH >45 1

After modelling using the power-law equation, thevalue obtained gave an
indication of the mechanism by which drug was redelsfrom the formulation (Table
7.2). Again however, care should be taken in imtggtion of these data due to the
self-emulsifying nature of Gelucire 44/14. Afteriragyunder ambient conditions, the
release of drug from the 5% w/w SSD systems in lbaties shifted from anomalous
transport to that entirely dominated by case Ihgport. At 50% w/w, the SSD(20)

systems were found still to demonstrate anomaloug klease i.e. a combination of
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diffusion and case Il transport (erosion / swellinghe indometacin release from
SSD(4) formulations was however found to be coldgdosolely by case Il transport.
As was the case with ibuprofen and also demonstiatehe thermal analysis of the
indometacin systems, the possible recombinatiorsegregation of the Gelucire
44/14 components over time may be a contributirgjofato the changes in drug

release mechanism observed.

Aging under conditions with 0% RH did not demonsraoteworthy differences to
those SSD systems which were exposed to a gre&teov@r time during storage
(Figure 7.8). In both cases, the 5% w/w system®vaind to release indometacin to
equal extents, demonstrating similar release g®fjhote the error bars for SSD(4)
aged in Figure 7.8). The 50% w/w systems were alsgerved to demonstrate
dissolution profiles with similar properties suggeg again that there was little

change to the formulation over time.

The n values of the SSD systems aged at 0% RH, calculayemodelling of the
dissolution data using the power-law equation, wietend to demonstrate values
very close to if not equal to those obtained farsth samples aged under ambient
conditions (Table 7.2). This suggests that the rdesef atmospheric moisture in this
case did not have any advantageous effect in cosgpato those formulations stored

under ambient conditions.

286



Chapter Seven Aging of Semi-Solid Dispersions

744 Summary of Aged Indometacin and Gelucire 44/14 Semi-Solid

Dispersion System Characterisation Studies

A reorganisation or segregation of the Gelucirel44omponents was suggested by
the DSC data collected for the indometacin and Gedui4/14 SSD systems after
aging. The 5% w/w formulations still however suggédsthat the indometacin
existed as a molecular dispersion within the liBdnilar changes were observed in
the 50% w/w systems. The HSM images did not dematestny alterations to the
physical state of the indometacin in the samplésr a&fging, with crystalline drug
particles being completely absent at 5% w/w angreat abundance at 50% w/w. A
decrease in indometacin rate of release was olseafter aging of the 5% w/w
systems under ambient conditions which may posdielydue to the formation of
insoluble microcrystals, undetectable using DSC.eskh changes also led to
subsequent changes in the mechanism of drug relEagechanges were noted in

the 50% w/w formulations.
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7.5 AGED PIROXICAM AND GELUCIRE 44/14 SEMI-SOLID

DISPERSION SYSTEMS

751 Assessment of Thermal Properties using Conventional Differential

Scanning Calorimetry

After aging under ambient conditions, the heatirgfifes of the aged piroxicam and
Gelucire 44/14 SSD systems are demonstrated in @osop with the fresh samples
in Figure 7.9. Upon calculation of the transitiomerties for the 5% w/w systems,
the secondary peak corresponding to the lower ngepoint fractions of the lipid
was observed to decrease in Jiday and Tmmay) In both cases after aging, in the
range of 2 to &, however the\H was comparable in value. The main primary lipid
melt peak was observed to be comparable in allgrtigs with the exception of the
SSD(4) formulations which were found to increasalkhfrom 62.9 J/g + 0.7 to 71.8

Jg £2.2.

Unlike these other model drug systems, due to ake dolubility of piroxicam in
Gelucire 44/14, a drug melting endotherm could leasared as low as 5% w/w. As
observed in Chapter Four, the melting endothermrysdtalline piroxicam present in
the SSD systems demonstrated poor reproducibilitih Varge standard deviation
values. However on average, the piroxicam melthefdged samples was found to
occur at a lower Tighsery @and Timaxy With AHS similar to those calculated at time
zero. Taking this into account, the changes obsenvehe lipid melting endotherm
were less noteworthy than those observed for therahodel drug systems presented
above suggesting limited aging effects occurringrdustorage possibly due to the

poor compatibility with the drug and therefore lied interaction between the two.
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Figure 7.9 Heat flow against temperature signal on heatingl&@iC/minute of aged piroxicam and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Firstmel

At 50% w/w, the SSD(20) systems after aging dematei no obvious differences

to the fresh samples in terms of the Gelucire 44iefting transition. The measured
piroxicam peak however was seen to broaden afbeag, with a reduced Tghser)

and increased Tgraxy, The AH values were found to be comparable. The secondary
Gelucire 44/14 melting peak of the SSD(4) formalasi was observed to decrease in
Tmensery @and also iMH by approximately 12J/g. The primary lipid meltipgak did

not change greatly. In terms of the piroxicam meltithe endotherm was seen to
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shift to a slightly lower Transery This may not however suggest a definitive change
in the melting endotherm as differentiation of theak from the baseline was

difficult due to its noisy nature. The measurdd values remained similar.
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Figure 7.10 Heat flow against temperature signal on heatindl@C/minute of aged piroxicam and

Gelucire 44/14 a) SSD(20) and b) SSD(4) — Crystiion.

The 5% w/w formulations demonstrated similar criis&ion peak pattern after
aging to those seen for the fresh samples. In tefrealculated peak properties, the

peaks were comparable i.e.h&) TGmax) aNdAH, however there appeared to be a
290



Chapter Seven Aging of Semi-Solid Dispersions

redistribution of crystalline formations. The leaglishoulder which appeared to
correspond with the crystallisation of Gelucire Walone was more prominent in
the SSD(20) aged samples. In the SSD(4) system&veswthe main peak had
shifted to a lower temperature and the leadingdlipeak appeared to be less
prominent than the fresh formulations. Again, agedofor the indometacin

formulations, the crystallisation peaks appearebdeancharacteristically sharp. As
discussed previously, the changes observed inrystatlisation transition may be

attributable to oxidative degradation of the lipidring storage. As at time zero in

both cases, a crystallisation transition in thedasf@% w/w systems was not visible.

75.2 Observation of Thermal Transitions by Hot Stage Microscopy

The presence of piroxicam crystalline particles Hraextent to which they existed
in the SSD systems were comparable between the dre$ aged samples in all cases
due to the relatively immiscible nature of the gioam with Gelucire 44/14. The 5%
w/w formulations were observed to contain crystalich appeared to be evenly
dispersed. At 50% w/w the piroxicam were much naiyendant as expected. There
did not appear to have been any significant chamglee appearance i.e. shape and

size of the piroxicam crystalline particle afterrag
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Figure 7.11 HSM images of piroxicam and Gelucire 44/14 SSD§®% fresh; b) 5% aged; ¢) 50%
fresh; d) 50% aged; and SSD(4) e) 5% fresh; f) Bfécha g) 50% fresh; h) 50% aged at°&0in order

to visualise only crystalline piroxicam.
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75.3 In Vitro Release Profile

The dissolution profiles of the Gelucire 44/14 gnidoxicam SSD systems upon
aging, protected from light under ambient condioran be observed in Figure 7.12.
At 5% wi/w, the rate of piroxicam release and alsodxtent to which it was released
over the course of the experiment was significargijuced after aging. The overall
drug release was less by approximately 20%, wghMIDT-50% being increased in
the region of 4 to 6 minutes. In Chapter Four itsvaiggested that at 5% wi/w,
piroxicam exists solely in the crystalline form.iJImay suggest that since there was
little possibility of the reduced dissolution rdieing attributable to changes in the
physicochemical properties of the drug, it mustréfere be due to alterations
occurring in the lipid. These alterations, as dethiabove, have been noted
previously however only minor changes were detegteitie DSC data of the aged
samples. At 50% w/w there was little change in dhag release over time in both
cases with regards rate and extent of release stiiggeo significant changes in the

SSD physicochemical properties over time.
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Figure 7.12 Release of piroxicam from a) SSD(20) and b) SS&ygems over time in water at’G7

either freshly prepared or after storage at ambiend 0% RH.
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Table 7.3 Mean dissolution time for piroxicam release up5tf (MDT-50%) and the calculated

release exponent n using the Power-Law.

Storage MDT-50% Power-Law
Formulation
Humidity (min) Model n
Piroxicam Alone > 45 1
Fresh 11.3 0.55
5% Aged Ambient 17.2 1
Aged 0% RH 17.3 1
SSD(20)
Fresh 39.2 1
50% Aged Ambient 43.1 0.98
Aged 0% RH >45 1
Fresh 12.3 0.62
5% Aged Ambient 16.8 1
Aged 0% RH 18.5 1
SSD(4)
Fresh > 45 1
50% Aged Ambient > 45 1
Aged 0% RH >45 1

The n value calculated by applying the power-law modethe dissolution data is
detailed in Table 7.3. The freshly prepared 5% wi®tems demonstrated a drug
release mechanism consisting of anomalous trangptrta value between 0.5 and
1. After aging under ambient conditions howeveygdrelease became controlled
solely by case Il transport (erosion / swellingheTchanges noted, as suggested
earlier, are most likely attributable to the lipid the SSD system. Limited aging

effects were noted upon heating of the formulatidmswever alterations to the
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crystallisation transition could possibly be caus$gdoxidative degradation of the
samples over time, which could potentially havailasequent impact upon the drug
release. The 50% w/w formulations showed no changlug release mechanism,
being controlled by case Il transport both befard after aging and suggesting that
the release mechanism is maintained during storadpes. follows the DSC and
dissolution profile data which also imply littletetation to the formulation. It should
be noted that fitting of these data to the power#aodel should be considered with
care due to the self-emulsifying nature of thesstesys imparted by the lipid

Gelucire 44/14.

The Gelucire 44/14 and piroxicam SSD systems wdse &atored under dry
conditions (0% RH, ambient temperature) beforeitro\dissolution analysis (Figure
7.12). In this case the 5% w/w SSD(20) systems shdolitle change from those
aged under ambient conditions, however the SSDydhidlations demonstrated a
greater difference in the extent of piroxicam rekaThose samples stored under
ambient conditions were observed to release thg tira greater extent than those
aged at 0% RH, however it should be noted thaetha bars coincide for a number
of data points. This effect was also observed btaiganta et al (1996). They
suggested that since slow cooling from the meleapgd to result in an increase in
dissolution rate in comparison with ambiently cableamples (not noted in this
study), that the increase in dissolution rate oleskfor the formulations stored under
high humidity may be attributable with the preserafe atmospheric moisture
producing a similar structure to that of the frebw cooled systems. The 50% w/w
systems in both cases demonstrated similar profiies relatively large error bars

suggesting poor reproducibility.
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The power-lawn values of the SSD systems aged at 0% RH were foaradl cases,

to be the same as those calculated for the samef@esd under ambient conditions,
suggesting that the release mechanism of the fatronk was not altered by the RH
(Table 7.3). In relation to those of the fresh sk®mpnly the 5% w/w systems
demonstrated a change from anomalous transportide d transport (erosion /
swelling) alone, again potentially attributableatato-oxidation of the Gelucire 44/14

during storage.

754 Summary of Aged Piroxicam and Gelucire 44/14 Semi-Solid

Dispersion System Characterisation Studies

As detailed in Chapter Four, piroxicam was cal@dab have a lower solubility with
Gelucire 44/14 than the other model drugs and thexdimited if not no interaction
between the two components. For this reason thendilated SSD systems
demonstrated little change in the DSC melting pedditer aging. The HSM images
were comparable before and after aging which faidwhe DSC data. Upon
dissolution of the SSD systems aged under ambi@mditons, a decrease in drug
release was demonstrated. It is most likely thaseéhchanges are attributable to
aging effects of the lipid, possibly degradatiomgested by DSC crystallisation,
since initial characterisation suggested the ales@ficany molecular dispersion of
piroxicam and its almost complete existence indtystalline form. The mechanism
of release rf) was found to change from anomalous transportase dl transport
(erosion / swelling) on storage. The 50% w/w systaitid not demonstrate any
significant change in drug release over time aredrttechanism by which drug is

released was maintained as case |l transport beazdurse of the experiment.
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After aging under dry conditions only minor changese observed for the 50% w/w
systems although the reproducibility of the data waor. There was also no obvious
change to the dissolution at 5% for the SSD(20infdations however piroxicam
dissolution from the SSD(4) systems was found wrebse compared to that of the
ambiently stored samples, possibly do to moistfects also seen by Sutananta et al
(1996). The mechanism of release in all cases wamparable to that of the samples

stored under ambient conditions.

7.6 CONCLUSIONS

Overall, the data demonstrated that Gelucire 444 exhibit aging effects during
storage possibly attributable to reorganisatiotheflipid components and also auto-
oxidative degradation. Aging of SSD formulations Gé&lucire 44/14 with model
poorly soluble drugs appeared to depend upon theoatability and also the extent
of interaction between the two components. As tielslity of the drug in the lipid
increased, as did the tendency to age over timdetsmined by DSC and HSM.
The effects of storage appeared to be more exensithose systems containing
ibuprofen and indometacin, in comparison with thosk piroxicam which
demonstrated limited solubility in the lipid ancetbefore limited changes upon aging.
The aging effects seen using DSC and HSM did naeteler translate to the in vitro
dissolution profiles of the formulations. The ibafean and indometacin SSD
systems, which demonstrated more significant plogsiemical changes using DSC
and HSM, did not demonstrate a subsequent changédnin vitro release
characteristics. The extent of drug released frbe lbw loaded piroxicam and

Gelucire 44/14 SSD systems was however found toceedafter aging without
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corresponding changes to the DSC and HSM dataisncase the two components
demonstrated little interaction after formulatiohhis could possibly make the
Gelucire 44/14 more prone to oxidative degradatamwith the lipid alone. In the
case of the indometacin and ibuprofen SSD systéimesaging effect seen using
thermal analysis techniques are most likely duesegregation of the lipid
components, possibly encouraged by the disruptidheolipid crystalline structure
by molecularly dispersed drug. This segregation matynecessarily bring about a
reduction in the activity of the lipid to enhandeetdissolution properties. The
dissolution effect of aging appears to be difficdaltpredict, not always correlating
well with DSC analysis. The aging of lipidic SSDs#®ms, particularly with
Gelucires appears to be dependent upon numerousrdaand is therefore

unpredictable.
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Chapter Eight Concluding Remarks and Future Work

8.1 CONCLUDING REMARKS

This project has attempted to enhance the curremwledge surrounding lipid based
semi-solid dispersion systems in the hope of bngdghe industry a small step closer
to taking full advantage of this promising techrgyloThe work in this project has
focussed around the surface active lipidic cargecipient, Gelucire 44/14, the
poorly soluble model drugs, ibuprofen, indometacamd piroxicam, their
physicochemical characterisation alone and alsecoimbination as an SSD. The
ultimate goal was to successfully enhance the tiro \dissolution profile which in
turn may lead to an increase in in vivo bioavaligbiGelucire 44/14 is capable of
self-emulsifying upon contact with aqueous mediawahg solubilisation of the
poorly soluble drug particles, increasing their tech angle, reducing their surface
tension and thus preventing aggregation and agghtior. Gelucire 44/14 does
however have a very complex multi-component stmectwhich subsequently
imparts complex physicochemical and behaviourapgries upon the SSD systems
into which it is incorporated. This complex natuneans that a multi-instrumental
approach is essential in order to establish achdlracterisation profile. The aim of
this study was therefore to provide a thorough attarisation of the structure,
behaviour and performance of Gelucire 44/14 SSDn@bations, in particular
developing a range of analytical methods, so thatdssociations between these

factors could be identified.

Chapter Three presented physicochemical charaatiensof the selected surface
active lipidic carrier materials, Gelucire 44/14afPGS, upon heating and cooling.

The key points to note from these data were foortakt
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1. Complex properties occurred during melting and terafure cycling of both
lipids, for example a double melting endotherm cstirgg of low and high
melting point fractions of Gelucire 44/14 and a loleuT,, for TPGS possibly
attributable to the presence of both mono- andildsstuted PEG chains.

2. The rate at which the lipids are cooled appeamgréatly impact the physical
state at ambient temperature. Cooling at slowesratas found to promote a
more complete crystallisation by ambient tempegatunlike faster rates which
were observed to create larger and broader crgstidin exotherms being
complete by much lower temperatures.

3. Crystallisation of both lipids, independent of dogl rate, was found to
continue to much lower temperatures than originakpected, the transition
being composed of an initial primary energetic afsation followed by a

much slower extended crystallisation.

Chapter Four began to characterise the physicoda¢mioperties of binary physical
mixes and SSD formulations of Gelucire 44/14 anel mmodel drugs, ibuprofen,
indometacin and piroxicam, using thermal analysshhiques. The key findings

presented can be summarised by:

1. Conventional DSC demonstrated dissolution effetth® model drug into the
carrier during analysis. This was suggested bydikappearance of the drug
melting endotherm. Melting point depression of kiped and drug was noted
for both the ibuprofen and indometacin SSD systsoggesting interaction
between the two components; however this was motdise for the piroxicam

formulations due to poor miscibility.
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2. Fast heating rates appeared to reduce these diescdffects however not to a
significant extent, suggesting that rates gredtan 506C are required due to
the complexity of the systems. Analysis of the dragstalline melt
endotherms did however appear to follow the modepgsed by Qi et al
(2010Db) for all drug systems suggesting that a raooeirate estimation of drug
solubility in the carrier and also therefore thgstalline drug content in the
formulated SSD could be calculated.

3. Drug solubilities in Gelucire 44/14 were calculatedbe 20%, 25% and 10%
w/w for ibuprofen, indometacin and piroxicam redpexy, with Gelucire
44/14 solubility in indometacin being 60% w/w.

4. The presence of drug solid crystalline particleslaat drug loading was
confirmed using HSM for piroxicam however no evidenof solid drug
crystals was noted for ibuprofen or indometacinteys, suggesting the
presence of a molecular dispersion or solid sautio

5. Upon cooling of the molten SSD systems, the presefdrug was found to
reduce the Gelucire 44/14 Tc to the extent th&D&b w/w, crystallisation was
completely inhibited in all cases. Quasi-isotheriVaIDSC confirmed this
finding however the extended period of slow crysation was still apparent

despite not being visible using conventional DSGhoés.

Chapter Five demonstrated the drug release pifodite the formulated SSD systems

in water at 37C. The main points to note are as follows:

1. In all cases the dissolution properties of the osoluble model drugs were

greatly enhanced by the formulation of SSD systewitt Gelucire 44/14
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consistently when compared with the crystallinegdalone. Overall a lower
drug concentration with a greater lipid fractionswimund to be optimum,
demonstrating a higher extent of release. As thg trad increased the extent
of release decreased due to the larger proporfiealia crystalline drug.

2. Dissolution enhancement may correspond to subseqogmmovement in in
vivo bioavailability however correlation is diffitiuto establish.

3. The power-law mathematical model proved a usefal o the prediction of
the mechanism of drug release from the SSD fornomsthowever the data
should be considered with care due to the compdgnira of the lipid and also

its ability to self emulsify upon contact with aqus media.

Chapter Six outlined the hydration properties @& tormulated SSD systems upon

exposure to varying temperatures at high RH. Tlyepkents were found to be:

1. All model drug systems demonstrated similar hydraproperties.

2. The affinity for water was found to increase coesaly at 38C at low drug
loading. This may have a significant effect onfibrenulation upon storage and
should therefore be taken into consideration. Effisct may be attributable to
the molecular incorporation of drug into the lipatystalline structure,
disrupting the crystal formation and packing aneréfore increasing its
chemical reactivity in localised regions allowingdnogen bonding with

atmospheric moisture.

Chapter Seven outlined the effect of aging on threnfilated SSD systems using

thermal analysis methods along with in vitro dralpase. These data suggested that:
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1.

Gelucire 44/14 exhibits aging effects upon storpgssibly due to auto-
oxidative degradation and also reorganisation eflifiid components.

The solubility of the drug within the lipid and tieéore the miscibility of the
two components appeared to affect the extent af Bging demonstrated by
the SSD formulations. As the compatibility of theugl and lipid increased, as
seen with ibuprofen and indometacin, the aging c&ffebecame more
prominent. However, limited drug solubility and tefre poor miscibility
with the lipid, as demonstrated by piroxicam, eiteitb greater stability over
time due to both components being present in tidestrystalline form.

The effect of aging on drug release from the SSihidations was difficult to
predict. A greater change was noted in the casepiodxicam which
demonstrated limited miscibility with Gelucire 44/1In the case of increased
drug solubility, the changes observed using theamalysis techniques did not
correspond with the in vitro dissolution profile mwh demonstrated little

change.

Table 8.1 Parameters of the model drug compounds.

Parameter Ibuprofen Indometacin Piroxicam
Agueous Solubility 0.01 mg/ml 0.003 mg/ml 0.02 mg/ml
Sol. in Gelucire 44/14 20 % w/w 25% w/w 10% w/w
pKa 491 4.5 6.3
logP 3.6 3.4 3.0
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Table 8.2 Key parameters of the formulated SSD systems usiagmodel drugs ibuprofen,

indometacin and piroxicam.

Parameter

Drug Sol. In Gelucire 44/14

Change in Gelucire 44/14 melt
(10°C/min)
Drug melt detected at

concentration (10°C/min)

Change in Gelucire 44/14 melt

(500°C/min)

Drug melt detected at

concentration (500°C/min)

Effect of 1 heating rate on

adherence with Qi model
J Lipid Tc (QIMTDSC)
Maximum drug release

Maximum drug released at

concentration
Affinity for moisture

Tendency to age

Ibuprofen Indometacin
SSD SSD
20 % w/w 25% w/w
Yes Slight
50% w/w 50% w/w
Yes Yes
50% w/w 10, 15 and
50% w/w
Low High
Yes Yes
100% 60%
5,10 and 5and 10%
15% w/w w/w
High High
High High

Piroxicam

SSD

10% w/w

No

5,10, 15 and

50% w/w

No

5,10, 15 and

50% w/w

Low

Yes

95%

5% w/w

High

Low
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Solubility of the drug compound in Gelucire 44/1dtetmined using the Qi model
appeared to be proportional to the logP value awersely proportional to the
aqueous solubility and pKa value of the drug (Tablg. The affinity of the drug for
the lipid Gelucire 44/14 therefore increased asditug lipophilicity increased. Drug
solubility in Gelucire 44/14 and therefore interantbetween the two components
was suggested by subsequent alteration of the Bldd/14 melting endotherm
upon heating which was less significant in the acdg@roxicam which demonstrated

the lowest lipid solubility.

The processing variable, cooling rate, unexpecteatity not impart any great
fundamental difference to the behaviour or phydiemaical properties of the SSD
dosage form, with the formulations cooled slowh2&8tC and quickly at %C being

comparable in almost all situations. The physi¢atesof Gelucire 44/14 alone at
ambient temperature was greatly dependent uporatbeof cooling from the molten
state, with slower cooling encouraging a more cetepkrystallisation. This was
however found not to be of great consequence. Blelriechnique QIMTDSC was
further developed as a means of determining a raccarate estimation of the true
crystallisation temperature, independent of cooliage. Crystallisation of the lipid
was found to be significantly hindered by the pnegeof drug, with complete
crystallisation inhibition at 50% w/w drug loadindpought to be due to the molten

drug acting as a diluent and subsequently reduuiretgi concentration.

Dissolution of the drug into Gelucire 44/14 duriagglysis, known to be affected by
the rate of heating, appeared of little consequémdke adherence of ibuprofen and

piroxicam systems to the Qi model i.e. both catibra plots of crystalline drug
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concentration against crystalline drug melt enthalf physical mixes were
comparable, with drug melt endotherms detected an0% w/w for ibuprofen or
for all drug loading concentrations for piroxicamdometacin systems appeared to
be greatly influenced by the heating rate, attablg to the increased solubility
within Gelucire 44/14 and therefore a greater ceypdor any remaining crystalline
drug to dissolve during analysis. In terms of themity of molecularly dispersed
drug present in each SSD system, estimated usmdlthmodel calibration plot,
ibuprofen appeared to remain stable at circa 4% in/those systems in which a
drug melt could be detected. In the case of indaonetand piroxicam SSD systems,
the quantity of molecularly dispersed drug increasdth increasing drug loading.
For indometacin this may suggest that the saturatancentration of the drug had
not yet been reached. However in the case of mamxiit is possible that the
calculated molecular dispersion values may have bd@kienced by the enthalpy of

Gelucire 44/14 dissolution into the drug.

Both ibuprofen and piroxicam SSD systems released tb the greatest extent.
Indometacin however did not reach 100% release reached a plateau at
approximately 60%, probably due to non-sink condi of the experiment impeding
indometacin release. All low drug loading SSD systeappeared to be most
successful in enhancing drug release to the gteaxsnt, most likely due to the
existence of molecularly dispersed drug presethénformulation. At 50% w/w the
extent of drug release decreased in all cases alug lkarge presence of solid
crystalline drug particles, however it remained kedty greater than that of the solid

crystalline drug alone suggesting that the lipidcassfully increased the wettability

308



Chapter Eight Concluding Remarks and Future Work

and dispersibility of the crystalline particlesaaling for a greater dissolution into

the aqueous media.

All 5% w/w drug loaded SSD systems demonstratedeatly increased affinity for
atmospheric moisture in comparison with Gelucird144alone at 3%. This
increase may be attributable to the molecularlypetised drug causing local
molecular disorder of the crystalline lipid, resuitin increased chemical reactivity.
This effect had the potential to bring about extensging effects over time with a
subsequent decrease in drug release. This howeasrnat the case. The drug
concentration within the SSD formulations, and dts® miscibility between the two
components played a vital role in determining thgsgical state of the drug in the
final dosage form and therefore also its behavatuime zero as well as after aging.
Low drug/carrier affinity and therefore the preseraf a large proportion (if not
solely) crystalline particles appeared to limitragieffects within the lipid as noted
by thermal analysis however a reduction in drugasté was demonstrated, possibly
due to degradation of the lipid. Higher drug/careempatibility, allowing for the
presence of a molecular dispersion or solid sattieft the formulation more
susceptible to changes in the physicochemical ptiegsehowever the dissolution
properties remained similar over time. This mayatigbutable to the limited effect
of segregation of the lipid components. The eff#fcaging on the prediction of in

vitro drug release remains difficult.

Overall, therefore, this study has developed ae@avigcharacterisation techniques
that has led to new insights into not merely threcttire but also the behaviour of

Gelucire 44/14 SSD formulations in terms of solaiifion, water uptake and ageing.
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This information has in turn been related to thegdrelease properties of the
corresponding SSD systems. The behaviour of thal 86D formulations has
ultimately been found to be related to the aquesmhsbility of the incorporated drug
which in turn determines the solubility within thpid carrier excipient. The less
aqueous soluble the drug compound, the more soluddikely to be in the lipid.
The more soluble the drug in the lipid, the more tliug was found to exist as a
molecular dispersion within the SSD system. Thentdation of SSD systems using
Gelucire 44/14 was successful in all cases of erhgnthe extent to which the
poorly aqueous soluble drug was released into aguewedia at 3T. Generally,
however, lower drug loadings demonstrated grealease which corresponded well
with a greater proportion of molecular dispersinrihe formulation. The presence of
molecularly dispersed drug did however bring abautsignificantly increased
capacity of the lipid to uptake atmospheric moistuthought to be due to the
disruption of the ordered lipid crystalline strugtuand the subsequent increased
reactivity. This increase in affinity for moistuckd not relate to increased aging
effects as expected. The increased presence ofculatedispersion did however
appear to bring about more extensive physicochdmmgiag effects which did not

correspond with decrease in vitro drug release.

The theme running through these data appears tthdiethe existence or non-
existence of poorly soluble drug as a moleculapetfision within the lipid carrier
excipient of the formulated SSD system, determibgdhe solubility of the drug
within the lipid, is a determining factor of thebsequent behaviour and stability of

the final SSD system.
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8.2 FUTURE WORK

The data collected during this project, as with amsearch, has highlighted areas
requiring more in depth investigation which fallstgide the scope of this study. In
relation to the characterisation of the lipids &omfrared spectroscopy may be
useful to gain a greater insight into the chemicamposition; however the

usefulness of this technique may be diminishechbycomplexity of the sample.

In terms of further characterisation of the SSDiays, these other techniques and

experiments may useful:

1. X-ray diffraction to confirm the presence of cryktaty in the SSD sample
which can be utilised as an adjunct to thermal oath

2. SEM to observe the sample in greater detail; howthis may prove difficult
due to the waxy nature of the carrier.

3. Infrared spectroscopy to further investigate intBoms occurring between
SSD components; however again the complex natutleeadystems may make
interpretation of the data difficult.

4. Dissolution studies in more realistic media, foaele simulated gastric and
intestinal fluid, in order to make more accuratsuasptions regarding the in
vitro / in vivo correlation. In vivo bioavailabilttesting in animals may also be
useful in this regard.

5. Expansion of the DVS studies to include a morerestte hydration profile of
each SSD system in order to allow more accuratigiren of the dosage form

behaviour during storage and aging.
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6. Expansion of the aging study to include a widegeanf storage temperatures
and humidities which can be linked to the DVS data.
7. It would also be beneficial to further develop tmethod of QIMTDSC for

characterisation of the SSD crystallisation traosit
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CONFERENCE PROCEEDINGS

British Pharmaceutical Conference, Manchester, UK, September 2008.

The use of quasi-isothermal modulated temperatui®C Das a means of
characterising the re-crystallisation of Gelucid14t. Otun S.O, Meehan E., Qi S.
and Craig D.Q.M. Journal of Pharmacy and Pharmagokd, A41-A42.

Objectives: To use standard and quasi-isothermal modulated D&thods to characterise the re-
crystallisation process of Gelucire 44/14 in orderdetermine the effect of cooling rate.

Methods: Samples of Gelucire 44/14 in the weight range 5tvi?y were prepared in standard
aluminium crimped pans and run using standard D8€lting and cooling at 0.5, 2,10 and°@dmin.
The solid fat content of Gelucire 44/14 was caltedaas a function of temperature using the area
under the re-crystallisation traces at various te@rgiure points and expressed as percentages of the
total on complete re-crystallisation. Samples ofluGiee 44/14, prepared in the same manner as
above, after complete melting at°60for 10 minutes, were run using quasi-isothermaduiated
temperature DSC with an amplitude of %land a period of 60 seconds, cooling & Increments
from 35-8C with an isotherm of 10 and 40 minutes at eacrement.

Results: Using standard DSC, re-crystallisation of Geluci4/14 occurred at decreasing
temperatures with increasing cooling rate. Profileeasurements were repeated four times each with
excellent reproducibility throughout. The solid @ntent technique allowed the visual simplificatio
of the re-crystallisation process. By plotting thercentage solid against the temperature, for each
individual cooling rate, it is possible to identttye amount of Gelucire 44/14 present in the ssiizde

at any temperature point during the re-crystallieat process. The quasi-isothermal modulated
temperature DSC method allowed the isolation of t#mperature at which Gelucire 44/14 re-
crystallisation occurred by holding the molten s#engt each temperature increment for an extended
period. This was detected by the use of Lissajgusefs, whereby the modulated heat flow is plotted
against modulated temperature. This in turn alloviservation of the reproducibility of the sine
wave heat flow modulations within a single isoth&rmperiod. The re-crystallisation could be
observed in real time by noting the deviation & $ine wave curves from the steady state through th
course of the crystallisation process, thereby fiog a novel means of deconvoluting the heat flow
processes associated with the thermal event asnatifun of time. It was noted that the re-
crystallisation temperature of Gelucire 44/14 wa&s3°C with an isotherm of 40 minutes, andG0
with an isotherm of 10 minutes.

Conclusions: Quasi-isothermal MTDSC appears to be a very pramgisiew tool in the investigation

of the Gelucire 44/14 re-crystallisation procesy.®lding the sample at each temperature increment
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for an extended period, it is possible to isoldite te-crystallisation process. This in turn leadghe

possibility of mathematically modelling the assteibkinetics; work is ongoing to this effect.

British Phar maceutical Conference, Manchester, UK, September 20009.
Overcoming Dissolution Effects: The use of hypdfedential scanning calorimetry
to detect drug melting in solid dispersion syste@sin S.O, Blade H., Meehan E.,
Qi S. and Craig D.Q.M.

Objectives: To investigate the potential advantages of hype€ &er standard to determine the
presence of crystalline indometacin in solid digiens using the polymer Gelucire 44/14. At slow
heating rates, crystalline drug dispersed in a ddlispersion can further dissolve into the molten
carrier, therefore eliminating the drug melting peélloyd et al 1997). This may be interpreted
incorrectly as the solid dispersion actually beiagolid solution of drug in the carrier. This effec
could potentially be overcome by increasing the rat heating as this is known to inhibit kinetigall

controlled events such as dissolution (Gramaglial&005).

Methods. Physical mixes at concentrations of 5, 10, 15, 8@ 285% w/w indometacin in Gelucire
44/14 were formulated in the DSC pan by weighindpmetacin on top of Gelucire 44/14. This
allowed mixing of the solid indometacin with mol@elucire 44/14 during analysis. Solid dispersions
at concentrations of 5, 10 and 50% w/w were formadaby adding indometacin to molten Gelucire
44/14 with continuous stirring, then cooling at mdemperature for 48 hours. Samples were run at
10°C/min using a TA Q1000 DSC in aluminium standaithped pans, and 500/min using a Perkin
Elmer Diamond DSC in aluminium pin-hole pans.

Results: A) Physical Mixes: Crystalline indometacin melt erglies could be obtained for all
physical mixes when heated at 8D0nin. These enthalpies (x) were plotted againsfsigal mix
initial crystalline indometacin concentration (yh@ extrapolated back to zero; the relationship y =
1.468x + 3.3125 was derived. This therefore allawsto calculate the % crystallinity in the solid
dispersion systems. The 5 and 15% w/w physicasvdralysed at £G/min did not display melting
peaks. An endothermic transition was present or28% w/w physical mix DSC trace, however the
peak max was found to be 139Z0approximately 2 lower than that expected for indometadi.
Solid Dispersions: Solid dispersions at concentrasi of 5, 10, and 50% w/w were heated at
500°C/min and analysed for crystalline indometacin neglthalpies. These enthalpies were used to
calculate the concentration of crystalline indonmtaremaining in the formulation by applying the
physical mix calibration plot equation (above). The 10 and 50% w/w solid dispersions were
calculated to contain 3.9%, 6.9% and 32.5% crystallindometacin respectively. The study has
therefore provided a new method of estimating afiise drug concentration in polymers.

Conclusions: The fast heating rates employed by Hyper DSC appé¢arbe a useful tool in
determining a more accurate value for the true imétacin solubility by significantly reducing its

further dissolution in the polymer Gelucire 44/14ridg analysis. The data obtained at slower rates
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has the disadvantage of giving misleading conchsidue to the elimination of crystalline drug
melting peaks.

References: 1) Lloyd, G. R., Craig, D. Q. M., Smith, A. (1997}.1d. Pharm.158: 39-46 2)
Gramaglia, D., Conway, B. R., Kett, V. L., Malcoldh, R., Batchelor, H. K. (2005) Int. J. Pharm.
301: 1-5

American Association of Pharmaceutical Scientists Conference, Los Angeles,
USA, November 2009.

Overcoming Dissolution Effects: The use of hypdfedential scanning calorimetry
to detect drug melting in solid dispersion syste@sin S.O, Blade H., Meehan E.,
Qi S. and Craig D.Q.M. Journal of Pharmacy and mhablogy,61, A48-A49.

Purpose: To investigate the potential advantages of hyper standard DSC to overcome dissolution
effects and determine the presence of crystallimoretacin in solid dispersions containing the
polymer Gelucire 44/14.

Methods: Indometacin and Gelucire 44/14 were formulated iphysical mixes directly in the DSC
pans at concentrations from 5 to 25% w/w. Solighélisions, at concentrations of 5 to 50% w/w, were
prepared via the melt method and held at 20°C o€ 40 cool for 48 hours prior to DSC
measurements. Samples were analysed at 10°C/miBQOC/min.

Results: In order to understand the miscibility of indometacrystals in Gelucire 44/14 on heating,
physical mixes were studied using hyper DSC. Cltystaindometacin melt enthalpies (x) were
obtained at 500°C/min for all physical mixes anatmd against initial crystalline indometacin
concentration (y). A linear relationship y = 1.468x3.3125 was derived. Solid dispersions were
heated at 500°C/min and analysed for crystallinedoimetacin melt enthalpies. The crystalline
indometacin (% w/w) in the formulation was calceltusing the physical mix calibration plot
obtained above. The 20°C cooled 5, 10, 15 and 50&0selid dispersions were calculated to contain
3.9, 6.9, 3.3 and 32.5% w/w crystalline indometa@spectively. The equivalent 4°C cooled solid
dispersions contained 5.3, 4.4, 6.2 and 31.4% wistalline indometacin. The increased rate of
cooling showed no significant effect on the cryistalindometacin contents in the solid dispersions.
Solid dispersions at concentrations of 5, 10 an&olw/w, heated at 10°C/min, demonstrated no
obvious indometacin melting peaks, indicating fertdissolution of indometacin in Gelucire 44/14
during heating. Therefore, the fast heating rateveéd potential in minimising the dissolution of
model drug in the polymer matrix in solid dispersaluring heating.

Conclusions: The fast heating rates employed by Hyper DSC appeabe a useful tool in providing
more accurate estimation of crystalline drug cortcaion in polymeric solid dispersions compared
to standard DSC by significantly reducing dissanteffects of the model drug in the polymer during

analysis.
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Academy of Phar maceutical Scientists, Nottingham, UK, September 2010.

The characterisation of slow crystallisation ofidip solid dispersion systems using
Quasi-isothermal MTDSC. Otun S.O, Meehan E., Qarel Craig D.Q.M. Journal of
Pharmacy and Pharmacolo@, (10) 1352-1353.

Introduction: Quasi-isothermal modulated temperature DSC is dnipie by which the sample
material is subjected to modulations about a comistamperature for a prolonged period of time.
This temperature is incrementally increased or dased through a thermal transition, minimising
the kinetic effects of the heating programme andnimg that the isothermal data sequence obtained
illustrates the true transition temperature of tekample (Manduva et al 2008). In this study this
method has been used to investigate the crystidiisgprocess of lipid-based solid dispersion
systems. In particular, it is recognized that slow incomplete crystallisation is a significant
manufacturing issue, but very little informationaigailable on this phenomenon. Here we suggest a
novel means by which it may be quantitatively nooed.

Materials and Methods: Samples of Gelucire 44/14 and the formulated sditigpersion systems, in
the weight range 1.97 to 2.25mg, were prepared ahtioninium Tzero pans and analysed using a TA
Q2000 DSC. After complete melting at 60°C for Gedualone and a maximum of 220°C for the
model drug systems to allow for any crystalline gdmelting, the samples were run using Quasi-
Isothermal MTDSC, cooling at 1°C increments fromt@%°C for Gelucire 44/14 alone and 25 to 0°
for solid dispersions, with an isotherm of 20 mesuait each increment, an amplitude of £1°C and a
period of 60 seconds.

Results and Discussion: Quasi-Isothermal MTDSC Lissajous analysis of thigmper Gelucire 44/14
illustrates obvious crystallisation on cooling &t°®. Observation of the reversing heat capacitaas
function of time, however, demonstrates crystdilisaonset during the 33°C modulation, continuing
until the conclusion of the experiment at 5°C, tlaugygesting incomplete crystallisation. Solid
dispersion formulation of Gelucire 44/14 with thelested model drugs appears to significantly
reduce the polymer crystallisation temperature. Sgheystems containing 5% w/w ibuprofen reduced
the crystallisation temperature to 25°C, with ineseng drug loading reducing the temperature
further still. At 50% w/w ibuprofen no obvious dgjsation occurred, however in all cases the
reversing heat capacity steadily decreased ovee Soggesting that equilibrium was not reached and
crystallisation was therefore incomplete. Indomataend piroxicam solid dispersions with Gelucire
44/14 were also found to have a much reduced dligstdon onset at 21, 25 and 21 for indometacin
24, 21 and 25°C for piroxicam 5, 10 and 15% w/wgdloadings respectively. Again the 50% w/w
systems for both model drugs did not demonstratebarous crystallisation peak however, as with all
cases there was a steady decrease in heat capadtytime, becoming more pronounced at 7°C in
the case of piroxicam. We believe the model drugsemt in the solid dispersions to be crystalliag,

a melt transition can be seen for the higher dragdings on heating. Typically one would expect
drugs to either promote crystallization (via nudiea) or to have no effect, hence the counteriiveit

observation of retardation is of interest and preat significance. The presence of un-dissolvedydru
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particles is known to affect the overall crystabgth rate of the polymer (Long et al 1995). In the
present case, however, we suggest that dissolved oray be suppressing either nucleation or
growth. Solid dispersions of Gelucire 44/14 witk thodel crystalline drugs ibuprofen, indomethacin
and piroxicam were prepared via the melt metho8GC and allowed to cool at 20°C for 48 hours
prior to analysis.

Conclusions: Quasi-isothermal MTDSC appears to be a promising to the investigation of the
crystallisation process. The combination of drughwiolymer in solid dispersion systems appears to
reduce the crystallisation temperature quite sigaifitly if not eradicating it altogether. It is
imperative to have an understanding of this proca@ssorder to predict its impact on the
physicochemical properties of the final product. Wieuld like to acknowledge AstraZeneca for the
funding of this project.

References: 1) R. Manduva, V. L. Kett, S. R. Banks, J. Wood, MdRg and D. Q. M. Craig, J.
Pharm. Sci, 97 (2008) 1285 — 13@).Y. Long, R. A. Shanks and Z. H. Stachurski, Protyr®. Sci,
20 (1995) 651 — 701.

American Association of Pharmaceutical Scientists Conference, New Orleans,
USA, November 2010.
The use of quasi-isothermal MTDSC to characteriees €rystallisation of lipidic

solid dispersion systems. Otun S.O, Meehan E.,.@n8 Craig D.Q.M.

Purpose: To investigate the crystallisation process of liidsed solid dispersion systems using
Quasi-Isothermal MTDSC. Here we suggest a novelnsiéy which slow crystallization may be
guantitatively monitored.

Methods. Samples of Gelucire 44/14 and the formulated sdigersion systems were prepared into
aluminium Tzero pans and, after complete meltingrewun using Quasi-Isothermal MTDSC. The
samples were cooled at 1°C increments from 35 €@ 67 Gelucire 44/14 alone and 25 to 0°C for
solid dispersions, with an isotherm of 20 minutegach increment, an amplitude of £ 1°C and a
period of 60 seconds. Solid dispersions of Geluel®14 with the model drugs ibuprofen,
indometacin and piroxicam were prepared via thetmel

Results: Quasi-Isothermal MTDSC Lissajous analysis of tlodymer Gelucire 44/14 illustrates
obvious crystallisation on cooling at 31°C. Obsediwa of the reversing heat capacity as a functién o
time, however, demonstrates crystallisation onseing the 33°C modulation, continuing until the
conclusion of the experiment at 5°C, thus sugggsitirtomplete crystallisation. Solid dispersion
formulation of Gelucire 44/14 with the selected mlodrugs appears to significantly reduce the
polymer crystallisation temperature. For examplBpde systems containing 5% w/w ibuprofen
reduced the crystallisation temperature to 25°Cthwincreasing drug loading reducing the
temperature further still. Indometacin and piroxieasolid dispersions with Gelucire 44/14 were also
found to have a much reduced crystallisation oteeiperature. Typically one would expect drugs to

either promote crystallization (via nucleation) éo have no effect, hence the counterintuitive
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observation of retardation is of interest and preat significance. The presence of un-dissolvedydru
particles is known to affect the overall crystabgth rate (Long et al 1995). In the present case,
however, we suggest that dissolved drug may beasgipg either nucleation or growth.

Conclusions: Quasi-isothermal MTDSC appears to be a promisimg tn the investigation of the
crystallisation process. The combination of drughwiolymer in solid dispersion systems appears to
reduce the crystallisation temperature significgnt¥We would like to acknowledge AstraZeneca for
the funding of this project.

References: Y. Long, R. A. Shanks and Z. H. Stachurski, APotym. Sci, 20 (1995) 651 — 701.
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