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Abstract

Amorphaus solid dispersion is one of the techniques used for enhancing dissolution
rate of drugs with low aqueous solubility. The physical stability of the amorphous
solid dispersion is the main challenge for their formulation development and
commercialisatiorby pharmaceutical industry.  The aims of the project were to
prepare amorphous solid solution of a poorly aqueous soluble drug using different
molecular weight mixtures of PEG and PEG mixed with other polymers such as PVP
and poloxamers, the formulationsere prepared using melt method, solvent
evaporation and quench cooled from melt method. Also, to find a system with
controlled instability to study the impact of various features on the stability of the
formulation. A series of physicochemical chaesisation techniques were used to
evaluate the different formulations such as XRPD, VT XRPD, DSC, dissolution and
microscopy. The cooling temperature of the formulation from melt has a great
impact on forming amorphous CBZ in PEG mixture. PEG 30Ghixv the ability

to reduce the crystallinity in the other PEG used and to reduce the enthalpy of CBZ
recrystallisation which indicates that less crystals been formed. The higher the PEG
concentration in the formulation, the more stable the CBZ amorpioons The

best performing formulations in terms of controlling the recrystallisation of the CBZ
from melt were the PEG 4000 and 6000 mixed with PEG 300, but their dissolution
profile was not as good as the formulations with one PEG. The subatithijust

5% of PEG weight with PVP did show an increase in CBZ amorphous form stability.
The quench cooling method did not show any decomposition of CBZ and that was
proven by the HPLC method used.

CBZ amorphous solid solution can be achieved by fortimgahe drug with PEG
using melt method and the addition of secondary polymer such as PVP to the
formulation at low concentration can inhibit the CBZ recrystallisation from the

glassy/ liquid state and increases CBZ physical stability.
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Chapter 1 Introduction

1.1 General introduction
In drug administratiorroutes, oraladministrationis the most popular and common
method for drug aministration because it is convenient, relatively safe and
inexpensive (Florence, 2011). The major drawback for this route is the low
bioavailability, which depends on drug aqueous solubility, drug permeability,
dissolution rate, firspass metabolismand presystemic metabolism (Savjani et al.,
2012). For orally administered drugs to appear in the blood stream and have a
therapeutic effect, the drug has to go through a dissolution process and then
permeation across the gastric membrane. In recems,yhe number of potential
active pharmaceutical ingredients (API) has increased very quickly as a result of the
use of combinatorial chemistry and high throughgereening (Sarode et al., 2012
These new APIs have problems hindering their developaah commercialisation
into effective drugs due to showing low aqueous solubility, which will have an
impact on the dissolution rate and hence their bioavailability (Sinha et al., 2010).
According to the Biopharmaceutics Classification System (BCS)sdang divided
into four different classeaccording to their solubility and permeability (Amidon et
al., 1995). Butler and colleague did proposeasedversion of the BCSystem
which is designed to focusioreon drug developabilitguch as intestinadolubility
and permeability in the small intestine and an estimate of the particle size needed to
overcome dissolution rate limited absorption were all cmred in the revised
system which been named dsvelopabity classification system (DCSyefer to
Figurel.1-1). Most of these discovered drugs are of class Il whersdlubility is
very low but they exhibit high permeability (Butl@nd Dressmar201Q. The figure

below was reproduced froButler and Dessman, 2010.
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Figurel.1-1 DCSdrug classification

Solubility is the ability of a substance to dissolve & solvent, in this situation
agueous systermare the most relevant Solubility measurementsf a drug can be
divided into four group¢Box et al., 2009)

1 Equilibrium solubility (also known as thermodynamic solubility) is the
concentration of a drug in a saturated solution when excess solid is present in
the solution and both (solution and sdliare in equilibrium. It can be

measured using the shake flask method.

1 Intrinsic solubility is the equilibrium solubility of the drug at a pH where it is

fully un-ionised. It can be measured using potentiometric acid/base titration.

9 Supersaturated sdians contain excess neutral species in solution, which

will carry on precipitating until the system reaches equilibrium.

1 Kinetic solubility is the concentration of a drug in a sug&tiurated solution
when induced precipitation first appear3he preipitation can be measured

using light scattering.
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Dissolution can be defideas the process by which a solid solute enters into a
solution in the presence of solvent (Beyssac et al., 2005). Solubility is a
thermodynamic process while dissolution ikiretic process. The dissolution rate

of a solute in a solvent is directly proportional to its solubility, as described by the

NoyesWhitney equatiorfNoyes and Witney, 1897

. . M _ DA
Dissolution rate = % = — (Cs —Ct)

Equationl-1

dM/dt is the rate of mass transfer, D is the diffusion coefficienf/@mA is the
surface area of the drug (énh is the static boundary layer (cm), Cs is the saturation
solubility of the drug, Ct is the concentration of the drug at time (t). There are lots
of factors which will affect the solubility and the dissolution of a drug such as the
temperature, the pressure, different polymargbrmsand the polarity of the solute
and sdvent (Kansara et al., 2015).

The solubility and the dissolution rate of a drug can be improved by physically
modifying the solid material such as decreasing the particle size of the powder,
which will increase the surface area for dissolution, the afsesurfactant or
cyclodextrin, cesolvent, the use of the amorphous form of the drug and solid
dispersion (Kansara et al., 2015). These methods have disadvantages, such as poor
control of theparticle size distribution in the sample and surfactants ssiffeom
adsorption of the drug formulation at the container wall either during manufacturing
or storage which will affect the potency and the stability of the drug formulation
(Florence, 2011). Therefore, there is the need to develop a good, reliable and
efficient technique to improve solubility of pdprsoluble agueous drugs and to
enhance their bioavailability. Solid dispersion has gained a good reputation as a
platform technology for the formulation of poo$pluble drugs. Solid dispersion
techndogy has been successfully applied to develop formulations with a high drug
loading and containing drugs with a high tendency to crystabbssides there are a
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few drugsthathave beenapprosed and ar@n the market such @s-peg™, Norvir™
and $oranoxX™ (Huang et al., 2014).

There are many different methods can be used to prepare solid dispersion
formulations such as eorecipitation,kneading electrospinningand lyophilisation
(Nikghalb et al., 2012)

1.2 Crystalline and amorphous solids
Solid drgs can bebroadly divided in two categories: crystalline and amorphous
forms. In the crystallindorm the drug molecules are held together by-covalent
bond in a highly ordered repeated unit. The crystal form can be subdlwded
polymorphism (the laility of a drug substance to exist in more than etrectural
arrangemenf co-crystals (drug molecules mixed with other crystals to form a single
phase materials), solvate and hydrates (they are crystalline solid adducts containing
either stoichiometrior nonstoichiometric amounts of a solvent/ water incorporated

within the crystal structure) (Florence, 2011)

These different crystal forms of an API solid can have different chemical and
physical properties such as melting point, apparent solubility,d@ssolution rate.

These properties can have a direct impact on performance of drug products, such as
stability, dissolution, and bioavailability. The disadvantages of these crystal forms
are: for the polymorph the most thermodynamically stable ferthe least soluble

and the metastable form is more solubig less stable. The metastable form can
revertto the more stable form during storage or due to enviroraheonditiors
(Vippagunta et al., 2001)

Amorphous form has no long range orderirignolecules (as shown Figurel.2-1)

which have a rigid structure and wide range dfssolving temperature The
solubility and stability of amorphous drug is differdndm the crystalline form.
Amorphous slids have higher energy state than the crystalline form, which snake
them thermodynamically unstable, and in favour of changing to more stable
crystalline form during storage. Besides, the type of drug solid will have an effect
on the solid dispersion sBolution behaviour as the dissolution of amorphous drug is

higher than the crystalline form.
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Crystalline form Polymorphic form Amorphous form

Figurel.2-1 Crystalline, polymorph and amorphous arrangement

1.3 Solid dispersiors
Solid dispersios can bedescrbed as the dispersion of one or more hydrophobic
API(s) in a hydrophilic carrier.  The carrier used in this process can be either
crystalline (e.g.mannitol) or amorphous (e.g. polymers) and the drug can be
dispersed in the carrier molecularly, in amonpietate or in crystallingarticles
(Varma et al., 2012) Solid dispersions can be divided into three categories: eutectic

mixtures, solid solutions and glass suspensions (Sinha et al., 2010).
1.3.1Eutectic mixtures

A eutectic mixture consists of two coomynds (A and B) they are miscible in the
liquid state but nomoderatelyin the solidstate. At a particular composition of A

and B the eutectic point can be reached where the melting point of this composition
is the lowest compared to any mixture of AdaB and both compounds will
crystallise simultaneously when cooled whereas at any other composition the
components begin to crystallise consecutiveigrel.3-1). The advantages of the
solid eutectic mixtur@re low processing temperature and a reduction in the particle
sizes of A and B, hence, the increased surface area of the drug crystals which will
enhance the dissolution of the eutectic mixture compared to the dissolution of A and
B alone Griseofulvinand siccinic acid eutectic mixture was prepared as a solid
dispersion by Chiou ancblleague and shaed an increase in the dissolution rate of
griseotulvin from the formulation (Chiou and Niazi, 1976)
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Figurel.3-1 Eutectic mixture
1.3.2Solid solution

In a solid solution, the drug will be molecularly dissolved in a good veatieible

solid carrier. The drug particle size has to be reduced and the dissolution rate will
be determinedy the dissolution rate of the carridreliner and Dressma2000).

Solid solutions can be divided into sub groups according to the drug and carrier
miscibility (continuous and discontinuous) and the API distribution within the matrix
(crystalline and morphous solid solution) as shown Table 1.3-1 (Leuner and
Dressman2000):
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Table 1.3-1 Solid solution sub groups
Group

Continuous solid solution The components of the soldispersion are miscibl

at any composition in the solid state.

Discontinuoussolid The solubility of each of the components in ei

solution other is limited above certain temperature.
Crystalline solid solution  This section can be divided intodveategories:

1 substitutional :The API molecules occu
crystal lattice sites, the miscibility can |

continuous or discontinuous.

1 Interstitial: the API molecules can occupy t
interstitial spaces in the crystal lattice, t

miscibility can only de disattinuous.

Amorphous solid solution The API is distributed irregularly within th

amorphous solvent

As an examplegriseofulvin dispersed in PEG 4000 and 2000 (1:1) did show an
increase in dissolution rate, alsmlomethacin dispersed PEG 6000 did prduce a
faster dissolution rate and this is due to the formation of interstitial solution
(Chiou and Riegelmari971).

1.3.3Glass suspension

Glass suspension is when the amorphous drug is suspended in a homogeneous
system withthe matrix, which has a glaforming consistency (Shah et al., 2013

An example of this would ber{Seofulvin in the citric acidjlass suspension obtauh

from melt and this formulation did show an increase in dissolution rate Chiou and
Riegelman, 1971).
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1.3.4Solid dispersion

This is the dispersion of an API in an inert carrier in the solid state prepared by
solvent or melting method. Crystalline and amorphous solid dispersions can be

produced.

A crystalline solid dispersion is prepared by dispersing crystalline drug in an
amorphous carrier.  This technique can be used for controlled drug release profile
for fast soluble drug (Shah et al., 2013). The API in this technique is stable but the
dissolution rate does not hugely increase compared to the pure API.

An amorphoussolid dispersion is prepared by cooling of the dpafymer melt at a

rate that does not allow recrystallisation of the drug but the drug remains immiscible
with the carrier. The advantage of this technique is the increase in the dissolution
rate of theAPI; on the othehand,the amorphous API can revert back during storage
or manufacturing teéhe stable crystalline forigShah et al., 2013)

1.4 Methods of preparing solid dispersion
The most common routes for solid dispersion preparation are: fusiondnstieent

evaporation, spray drying and hot melt extrugidikghalbet al., 2012)
1.4.1Fusion (melting) method

The method consists of the dispersion of an API in a matrix by melting using a
physical mixture at eutectic composition followed by a coolieg.st The matrix can

be either crystalline or amorphous, the most common matrix used are urea,
cyclodextrin and polymers. It is a very simple method; solvent free and only simple
equipment is needed. (Shah et al., 2013) The first solid dispersi@enusiad this
method was the dispersion &ilphathiazole in urea éiguchi andObi., 1961)

This method can only be used when drug and matrix are compatible and can be
mixed well when heated to form a homogeneous solid dispersion. When the drug
matrix is cooled, the miscibility changes and separation can occur, which will affect

the formulationdissolution and stability. The use of this method can be affected by
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the degradation of the drug or matrix if they are thermally unstable during the

melting step.
1.4.2Solvent evaporation

In this technique, the API and the polymer are dissolved in a solvent and then the
solvent will be removed to produce a thin solvent free film and then dried as shown
in Figurel.4-1. The solvent should have the ability to dissolve both ingredients and
to be removed completely using many methods such as {fdegng and spray
drying.

It is a useful technique in producing solid dispersion when other techniques fail (such
as the hot meléxtrusion technigue) due to thermal issues but the main drawback of
this technique is the solvent used has to be pharmaceutically acceptable and safe as
some solvent residues can stay in the formulation. These residues can have adverse
effects on the chmeical stability of the APl and on the patient health, it is also,
considered to be an expensive techni@redhar et al., 2013) The first formulation
prepared using this method was the formation of molecularly dispe¥sarbtenean
polyvinylpyrrolidone (PVP)and chloroform was used as the solvent (Tachibana and
Nakamura, 1965).

Polymer + Drug

Stirrer

Hot plate

Figurel.4-1 Solvent evaporation process
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1.4.3Spray drying

The spray drying technique transforms a liquid sample into diyclesr by passing

the liquid through hot gas as shownFigure 1.4-2. This process consists of four

steps:

1. Feed preparation: the feed should be homogenous and free from impurities.
It can be solution, suspensior emulsion.

2. Atomization/droplet formation and hot gas contact: in this step the liquid is

dispersed into fine droplets using two fluid nozzles, pressure nozzles, rotary
disk atomizer or ultrasonic nozzles. The atomizer type is selected according
to the rate of the feed and its nature also, on the requiredetbogize.

(drying chamber irrigurel.4-2)

3. Evaporation, particle shape formation and drying: The hot drying gas will
evaporate the droplets. The mbology of the particles depends on the
solvent, sample composition, flow rate of the drying gas and the temperature.
The hot drying gas used is air but nitrogen is used when oxXygemlrying is

required.

4. Separation of the dried product from the gase Particles are separated from
the gas by passing them into a cyclone. The fine particles will sediment after

hitting the cyclone wall.

Spray drying technique is a rapid, robust and continuous process. It is very useful in
controlling particle sizeshape and morphology of the solid dispersion by altering the
spray drying conditions. Also, the particles produced do not require additional

process before tableting (Douroumis, 2013)

The disadvantage of this technique is that the drug and then@ohgquire a volatile

solvent, which may leave some residue in the final product (Shah et al., 2013)
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Figurel.4-2 Spray drying technique

The figure above was reproduced frékerset al., 2014

1.4.4Hot melt extrusion (HME)

HME process can be defined as melting a mixture of API and carriers and forcing
them through an orifice under controlled conditions to form a new material. HME
involves the compaction and conversion of blends from a powder or a aramul

into a product of uniform shape.
The process involves four steps: (Ségurel.4-3)

1. Feeding feeding of the extruder through a hopper with the APl and the

polymer previously weighed according to the foratign prepared.

2. Mixing: A conveying and kneading system for mixing the API with the

carrier (polymer) to reduce patrticle size.
3. Extrusion a die system for forming the extrudates

4. Downstream auxiliary equipment where the cooling and the sample

collection for further processing occurs.
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An extruder consists of heated barrels which contain in the middle a rotating single
or twin screw which transport and force the melt through a die to give the required
shape in a continuous process. The screws carr edfage in the same direction

(co-rotating) or in the opposite direction (countetating).

The main drawback of the use of HME is the requirements of pharmaceutical grade
polymers which bve a low Tg to be used with therally sensitive drugs. Also, lal

the components of the solid dispersion must be thermally stable at the required
temperature during the heating process (Douroumis, 2013)

HME offers many advantages such as:

1. The molten polymers during the extrusion process can function as thermal
binders and act as drug depots and/or drug release retavdéede masking

upon coolingandsolidification.
2. Does not require solvents therefore, solvent residue free.
3. Water is not necessary, hence fewer processing steps and drying steps.

4. Uniform dispesion of the API

5. Increased solubility and bioavailability
6. Reduced processing time
7. Continuous and efficient process.

Disadvantages of HME:
1. Drug/polymer stabilityat high temperature.

2. A limited number of polymers can be used
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Figurel.4-3 HME process

The figure was reproduced from Patil et al., 2015

1.5 Carriers used in Solid Dispersion

Over the years, a wide range of substances have been used as a carrier in solid
dispersion formulations to enhance dission and stability of pody aqueous
soluble drugs. The first solid dispersion used Urea in the preparation of
sulfathiazole solid dispersion by Sekiguchi and colleagu@9®l. Sugars like
mannitol, sorbitol and sucrose were also used to prepdice dispersion and to

enhance the dissolution rate of Prednisone (Allen et al., 1977)

Synthetic or semisynthetic plymers are alsaised as a carrier in formulating
amorphous solid dispersion such as polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP) and hydroxypropyl methylcellulose (HPMC) are the most commonly used
polymers (Leuneand Dressmar2000) Each polymer has different characteristics
and properties which make it suitable in the formation of the solid dispersion using
different methods PEG has a low melting point which make suitable to prepare
solid dispersion with melt method whereas, PVP has aTggalue which is better

used with salent evaporation method (Leerand Dressmar2000)
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Surfactants were also used as a matrigeeslly when mixed with one of the
polymers stated above. The surfactdiwdgen 80, 8dium Lauryl Sulphate (SLS)

and Pluronic 68) used in a study made by Ghebremeskel and colleagues was found to
help the stability of the formulations prepared by hottregirusion by lowering the
viscosity of the melt also, by decreasing the API melting temperafigref the
polymer and the combinély of API and polymer (Ghebremeskel et al., 200

Carriers in solid dispersion play a big role not only in enhand¢iagltssolution rate

of a drug but also, in the stability of drug as an amorphous form within the
formulation or preventing precipitation and maintain supersaturation of the drug in
solution (Alonzo et al., 2010)

1.5.1Polyethylene glycols (PEG)

1.5.1.1Properties d PEG

Polyethylene glycols (PEG)Fgure 1.51) are manufactured by polymerisation of
ethylene oxide (EO) with water, ethylene glycol or diethylene glycol under alkaline
conditions Herzberger et al., 2015). PEG can have a molecular weight between
200- 100000 g/mol.

Figurel.51 PEG structure

(Rowe et al. Handbook of Pharmaceutical Excipients, Sixth edition, 2009)

Low molecular weight PEGs with a mean molacueight up to 600 are nen
volatile liquids at room temperature, the melting point of the PEG increases with

increasing molecular weight.

29



The most important property of all PEGs is their solubility in water. Liquid PEGs
up to PEG 600 are miscible withater in any ratio, as the molecular weight of PEG
increases the solubility decreases slightly (As showrralrie 1.5-1).

Table 1.5 1 PEG properties with increasing molecular weight

Name n Molecular Melting or| Appearance | Solubility
weight freezing in water at
average point 20°C, %

by weight

PEG 300 |6 285315 -15--8°C Liquid miscible

PEG 1500 | 32 13051595 42-46°C Solid 72

PEG 4000 | 90 36004400 53-59°C Solid 66

PEG 20000]| 455 1600624000 | 63- 66°C Solid 52

PEG 35000/ 795 35000n0 64 - 66°C Solid 50
range

* This table was produced from O6car bowax
published October 2011 and from the MSDS of each PEG from Sidan&h

website

PEGs havebeen used for many years in cosmetics, food industry and the
pharmaceutical industry because they are-inait substances; they have low
toxicity, low cost and they solidify quickly which make them useful for many
applications (Papadimitriou et al., 2012

High molecular weight PEGs have a good water solubility, they are in the solid form
and they have higher melting point ( ~65°C) than the low molecular weight PEGs
which make them ideal in the formation of solid dispersion using the melt method.

Onthe other hand, PEGs are soluble in many organic solvents which make them very
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useful in the formation of solid dispersion using solvent evaporation method (Price et
al., 1994)

1.5.1.2PEG based solid dispersion

The dissolution rate of a solid dispersion vk affected by the PEG molecular
weights. A study made by Kapsi and colleagues shows, that the itraconazole solid
dispersion with PEG 20000 has a higher dissolution rate than the one prepared with
PEG 8000 and PEG 3350 (Kapsi et al.,, 2001). The pedioce of a solid
dispersion is directly related to the drug: PEG ratio and it should be studied carefully
before the formation of solid dispersion. The higher the drug load the more chances
for the drug to be in the crystal form not molecularly dispemsidin the matrix
hence, a lower dissolution rate will be observed (Lin and Cham, 1996). On the other
hand, the crystallinity of the drug within the solid dispersion has an influence on the
dissolution rate. The quick release of carbamazepine ardipiife from the solid
dispersion with PEG 1500 over the other formulations prepared with a mixture of
PEG1500 with different polymers (1:1 PEG1500: PVP30, PVPRYP/VA,
Eudragit EPO) is due to the reduced crystallinityhef APIs (Bley et al., 2010).

The stability of the PEG based solid dispersions are affected by crystal growth during
manufacturing process or during storage (Shah et al., 1995). Also, PEGs with low
molecular weights used in solid dispersion will result in a sticky or soft solid
dispasion which makgthe formulation hard to handle and to be processed as a final
product (Bley et al., 2010).

1.5.1.3Formulations prepared with PEG

The most stdied drug in PEG dispersiois giseofulvin and it did result in a
marketed formulation (GHPEG) (eune and Dressmar2000). Ritonavir which
is an antiviral drug which exists two crystal formshat will affect its solubility was
made into a solid dispersion in PEG8000 in a study made by Law and colleagues.
The study shows an increase in thesdiution rate, bioavalibility and stability of

ritonavir (Law et al 2001).
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The table below show some drugs formulated in PEG based solid dispersion.

Drug Polymer Method used | Comments Reference
Nimodipine PEG 2000 melt mehod Formulations did recrystallize during storg Urbanetz et al.
at elevated temperature and humidity. (2005)
20 and 40% drug
loading
Sirolimus PEG 6000 Solvent Formulations containing PEG6000 we Preetham et
evaporation, amorphous and the 1:1 (druBEG 6000)
Poloxamer188 melt method | showed highest dissolution rate al., (201)
Mannitol
Gliclazide PEG6000 Solvent Drug was in microcrystalline or amorpho| Biswal et
evaporation, state within the formulation. the dissoluti
melt method rate was enhanced in all the formulations, @l-, (2008)
Itraconazole PEG 6000 mixed with Spray drying 20% Itraconazole in 15/85 w/w PE Jassens
HPMC 2910E5 ) 6000:HPMC formulation was the be
extrusion performing formulation and the drug was| €t al.,(2008)
amorphous state
Nifedipine PEG 1500, blendeq¢ Melt method nifedipine: PEG1500 alone showed the K Bley et al.,
with PVP/VA, PVP dissolution rate.
30, PVP 12 an( _ _ (2010).
Eudragit All the formulations with polymer blen

were amorphous except nif: PEG1500
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Phenylbutazone

PEG 8000

Melt method

Increased dissolution rate compared to
physical mixture

Khan et al.,

(2011)

Naproxen

PEG 3350

Melt method

API-PEG interaction slows th
crystallisation of the APl compared to t
pure drug. Also, PEG 6000 help increase
dissolutionrate of naproxen.

Zhu et al., (2013)

Valdecoxib

PEG 4000 PVP K30

And a mixture of both

Melt method

a completeransformation of the drug frof
crystalline to amorphous form and enhan
dissolution rate in both polymer and
combination.

Shah et al.,4008)

Carbamazepine

PEG6000

Melt method

CBZ form Il crystallises from the melt ar
PEG 6000 favours this crystallisation. CE
and PEG 6000 interact in the liquid state.

Naima et al.,

(2001)
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1.5.2PolyVinylPyrrolidone (PVP)

1.5.2.1 Introduction and properties of PVP

PVP is a watesoluble polymer; it is polymerised from vinylpyrrolidone monomer
(Figure 1.5-2) and has a molecular weight rangifngm 2500 to 1000000 (Haaf et
al., 19%). PVP are named according to theiw#ue (thermal conductivity value)
as each molecular weight has a differentdiue.

PVP exhibis some useful propertie®{YP PolyVinylPyrrolidone polymers, Ashland,
brochure, n.d¥uch as:

1. High solubility in water as well as in a range of polar solsent
2. Adhesive and dispersive properties

3. Film formation ability

4. Complex formation especially with H donors

5. Stable in wide pH range.

6. Hygroscopic

O

e,

Figurel.5-2 PVP structure

(Rowe et al. Handbook éftharmaceutical Excipients, Sixth edition, 2009)

The glass transition temperaturg)(®f PVP is generally high but it will increase as
K-value increases. The Value for PVP K12 is around 102 and for PVP K90 is
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174 C. The high glass transition termature limits the use of PVP in the formation

of solid dispersions by hot melt extrusion but it can be used by the solvent method.

Table 1.52 Properties of different PVP

PVP Molecular weightl Tg °C n Appearance
g/mol
powder
K15 600015000 130 54-135 Off-white
powder
K30 4000680000 163 360-720 Off-white
powder
K90 9000001500000 | 174 810813513 | Off-white
powder

(The table waseproduced fromishland. (2013). PVP/VA pglinylpyrrolidone/Vinyl Acetate
copolymers Intermediates. brochure)

The dissolution rate of PVP in any solvent is affected by its molecular weight, the
longer the polymer chain length the lower the dissolution rate. The solubility
decreases as the\Kalue of PVP increases and the viscosity increases as-ttadulé
increase, which will decrease the dissolution ré@®we et al., Handbook of

Pharmaceutical Excipients, Sixth edition, 2D09

PVP has the ability to inhibit and retard the recrystallizatimegss of an amorphous

API by forming a network around the crystal surface or between the drug molecules,
hence limiting the molecular moliy of the API in the matriXTantishaiyakul et al.,
1999)
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1.5.2.2Solid dispersion prepared with PVP

The dissolution & from the solid dispersion will be affected by the ratio of drug to
polymer in the formulation. This was observed in the study made on Bicalutamide
(BL) solid dispersions prepared with PVP K25 using hot melt method. The solid
dispersions had differémdrug to polymer ratio (1:10, 21and 3:10 (w/w)). The
resultof the study shows that all the solid dispersions had a single glass transition
temperature indicating that the drug was totally miscible with the polymer. The
release rate from the disg@n was higher than the pure compound but the
concentration of BL released depended on the polymer ratio in the dispersion, the
higher the polymer to drug ratio the greatee tthissolution rate was observed
(Andrews et al., 2009)

Some studies suggedtthat the use of polymer mixtures i.e. PVP/PEG with drugs in
the formation of solid dispersion will enhance their dissolution and the stability.
One study showed (Shah et al., 80Qhat the solid dispersions prepared from a
mixture of polymers PVP an®EG emanced the dissolution rate ofaMecoxib
compared to the formulations prepared from one polymer and the drug was
transformed intan amorphous state. Another study us&PRK30 with PEG 200

to prepare Elodipine solid dispersion by melt mixingThe low molecular weight of
PEG200 had a plasticiser effect on PVP and reduced its glass transition temperature.
The drug was found in the amorphous state, fthsieersed in the matrix blend.
These solid dispersions showed a higher dissolution pitbflie the pure drug, but

the dissolution rate was dependent on the drug to polymer blend ratio, the lower the

drug load tle higher the dissolution ra(eapadimitriou et al., 2012)
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The table below shows some of the solid dispersion formulatiepaped with PVP

Drug Polymer Method used Comments Reference
Bicalutamide PVP K25 Hot met extrusion | Formulations showed higher dissolution rate { Andrews et al.
were stable for 12 months at ZI) 40%RH (2010)
Carvedilol PVP K30 Solvent Drug was found to be in amorphous form in | Sharma et al.,
evaporation formulation and the dissolution rate w
enhanced compared to pure drug. (2010)
Piroxicam PVP K25 spray drying an¢ 1. 4 (w/w drug: polymer) formulatns. The Wu et al.,
precipitation  with| results show better dissolution rate compare
compressed pure drug. (2009)
antisolvent
Felodipine PVP K30, HPMC| Solvent All the polymers used did reduce the cryg Konno et al.,
(606), HPMCAS| evaporation growth from the supersaturated solution. P
(AS-MF) was lesseffective in enhancing the dissoluti¢ (2008)
compared to the other polymers used.
PVP K30, Solvent wetting All the formulations were in amorphous stg Kim et al.,
HPMC, . PVP and poloxmer formulations showed be
Poloxamer 1:5 wiw dissolution tharthe HPMC formulations. (2006).
Gliclazide PVP K90 Solvent Increased dissolution rate compared to | Biswal et al.,
evaporation physical mixture
(2009)
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Tibolone PVP Fumed with Si@ | the formulations with PVP were amorphous & Papadimitri et al.
showedmmediate release dissolution profile. | (2009)
T-OA (ant- | PVP K30 Solvent The highest dissolution rate was observed in| Hou et al.(2013)
tumour lead evaporation 1:5 (drug: PVP K30) formulation, followed by
compound) the 1:3 then 1:8.
Mefenamic acid| PVP K12 cryomilling The solid dispersions were amorphous and| Kang et al.,
dissolution rate significantly increased.
(2015)
Carbamazepine| PVP K30| solvent evaporatiol CBZ: PVP K30 prepared by superficial flu Sethia et al.,
Gelucire 44/14 oy and  supercritica] process showed the best dissolution profile.
Vitamin E TPGS | fluid process drug was amorphous in the formulations. (2004)

(1:5 wiw)

38




1.5.3PVP copolymers

1.5.3.1Properties of PVP copolymers

Polyvinylalcohol (PVA), crospovidone RVP-CL) and polyvinylpyrrolidone
polyvinyl acetate(PVPNMA) copolyners are three different polymers belonging to

the polyvinyl group.

H H, H H,
T
OH |p g \FO
PVA PVP/VA

Figurel.5-3 PVA andPVP/VA structures
(Rowe et al., Handbook of Pharmaceutical Excipients, Sixth edition, 2009)
Crospovidone is a crodmked polyvinytbased polymer; it is insoluble in water and
most organic solvents. It showasvettability effect on hydrophobic drugseto its
swelling ability PVP/VAs used in the pharmaceutical industry as a disintegrat
agent, exipient and solubilising agefMohamed et al., 2012)

PVA is made by dissolving polyvinyl acetate (PVJAim an alcohol such as methanol

and treating it with an alkaline catalyst such as sodium hydroxide. The resulting

hydrolysis reaction removes the acetate groups from the PVAc molecules without

disrupting their longchain structure. PVA is highly solubé in water and insoluble
in almost all organic solvents. (https://www.britannica.com/science/polyvinyl
alcoho)

PVP/VA copolymer, is formed from PVP and VA at different ratios such:4s6d
3:7. TheTg value of different ratios decreasas the PVP content in copolymer
decrease (PVP/VA, Ashland brochure, 2014 http://ragitesting.corm
resourcePortfolib wp-content uploadé2014/09/ ASH- PC8092_PVP_VA
Brochure_VF.pdf PVP/VA usedn the pharmaceutical industry as dry binders for

direct compression tableting; also it can be used in hot melt extrusion processes.
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the formulation PVP/VA acts as solubilising agent, dispersant and crystallisation
inhibitor (Kollidon-VA64, basf, brobure, (https://pharmaceutical.basf.com/en/Drug
Formulation/KollidorVA64.html)

1.5.3.2Solid dispersion prepared with PVP copolymes

A studypreparedurosemide in cragovidore (1:2) solid dispersiowhich showed a
6-fold increase in dissolution rate compared to the pure drug due to the drug

amorphous state in the dispersion (Shin et al., 1998)

In another study carried out using carbamazepine and nifedipine solid dispersion
prepared with 1:1 mixtures of PEG 1500 @&dP/VA, Eudragit EPO, PVP 30 or

PVP 12. The results show that the higher dissolution rate from carbamazepine was
shown in the formulation prepared with PEG 1500 alone and K3Pfollowed by
PVP/VAthen PVP 12 For nifedipine the highest dissolution rate was shown in the
formulations prepared PEG1500 alone followedMyP/VA then the formulations
prepared PVK30 and PVP 12. From the same study, after 6 months storage both
drugs hd the highest release eafrom the formulation wit PEG 150@VP/VA

(Bley et al., 201Q)
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1.5.4HPMC/HPMCP

1.5.4.1Properties of HPMC polymers

Cellulose is a long chain thranched polysaccharide with very high molecular
weight (162 g/mol for one monomer) naturally found in every plaBemi synthetic
cellulose derivatives can be produced by alkylation such as methyl cellulose (MC),
hydroxypropylmetklcellulose (HPMC) and hydroxypropylmethylcellulose phthalate
(HPMCP).

A - RO ]
o R=H, CH; (methoxyl) or
RO hydroxypropoxyl
OR
O 0 O—1R CH,
OR
P OR
RO O—H
- OR -n X
Cellulose ether
B

OR' R= CHj; (methoxyl) or hydroxypropoxyl
o
" 0 /%E) O1R \{/CKHS‘}
O
OR OR o7 H,
RO
OR' "

—C
(6]
Cellulose ether 0 ©\/:O
R'= or
O (0]
OH OH
isopropylphthalate
Phthalate propy’p

Figurel.54 HPMC structurgA) HPMCP structure (B)

(Rowe et al.Handbook of Pharmaceutical Excipients, Sixth edition, 2009)
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HPMCs have a mixture of ethers, some of the hydroxyl groups are methylated and
the others are derivatised with hydroxypropyl groups. KEBNave a molecular
weight of around 10000 to 1500000, they are solid at room temperatur&xmon

and they are neionic watersoluble polymers (Ford, J., 291 The solubility of
HPMC is pH independent, stable at a wide range of pH and resistamtyimagic
degradation (Tiwari et al., 2008). HMPC is used as a food additive for thickening
and emulsifying liquids as well as in pharmaceutical industry in tablet coating,
granulation, controlled or modified release formulations (Methocel cellulosesgther
Dow, brochure, 2013).

1.5.4.2 Solid dispersions prepared with HPMC

Studies with Itraconazole solid dispersion prepared by spray drying using different
carriers such as Eudragit E1QButylated Methacrylate CopolymerPEG 20000,

PVP and HMPC showed that tlssolution rate of all solid dispersions is higher
than the itraconazole pure drug. The dissolution rate of the solid dispersion made
from HMPC is higher than the one prepared with PVP and similar to the one
prepared with PEG 20000 but the highestdaligson rate was shown from the solid
dispersion withEudragit E100. The best performing formulation was the one

prepared wth 1:1 (w/w) (drug: polymerjJung et al., 1999)

A study made by Leuner and colleagoeprepare solid dispersion using HPM@#$
the matrix with antfungal drug (MFB1041) prepared by spray drying, showed
increase in the dissolution rate of the drug and enhatisitgpavailability (euner
and Dressmar2000)
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1.5.5Poly (meth) acrylate

1.5.5.1Polymethacrylate polymer structure and propeties

Poly (meth) acrylate is the commercial name of polymethacrylate polymer. It is

produced from the polymerisation of acrylic and methacrylic acid (Nikam et al.,
2011).

R? R
| H, | Hy
—4—C—C —C—C ——
o) o) n
lz F|<4

For form E: R'and R? = CH; R?>= CH,CH,N(CH;), R*= CH;, C,H,

For form L and S: R'and R3 = CH; R?>= H R*= CH,

For form RL and RS: R! = H, CH; R2= CHj, C,Hs R3 = CH; R*= CH,CH,N(CH,)5CI
Figurel.5-5 Polymethacrylate polymer structure

(The figure above was reproduced from Date et al., 2010)

Polymacrylate polymer can be divided into two groups according to the pH
depenént behaviour The pH dependent forms grelymethacrylat L, S and E and
pH independent forms apwlymethacrylad RS andRL.
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The table below shows some properties of the diffeRaty(methacrylateforms
(Joshi M., 2013).

Table 1.53 Properties ofvariousPoly(methacrylate) copolymers

Form Avalilability Dissolution properties Applications

L 100 powder Dissolution above pH 6 Enteric coatings
L 100-55 | powder Dissolution above pH 5.5 Enteric coating
S 100 powder Dissolution above pH 7 Enteric coatings
E 100 granules Soluble in gastric fluid up t( Film coating

pH 5 and permeable abo

pHS5
RL 100 | granules High permeability Sustained release
RS 100 | granules Low permeability Sustained release
NE 40 D | 40%  aqueou¢ Swellable, peneable Sustained release

dispersion

1.5.5.2Polymethacrylate based solid dispersion

In a study carried out on the solid dispersions prepared by hot melt extrusion for
three drugs (indomethacin, itraconazole and griseofulvin) with one of these polymers
(Eudragit E PO, Eudgit L10G55, kollidon VA-64, HPMCASLF and HPMCAS

MF), showed the highest dissolution rate from the solid dispersion of indomethacin
prepared with Eudragit E PO, itraconazole with the polymer HPMCASnd
griseofulvin with the polymeEudragit L10655 (Sarode et al., 2013)
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1.5.60ther carriers

Urea was one of the first carriers used to produce solid dispersions in order to
enhance dissolution and bioavailakotysulphathiazole drug. It is the waste product
from the decomposition of protein in human bpitys highly water soluble and nen

toxic.

Emulsifiers canalso be used to enhance wettability and the dissolution of a drug
along with other polymers such as polysorbate 80 (Okonogi et al., 2006), sodium
lauryl sulphate (SLS) (Urbanetz, 2005Poloxamershavebeenusedas a carrier

and they are block of copolymers of Poly(EthyleneOxide) (PEO) and
Poly(PropyleneOxide) (PPO). Poloxamers are available in a broad range of
molecular weight and PPO/PEO ratsuch as: poloxamer 188 and poloxamer 407
(Bodratti and Alexandridis, 2018).

1.6 Characterisation of solid dispersiors
Analytical characterization of the solid dispersion is very important in determining
the solid state of the drug in the matrix, the drug/polymer miscibility and
crystallization.  here are a number of thermal, spectroscopic and microscopic
techniques, whiclkan be used to provide information on the solid dispersion.

1.6.1Thermal techniques

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry is an important teigue for detecting phase
transformations. The sample and a reference sample are heated at the same rate.
The difference irelectricalsignalsarising from identical temperature sensors placed

in the sample and reference holders are recorded. Thdesarap require more or

less power to be maintained at the same temperature as that of the reference. During
a phase transitioof a samplefor example from solid to liquid sta{enelting), heat

is absorbed and therefore, heat flow to the sample istilgae that to the reference,

hence heat flow is positive. This process is called endothermic process as the
transition absorbs energy. On the other hand, crystallisation is an exothermic

process; due to the heat flow is negative and the transitieased energy. This
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differential power is represented as a plot between temperature and the peak area or
the energy of transition.

This technique can be used as a primary screening technique to indicate the
drug/polymer miscibility and give informaticabout the property of the sample such

as: melting points, enthalpies of melting, crystallisation temperatures, glass transition
temperatureand degradation temperatuf&hah et al., 2013)

There are two types of DSC instruments:

1. The power compensati DSC in which the sample and reference

temperatures are controlled separately by identical furnaces.

2. The heat flux DSC in which the sample and reference are enclosed together in

a single furnace and their temperatures are controlled by a single &umeer
sensor.

A standard DSC curve for a particular polymer is showRigure1.6-1 it shows a
glass transition where the amorphous matepélhe polymer are molten and in a
rubber like state, crystallisationhere the material gains energy to arrange their self

into a solidcrystal form and melting of the polymer where all the bonds are lost and
the polymer is in the liquid state.

Features of a DSC trace

Crystallisation

J

&

5 t |
= Glass <« melting
3 Transition

T

Temperature {C)

Figurel.6-1 Typical DSC curve

(http://www.flemingptc.co.uk/ouservices/dstga/)
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DSC can be used ithhe pharmaceutical industry to study the polymorphic form and
purity of a compound as well as melting point. Also, it can $edun the food
industry to test storage and process temperature.

1.6.2Spectroscopic techniques

Molecules can absorb energy when hit by a photon.  This energy allows the
molecule to vibrate. Vibrational spectroscopy measwiech wavelength of light
areabsorbed by a molecule. Infrared and Raman spectroscopy are both vibrational
spectroscopy methods. These techniques are very useful in identifying unknown
molecules by comparing its absorbance to the other molecule. The absorbance

peaks are dependeon the structure and the conformation of the molecule.
1.6.2.1Fourier Transform - Infra Red (FT-IR)

Infrared generallyeferredto any electromagnetic radiation falling in the region from

0.7 pm to 1000 pm wavelength, it is divided into three regions:-ifieg0.8i

25e m) , -IRnf2.5025¢ m) t hi s region includes the
the fundamental vibrations of nearly all of the functional groups of organic
molecules, and falR (25 1000e m) .

Infra Red (IR) spectroscopy is a very useful technigsed in identifying unknown
samples by assigning the chemical group to the specific absorption bands. Infrared
light passes through a sample and certain frequencies of the light are absorbed by the
chemical bonds of the substance, leading to molecilfeations due to a change in

the dipole moment of the molecules.

Infrared spectrum usually presented as % transmittaacsiswavenumber (cn)
(wavenumber = 1/ wavelength in cm) ranging from 4@00 cm®. The absorption
spectrum of the sample witkeate a molecular fingerprint of the sample, (fingerprint
region 9081500 cm?) this region is a very specific and important as this region can

be used as confirmation of identity because it is unique for each substance.

Fourier transformed IRIses an optical device calle@ninterferometer to collect an
interferogram of the IR light. Using a beam splitter and a moving mirror (refer to

Figure 1.6-2) the interferometer measures all the IR frequencies simuliaheo
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When interferogram signal is transmitted through or reflected off the surface of a
sample, specific IR frequencies are absorbed. In the detector the interferogram
signal (which is a complex wave pattern) has to be decoded by the mathématic

Fouiier transformation into absorbance or transmission data.

Advantages of FAIR techniques are: nethestructive, precise measurement, increase
speed (collecting a scan every second), good sensitivity, specific and the ability to

differentiate between patyorphs

l ‘ detector
o sample
O IE)ving mirror
Beam spiliter
continuous light
source [—
fixed mirror

Figurel.6-2 FT-IR instrument

(Ismail et al., 1997)

FT-IR is a very useful technique because it provides specific information on
molecular structure and chemical bonding. For this reaschREgwidely used in
multiple areas such as pharmaceutical industry to study chemical structure, in the
agriculture industry to analyse the soil, food industry, biochemistry and in

environmental area to measure air pollution.
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1.6.2.2Raman spectroscopy

Raman spetroscopy is a vibrational spectroscopic technique provides information
about molecular vibrations that can be used fampe identification and
quantificdion.  This technique is based on inelastic scattering of monochromatic
light, usually from a lasesource. Photons of the laser light are absorbed by the
sample and then reemitted into three forms (Rayleigh, Stokes arStakeis) refer

to Figure1.6-3. The photons emitted by Stokes scattering have a lavezgy and
frequency than that of the photons absorbed by the molecule. ThStakds
scattering is when the photons emitted have a higher energy and frequency than the
photons absorbed. Inelastic scattering means that the frequency of photons in
monachromatic light changes upon interaction with a sample (ie. Stokes ard anti
Stokes). Raman spectroscopy is a useful technique used in collecting the unique
chemical fingerprint of molecules because each molecueahdifferent set of
vibrational energylevels depending on their structure and confirmation, and the

photons emitted have unique wavelength shifts.

Virtual
& N
energy
states = A ™
4
Vibrational 3
energy — 5
states a2 A 4 4
A 4 ' 7 5
Infrared Rayleigh Stokes Anti-Stokes
absorption scatterin; Raman Raman
> & Scattering Scattering

Figurel.6-3 Jablonski energy diagram
(Frackowiak, 1988)
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1.6.3X-Ray Diffraction (XRD)

X-ray diffraction is a nosdestructive analytical technique which can identify
crystalline material and measure the dimension of the crystals. n \Atheray

beam is applied to a crystal, the atoms in the crystal interact with-thg to

produce interference bands as shownFigure 1.64. The angle at which the
interference bands were detected dependsthen wavelength applied and the
geometry of the sampl e. This can be d

summarised in the equation below.

nA = 2dsiné .
Equationl-2
Where n is the integer (order of the di
incident Xr ay beam, d is the distance between

angle of incidence of the-¥ay beam.

There & a region in the diffraction pattern called the fingerprint region and it can
only be observed when drug in crystalline form is detected.

The fingerprint region is very specific and it is possible to distinguish between the
crystallinity of the drug fronthe crystallinity of the carrierLeuner and Dressman
2000)

Video monitor for
sample alignment

X-ray source
optics

2D detector

Goniometer

Figurel.6-4 X-Ray diffraction
(klug et al., 1974)
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This technique is widely used to identify unknown crystalline materials,

characterisation of crystalline materials and in determining sample purity.

The advantages of XRD arargple preparation is minimaldata interpretation is
straight forwarcand it is a rapid technique. The disadvantagesesak pverlay may

occurand brge sample quantity in powder form is needed

XRD technique is used to identify the compositioragfharmaceutical compound.
It is also used in forensic science for trace analysis of stains, glass and paint flakes.

It is a very useful technique in geological studies.
1.6.4Microscopy techniques

Light microscopy is used to visualise the crystal shape anapibearance of sample

at high magnification. A light source on the opposite side of the samgiengon

the sample and then the light passes through a condenser to focus it on the sample to
get a maximum illumination.  After the light passes throtlgh sample it goes
through the objective lens to magnify the image of the sample and then to the

oculars, where the enlarged image is viewed.

Hot stage ntroscopy is identical to the light microscopy but has a temperature
controlled stage. The samplendae heated or cooled any changes occurring in the
sample with temperature can be visualized and this information can be used along
with the DSC curve.

Polarised light microscopy uses plgpaarised light to analyse birefringent
materials (materials #t have their refractive index dependent on polarisation).
The microscopy techniques are used study the surface morphology of the solid

dispersion and to detect crystallinity in amorphous formulation.
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Figurel.6-5 Light microscope schematic
(Keller, 2003

1.6.5Dissolution testng

Dissolution is a kinetic process and can be defined by theatathich the solute
dissolves. The higher the dissolution rate for a drug enhances tige dr

bioavailability if it has a good gut permeability (refelRigurel1.1-1).

There are many apparatus for dissolution test but the main ones for testing tablets
and capsules are the basket and the paddle {oeBritish Pharmacopoeia, Appendix

XII B. dissolution, BP 2017). In both instruments, the sample is placed in a vessel
with 900 ml or 1000 mtlissolutionmedium contained withia thermostated water

bath. The stirring rate which will affect the disgadn rate can be varied. Sample
aliquots can be removed at regular interval time and the concentration of the drug
can be measured using Higlerformance Liquid Chromatography (HPLC) or UV

spectrometry.

In recent years, smadicale dissolution apparatase becoming more available in the
pharmaceutical industry such as Sirius T3 or Sirius SDI. These instruments are used
during the prdormulation stage using powdbased assays or compressed discs.

These instruments can determine the dissolution waileg minimal amoust of
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material, also it has a UV dip probes to read concentration over time and a pH meter
where the pH of the dissolution medium can be controlled. These instruments are
useful in giving an idea on the drdighaviourin solutionand can accelerate pre

formulation development.

1.7 Problems with solid dispersion
There are lots of factors affecting the behaviour of solid dispersions with different
effects on performance (refer tigure 1.7-1). The main problem facing solid

dispersion production is the maintenan€éheir physical stability.

The main aim of producing solid dispersion is to enhance dissolution of the drug and
to keep the dissolution profile unchanged during storage. The phsfsitaland the
molecular structure of the drug within the solid dispersion have to stay the same

during storage in order to obtain consistent dissolution results.

A 4
manufacturing
-formulation parameters - process and
API characteristics l L parameters
'z Physical structure
=
— Dissolution Stability

Figurel.7-1 Factors affecting solid dispersion performance
(Reproduced with modification ref. Van den MoqQter

In the crystalline solid dispersions, the crystal particle can act as nuclei where further
crystals can grow. In themorphous solid dispersion, the crystallisation can occur
but a nucleation step is needed. Therefore, a small amount of drug crystal in the
amorphous dispersion will be the start point for crystallisation. If the drug was
molecularly dispersed in then@rphous solid dispersion, the drug has to move within
the matrix before nucleation and crystallisation will occur. Therefore, the molecular
mobility should be kept as low as possible.  The molecular mobility can be

measured by solid state NMR. Thalslity of amorphous solid dispersion depends
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not only on the crystallisation of drug but also to the molecular distribution of the

drugand the ability of the polymer to inhibit the crystallisation

Amorphous materials are thermodynamically unstabtetand to go back to lower
energy crystalline state but they are kinetically stable below their glass transition
temperature (J) where they have low molecular mobility and slow recrystallisation.
When a drug mixed with a matrix which has a hightfiesolid dispersion will have

a higher T than the pure drug and it will result in low drug mobility.  Also, more
research is needed to identify why some carriers &alsbme drugs and other not
(Van der Mooter, 2012)

1.7.1Spring and parachute mediated gpersaturation

Amorphous solid dispersion when placed in water release its potential energy and a
thermodynamically unstable supersaturated drug solution will be generated this is
referred to as Ospringo. As ligetands s ol 1
precipitate quickly which will affect absorption of the drug. The theoretical idea is
that the polymer used in the formulati on
supersaturation state by preventing the drug crystallisation and to emgxir@aum

drug absorptior{Brough et al.,2013) Therefore, the choice of the polymer is very

i mportant; it should have the O6parachut e

Spring Spring + Parachute

Drug Concentration

Time

Figurel.7-2'Spring ' and 'parachute’ concept for supersaturation

(Brough et al., 2013)
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1.8 Marketed formulations

A list of some of the marketed drugs prepared using different solid dispersion

technique and polymers are shown inTiable 1.8-1.

Table 1.8 1 Name of some marketed drugs produced using solid dispersion

technique
Trade Drug Carrier | Processing| Company | FDA
name technique approval
Kaletra Lopinavir/ PVP/VA | Melt Abbot 2007
) . extrusion
Ritonavir
Onmel Itraconazole CL-PVP | Melt Merz 2010
extrusion | Pharma
Prograf | Tacrolimus HPMC | Spray Astellas | 1994
drying Pharma
Zortress | Everolimus HPMC | Spray Norvatis | 2010
drying
Intelence | Etravirine HPMC | Spray Janssen | 2008
drying
Cesamet | Nabilone PVP Solvent Meda 1985
evaporation Pharmace
uticals

(Brough et al., 2013 and Guy Van den Mooter, 2012)
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1.9 Conclusion
The number of discovered drugs which exhibit low solubility has risen in the past
two decades (Shah ak, 2013) and there is a need to find a suitable formulation for
these drugs. The formation of these drugs into solid dispersions using the method
discussed above (section 1.3) and especially by HME is becoming increasingly
popular due to the promisimgsults in enhancing dissolution.

In the literaturesubstantiakesearch describes how to prepare solid dispersions and
how the solid dispersion enhances bioavailability and solubility but the number of
marketed drug using this technique is very lo®@nly a few drugs have reached the
market. This is due to the problems solid disperb@with physical stability and

the crystal growth during the dissolution step or during storage (Van den Mooter,
2012) Before formulating a drug as a solid despion, there are parameters (such as
melting point, solubility, Tg temperature and toxicity) should be taken into account
regarding the physieohemical properties, stability and miscibility of the excipient.
The drug/polymer and the appearance of timal fdosage form shouldlso be
considered. The use of polymer blends is gaining attention due to the better
physiceachemical contributions to the pharmaceutical properties dosage form
compared to the use of a single polymer. bérefitof forming asolid dispersion

is that the carriers that are used in the formation of solid dispersions are already
being used in the pharmaceutical industry as excipients so there is no need to do

toxicity studies on them.

Finally, there is a need to fully undergtatie solubility enhancement mechanism of
the solid dispersion over the pure drug to use it as a guide in the formation of best
performing solid dispersion. Also, there is a potential to use this technique in
different area such as controlled releastaget release dosage form.
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1.10Aims and objectives
The aims of this project are to generate a procedure for the preparation of solid
dispersionin PEG based formulatiolor oral administration of poorly sable drugs
using simple meltingsolvent evapration and quench cooling from médt enhance
the solubility and the stability of these formulations. A range of formulations with
different ratios of active pharmaceutical ingredient and polymer will be prepared to

produce the best performing formtiten.

The drug solid state within the polymer of the final formulation will be assessed
using dfferential scanning calorimetespectroscopic techniquésl'IR andRaman
microscopy technique and dissolution studies. These techniques will be used in
orderto build an idea on the drugatrix interaction, the drug solid state within the
formulation and to check if the dissolution has improved.  The stability eéthe

formulations will be assessedider different temperature storage

PEG mixes have bearsed in a range of CRUK formulation unit formulations and
instability was noticed in some of the formulations therefore, the aim was to find a
system where we can control the instability and study the impact of various features
on stability.
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Chapter 2 Materials and methods

2.1 Materials

Details of the model drugs, excipients and instruments are listed in the sections

below.

2.1.1Model drugs

Carbamazepine (MW 236.27 g/mol) > 98% pure was purchased from-Biginich,
Dorset, UK.

Nifedipine (MW 346.33 g/mol) >98% pureas purchased from Sigr#gdrich,
Dorset, UK.

Carvedilol, Probucol, Fenofibrate, Naproxen, Itraconazol and Indomethacin were
gifted from Dr Ibrahim Khadra (ORBITO)

2.1.2Excipients used

PEG of different molecular weights (300, 1500, 4000, 6000, 20000 and 35000) ,
Pluronics F127, F68, P103, P123 and PVP K12 were purchased from-Slidmnch,
Dorset, UK

2.1.30ther materials used

Sodium acetate buffer SigmaAldrich, Dorset, UK.

Circular glass coverslips Fischerscientific, Loughborough, UK

no 1.5,16mm diameter

40 ¢l al umi n | Mettler Toledo, Leicester, UK

Potassium chloride (KCI) | SigmaAldrich, Dorset, UK.

Glacial acetic acid FischerScientific, Leicestershire, UK.
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Sodium dihydroger SigmaAldrich, Dorset, UK.

phosphate

XRPD Capillaries Capillary Tbe Supplies Ltd, Cornwal
UK.

Liquid nitrogen SIPBS store

Hydranal coulomat A SigmaAldrich, Dorset, UK.

2.1.4Instrument used

Differential Scanning Calorimetry,
DSC model 822e

Sample robot, TS0801RO

Mettler Toledo Ltd, Leicester, UK.

Sirius T3

SiriusAnalytical, East Sussex, UK

Disc press

connected to TR1500ad Cell Indicator

Applied measurement, Reading, U

LCM Systems, Newport Isle ¢
Wight, UK

Varian Cary eclipse fluorescen

spectrophotometer
Cuvette used:

Material: Suprasil quartz
Light length 10x10mm

Vol ume: 3500 ¢l

Agilent technologies, United States

Hellma analytics,

Mdallheim,Germany

Karl Fischer(DL39)

Mettler Toledo, Leicestershire, UK
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D8 advance I, capillary XRPD

Bruker, MA, USA

Hot stage (TMSP1)

Linkam scientific, TadworthUK

Polyvar microscope

Equipped  with
(1.3Megapixel, 640x480 resolution)

Infinity

lcamer;

Reichert inc, NY, USA

Lumenera Corporation, Ontari

Canada

Mettlet MT5 analytical balance

Mettler Toledo, Leicestershire, UK

JASCO 4200 FTIR

Jasco, Maryland, USA

D8 advanced II, plate XRPD

Bruker, MA, USA

DXR Raman

Thermo scientific, MA, USA

Thermo Finnigan SurveydtPLC

Thermo scientific, MA, USA

2.1.5Software used

Thermal analysis software, STARe

Mettler Toledo Ltd, Leicester, UK.

Minitab version 14

Minitab Ltd, Coventry, UK.

FTIR spectra manager

JASCO, Maryland, USA

Diffrac plus xrd commander

Bruker, MA, USA

Sirius T3 control version 1.1.3.0

Sirius analytical, East Sussex, UK

Infinity analyse microscope software

Lumenera Corporation, Ontario, Canag

Chromquest
4.2.34)

Hplc software (versig

Thermo scientific, MA, USA
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2.2 Methods of solid dispersion preparation

2.2.1Preparation of PEG mixtures (no drug)

PEG mixtures were prepared to investigate the effect of its molecular weight on heat

of fusion, meltingooint and the freezing point.

Mixtures of PEGs (se@able 2.2-1 for ratios used) were weighed into a glass vial
then heated to the liquid state (at aroundCjOwith continuous stirring to mix well

then left tocool in a desiccator for further analysis.

The table below shows the different ratios of PEG 300 used with higher PEG
molecular weight (PEG 4000, PEG 6000, PEG 20000 and PEG 35000).

Table 2.2-1 The differentratios used to study the melting and freezing point of

different PEG mixtures

PEG300 (Yow/w) Higher molecular weight
PEG (%w/w)

100 0

90 10

75 25

50 50

25 75

10 90

0 100
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2.2.2Preparation of drug solid dispersion in PEG

2.2.2.1Physical mix

Physical mixture ighe mixing of drug with the polymer. This method was used in

formulations with PEG 300 alone since PEG 300 is liquid at room temperature.

Physical mixtures of Carbamazepine (CRZ)Nifedipine (NIF) were prepared with
PEG 300 at different ratios. Thatios used in this experiment were 1:1, 1:5 and
1:10 (w/w). In an Eppendorf tube, 10 mg of the drug was added to the appropriate
amount of PEG, mixed thoroughly using a vortex for 2 minutes and then analysed.

2.2.2.2Melt method

The required amount of the lgmer was weighed and then heated to the melting
point (i.e. for PEG the melting point around®°6) then the drug was added and
mixed thoroughly for few minutes until the drug crystals are dissolved and the drug

was fully solubilisedin the molten polymer.

2.2.2.3CBZ: PEG mixture 300:4000 using melt method

The drug was mixed with PEG 300 and 4000 mixtures at different r@éter to
Table 2.2-2). The PEG mixtures were heated on a hot plate to 60°C where it melts
then he required amount of drug was added and mixed quiekigre the drug
dissolves in the hot PEG The formulation was left to cool at room temperature, and

then placed in a closed desiccator containing silica beads.

The mixtures were analysedintheD6G i ng 6t he nor mal cool
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Table 2.2-2 Compositions of the different CBZ: PEG300: 4000 mixtures

Compositional

ratio
Formulation| Drug | Total PEG| PEG300 PEG4000

mixture

A 1 1 0.75 0.25
B 1 1 0.5 0.5
C 1 1 0.25 0.75
D 1 5 3.75 1.25
E 1 5 2.5 2.5
F 1 5 1.25 3.75
G 1 10 7.5 2.5
H 1 10 5 5
I 1 10 2.5 7.5

Formulation A, B and C have 1:1 drug: PEG mixture.
contains 1:5 drug: PEG mixture and the formulation G, H dra¢ 1:10 drug: PEG

mixture.

Formulation D, E and F

2.2.2.4Solvent evaporation method

PEG mixtures were weighed, and then the drug was added. Methanol was used as a
solvent; 1ml of Methanol was added for every 5 mg of drug. The solution was
placed on a heated plate at 50°C withntowuous stirring until the solvent

evaporated.
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2.2.2.5Quench cooled method

Quench cooled solution was prepared by either method stated above (melt or solvent
evaporation), then placed in an oven heating the sample fre2tA@@. Once the
sample reaches 210°@,was quickly transferred te80°C freezer for 10 minutes.

Then placed at the required temperature for further studies.
2.2.2.6CBZ solid dispersion with PEG and Pluronic

Pluronic of different molecular weigh@nd different ratio of PE®PO (refer to
chaper 7)such as P103, P123, F68 and F127 was added to the CBZ formulation.
The melting method was used to prepare the formulations. The polymers (PEG and
Pluronic) were weighed and then heated to tlodten state then the drug was added
and mixed wellntil the drug dissolves in the polymer mixA 10%w/w of PEG was
replaced by the pluronic used in the CBZ: PEG300: 4000 and CBZ: PEG6000

formulations.

P103 was added to the CBZ: PEG300: 4000 formulation at different concentrations
(1, 2,5, 7 and 10 %w of the PEG mixture). The formulations were prepared by the

same method mentioned above.
2.2.2.7CBZ Formulations with PEG and PVP

The formulations were prepared using solvent method mentioned in s2&idn

The formulations contain different PVP concentrations. The concentration of CBZ
in the formulations was fixed and the Polymer mixture ratio to drug was also fixed to
50:50 %w/w. The PVP concentration used were 1,198, and 20%. The PEG used

in this experiment were 1500, 4000, and 6000.
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2.2.3Stability of the solid solution

Mixture B (refer to theTable 2.2-2) showed evidence of an exothermic event after
rapid cooling (refer t@t.3.2.3. To further investigate the temperature dependence
of this phenomenon two samples of mixture B were prepared by physiciagmix

One sample was kept in the fridge at 4°C and the other in the free2éf@t
2.2.3.1Stability of the soid solution with increasing temperature

The stability of the solid solution with increasing temperature was studied by
preparing samples of mixture B and then analysed in the DSC, by following a
heatingi quench coolind30°C/min)- isothermal hold at requed temperature (0, 10,

20 and 30°C) for 1hour then reheat to melting point.

2.2.4Method used in the characterisation of the solid dispersion

2.2.4.1Thermal analysis of the physical mixtures using differential

scanning calorimetry (DSC)

An accurately weighed quaty (between 515mg) of the sample to be analysed was
placed in a 40ul aluminium DSC pan then covered with a pierced aluminium cover
and then sealed. The DSC instrument is purged with nitrogen at 50ml/min rate.
The DSC trace data was exported andtptbusing MicrosoftExcel version 2010
operated on windows.7 Two main DSC thermal profilesnormal cooling and
guench cooling (sectiorna.2.4.1.1 2.2.4.1.3, empoyed where other profiles were
used these will be stated with the experimental details specified within the results

section.
The methods used in the DSC were:
2.2.4.1.1Normal cooling method

The samples were heated freB0 to 210°C at a rate of 10°C/min then cableo -

20°C at the same rate.
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2.2.4.1.2Quench cooling method

The samples were heated froi20-210°C at a rate of 10°C/min then cooled26°C
at the rate of 30°C/min.

2.2.4.1.3PEG mixture DSC method
The mixtures were analysed in the DSC using the following method:

Heatingfrom -20-70°C at 10°C/min, hold for 2 minutes at 70°C then coeR@C at

the same rate.
2.2.5Mixture B stability DSC method

The DSC method used to study the stability of the solid solution of mixture B was
heating the samples frof20-210°C at a rate of 1@’min then cooled te20°C at the

rate of 30°C/min. The sample was held241°C for 60 minutes then rehediagain

to 210°C at 10°C/min.

2.2.5.1Mixture B stability at different temperature DSC method

The DSC method used in this experiment was: heating th@lsaim 210C at
10°C/min then rapidly cooled at 30°C/min t20°C then held at different
temperature for one hour (0, 10, 20 and 30°C) then heated again to examine at which

temperature the exothermic peak will convert back to melting peak.

Also, the stabity at higher temperature was investigated by storing one sample at
25°C and another one at 40°C for 12 hours in a temperature controlled incubator then
the sample was investigated using the 8 the quench cooling method.

2.2.6Hot stage microscopy

In orderto visualise the effect of thermal changes on the solid dispersion, HSM was
used. The experiments were carried out on Linkam TMS91 hot stage using the same
cycles in the DSC. For the cooling part, the hot stage was connedtéaksmn

LNP1 cooling purp attached to liquid nitrogen Dewar. The cycles were examined

under Polyvar microscope equipped with Infinityl camera. The microscope was set
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to take a picture every minuter the duration of the experimentThe contrast of the

Images was balanceding previewsoftwarein order to see clearly the crystals.

A very small amount of the solid dispersion was placed on a glass circular cover

slide then placed on the hot stage.

The hot stage was calibrated using caffeine. The result was in agresitrette

melting point range of caffeine which is 2338°C(Agyemangyeboah, et al., 2013)
2.2.7Fourier Transform -Infra Red

Around 1 mg of the drug physical mix were accurately weighed and then mixed well
with KBr. The mixtures were pressed to form a thscdi The discs were placed in
the FTIR instrument and analysed from 48000 cm'.

2.2.8Dissolution rate

Sirius T3 was used to study the dissolution rate of the formulations. The
experiments were conducted at a temperature of 25°C under an argon atmosphere
The apparatus was controlled from Sirius T3 control software. The T3 set up
includes a Ag/AgCI double junction reference pH electrode, a Peltier temperature
control device, with thermocouple temperature probe, an overhead stirrer (variable
speed, comuter controlled). The spectrophotometer was a MM$WB/Carl Zeiss
Microimaging spectrophotometer with an utrani immersion probe attached
(Welwyn Garden City, Hertfordshire, UK)
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Figure2.2-1 T3 probes

The formulations were made into a thin disc ef 5hg using hydraulic disc press.
The powdered sample was placed in a metal disc holder and the compression
compartment then placed. A pressure oK@gOwas put on the sample, the sample

was held for 2 minutes when the pressure is constant to form a disc.

The disc was analysed at four different pH 2.0, 4.0, 5.5 and 7.0 over 2 hours period,
half an hour for every pH starting from low pH to high pH. Thsaution medium
used was Gl fluid at pH@efer t02.2.8.].

A clean up and calibration of the probe were performed every time before the

experiment starts.
2.2.8.1GlI buffer preparation

The GI buffer was prepadeaccording to Sirius Gl dissolution manual.

KCI 11.18g = 0.1g were weighed into a clean weighing boat then transferred to a

1000ml volumetric flask using funnel. The weighing boat and funnel were rinsed
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with deionized water anthe water vas added tothe flask. 1.37g + 0.1g of sodium
di hydrogen phosphate (monohydrate) were
of glacial acetic acidvasadded to the flask. The flask was sealed and shaken well

until all the components were fully dissolved.

The pH was adjusted to 2 with HCI using a pH meter. The flask was filled to the

mark with deionized watdrom the MilliQ water tank in the lab

2.2.9XRPD

2.2.9.1Powder pattern experiment for the formulations:

The PowdeiX-ray diffraction was carried out on D8 aahce (Bruker AXS). The

scan parameters are:

1. Measur ement s irmadation atd.b406dr KU
2. Scan Range:-85°wi t h 2 d.

3. Step Size: 0.02

4. Count time: 1 sec/Step

5. Generator Voltage: 40 kV and 50 mA.

The sample was placed on a multiwell plate then analysed using the parameters

stated above.
2.2.9.2Variable temperature XRPD experiments.

Sample was powdered using a mortar and pestle. The powder than was transferred
to an XRPD glass capillary. The capillary then sealed and mounted into a holder for
analysis. A scan was taken at room temperature, andhberapillary was heated

to 210C another scan was taken. The capillary was cooledx& using liquid
nitrogen flow from the cryostream then a scan was taken. The sample was heated to

the required temperature and a scan was taken.
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For the stabity at 25C, the same procedure is followed and when the temperature

was 25C a scan was taken every hour for 24hours.
The parameters of scan used were:

A 2q scan from 4°35° with a step size of 0.02° and 1s/step. A 0.6mm anti
diversion slit was empled with a Cu monochromated source tunedad k-ray

emission. A LynxEYE PSD detector was used operating in 1D mode.
2.2.10HPLC and forced degradation study for CBZ

A gradient HPLC method was developed for identifying the degradent of CBZ. The
mobile phase usetl0 mM acetate buffer at pH 5.2 (mobile phase A) and methanol
(mobile phase B). The mobile phase composition at the start of the run is 95% A
then it decrease to 5% in 30 mins. A 15 mins equilibration time at the initial mobile
phase ratios added. The flow rate used is 1.00ml/min and the wavelength used are

214 and 285nm. Thecolumnusedw Luna C18 col umn, 15cm,
2.2.10.1Forced degradation for CBZ

A CBZ stock solution in methanol was prepared at a concentration of Img/ml. Then
the required aligqguots were taken from t}
HCI, 1.5M NaOH, 3% HO.and in mdile phase stored at 80°C for 2 hours. The
degradation solutions were also stored for 2 days at 55°C.

2.2.11Design of experiment

Minitab software was used to produce a design of experiment for the occurrence of
CBZ solid solution in different PEG mixturgsuch as PEG300: 4000, PEG300:
6000 and PEG200: 4000). The formulations from the design of experiment were
prepared using solvent evaporation method (se@i@2.4. The formulations then
analysed on the 8C using the quench cooled DSC method (se&ig.1.3. The

results then entered inMinitab software and a contour plot was obtained.
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2.2.12Fluorescence experiment

The fluorescence of Carbamazepine anddifferent solid dispersiondissolved in

methanol and in watevas measured using the fluorescence spectrophotometer.

For the solidstate samples, the cuvette was filled with the powder then scanned from
300 to 500nm using integration time 1 secondAn excitation spectrum was
collected at 360nm and the emission spectrum was collected at 417nm at 5nm slit
width.

For the methanol and water samples, a small amount of the powder sample (~50 mg)
was dissolved in 3 ml of the specific solvent then filegtnato the cuvette. The
filtrate was then analysed at the same excitation and emission wavelengths as stated

above.
2.2.13Experiments with other drugs

The different model drugs were prepared as a PEG based solid dispersion. The solid
dispersions were prepat using the melt method described in secBdh2.3 The
ratios used were drug: PEG300: 4000 (50:25:25 %w/w).

The solid dispersions were analysed using DSC (using the method mentioned in
section2.2.4.1.2.
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Chapter 3 Thermal analysis of different molecular weights
PEG

3.1 Introduction
PEGin the solid state contagiamorphous and crystalline regiowkose occurrence
is depenéntupon the way the polymer was synthesiseadlieathermal history The
crystalline molecules of the polymeixist asa helical structurgpacked in layers

called lamellae (Gines et al, 1996)

Most PEGs have one endothermic peak when heated, but PEG 4000 and 6000 have
two due tothe presence divo polymeric chain types (folded and extended)he

folded chains are metastable compared to the extended ones (Gines et)al, 1996

PEG like most materials, can store thermal eneajled latent energy PEG has

been classified as a good thermalrggestorage material due to the large heat of
fusion and the wide phase change temperature from solid to liquid dependisg on
molecular weight(Han et al., 1994) The large heat of fusion released when the
PEG melts can affect the melting point of thrag used in the solid dispersioflPEG

melts before the drug, and the drug can absorb the energy released therefore, the drug

can melt at a lower temperatuen forming eutectic formulation

PEG has a wide molecular weight range and the meltingezing point change
with molecular weight The thermal history of PE@an slightly alter the melting
and freezing points of the PEG,; also, it miglffect the crystal form of the drug
the final formulation andhe dissolution rat®f the drug Therefore, the thermal
transitions measured in thé' heating cycle will be different than thé%heating

cycle, which is more reproducible
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3.2 Method
In this chapter, PEG 300 was mixed with higher PEG molecular weights at different
ratios to study théhermal behaviour of PEG mixturesThe mixtures were prepared
by weight ratio then melteto form ahomogeneousixture, and therthe mixtures
were left to cool in a desiccatblled with silica for further analysis The samples

were analysed by theSIC according to sectidh2.4.1.30 themoltenstate at 7CC.

The degree of crystallinity of PEG was calculated according to equagexsifrom
Wei et al.,2014.

_ AH — AH., _AH,
" AH°» = AH°, Equation3-1

WherePH °.is the melting of 100% crystalline polymetetermined to b&96.8J/g)
(Clariant, 200y andmis the melting enthalpy of the polymers investigated in this

project.
3.3 Results

3.3.1Thermal history

The table belww shows the melting point and the enthalpy of PEG 4000 heated to the
liquid state then cooled. This cycle was repeated three times on the same sample.
The data shows that the melting point and the enthalpy are more consistent'th the 2

and 3 cycle @mpared to thesicycle.

Table 3.3-1 The enthalpy and melting point of PEG after 3 heating cycles

Heat cycle Peakmin C Endothermic ethalpy J/g
1 46.9 -46.45
2 48.7 -46.08
3 48.9 -46.05
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3.3.2Melting and freezing points of the different PEGs

PEG 300 has a reported melting/freezing point betw&eito- 15°C (Carbowax
brochure, 201jlandat room temperature thereforeliquid. However, in this study

PEG 300did not show any freezing event despite going2@’C (Figure 3.3-1) this

IS might be due to the difference in the batch used compared to the literature or due
to the PEG molecular weight is usually an average and it might have lots of ethlyene
glycol (used as antiéeze) which might affect the freezing temperature

DSC trace of PEG 300
6.00 Cooling
step
4.00 +
200 | Isothermal
step
E i
£ 0.00 P
End{ -2.00 1
-4.00 -
S——
-6.00
PP PP PP PP FLFFFF T FTFSFTFSTSHISSS
DT QT 07,07 DT 07 107 (DT (D7 P P DT P P T P70 07,07
Temp. °C

Figure3.3-1 Heating and cooling DSC trace BEG 300
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The data of melting and freezing point of the different P@kecular weightalong

with the enthalpy are presented belovilable 3.3-2.

Table 3.3-2 The melting and freezing results for the different PEG

PEG Mpt °C | Enthalpy | Mpt ~ °C | Enthalpy | Fpt°C | Enthalpy | Xc (%)
Mw of literature* | of of

melting melting freezing

J/ J/

g | g g

literature

300 N/A N/A N/A N/A N/A
1500 49 -174 59.35 -262 38 150 88.4
4000 63 -189 68.35 -281 42 156 96.0
6000 65 -208 73.65 -291 44 179 105.6
20000 |67 -179 74.95 -273 49 176 90.9
35000 |69 -195 73.85 -263 46 164 99.1

PEG 300 did not melt or freeze therefamet data was recorded in the tabbove
Mpt: melting point, Fpt: freezing point. Literature values are from Gines et al., 1996

PEG 4000 and PEG 6000 as discussed in se8tibshows two endothermic peak
during melting this is due tthe polymer has two polymeric chain types (folded and
extended), this phenomena was also seen in the PEG used in this BhadySC
data of the different PEGshows that the melting point of PEG increases as the
molecular weght increase From PEG 1500 to PEG4000 there is aQ4ncrease
butfrom PEG 40000 PEG 6000 thancreasds only2 C. This is due to the degree
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of crystallinity since higher molecular weight PEG, above00, are nearly 100%
crystalline(Wei et al.,2014)

The enthalpy of melting of the different PEGs increases as the molecular weight
increases excegdor PEG 20000and PEG 35000, where the enthalpy values were
lower than the melting enthalpy of PEG 6000he same phenomenon was seen by a
study eported by Pielichowski et al., 200ZI'he results for PEG melting used in this
project were compared to the literature and it shows that the PEG used had a lower
melting point than the literature by arountC? but the results did follow the same
trend & the molecular weight of PEG increaske melting point increasg¢han a

drop for PEG 20000 and 35000. The enthalpies of melting in the literature value
were also higher than the one in our study but the same trend was observed. The
slight differencan the values between the PEG used and the literature may be due to

the thermal history of the PEG and the difference in the source of the PEG.

The freezing point also increases as the molecular weight increases, but the freezing
point of PEG20000 wasigher than the expected result (@9 In the literature, the
freezing point increases as the molecular weight of PEG increa3dge highest
freezing point for PEG 20000 was 42and for PEG 35000 was 42 whereador

the materialsin this project tle freezing point for PEG 35000 was @6
(Pielichowski et al., 2002.)

3.3.3Thermal analysis of different PEG molecular weight blend
with PEG 300

The addition of PEG 300 to a higher molecular weight PEG affects the melting and
freezing point as well as the iieg and freezing enthalpy The figure below
(Figure 3.3-2) presents th®SC tracedor some ofthe PEG mixturedested The
addition of 10% w/w of PEG 300 to PEG 200@airpletrace) decreasdke melting

point of PEG 2000 by 5 C and the freezing point by @. The enthalpy of melting
decreased by 19/g whereas the freezing enthalpy decreased/g7 The small
guantity of PEG 30@lecreased the degree afstallisation of the PEG 2000y
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10% (based oftquation3-1) The results also showed ththe higherthe PEG 300
content in the mixture witPEG 6000 75:25w/w redtrace)affects themelting and
freezing points of PEG 6000 in the mixtutbeywere decreased b2 and 15C
respectively but the enthalpy of melting was very I@gW J/g and the degree of
crystallinty of PEG 6000 dropped to 24% (basedemuation3-1).

000 - Different PEG mixtures melting and freezing points

60.00 1
40.00 1

2000 L

0.00 7\,

mw

—PEG 300: 6000
(75:25)
PEG 300:4000
(50:50)
—PEG 300:20000
(1090)

-20.00

-40.00 T T T T T T T T T T T T T T T T T T T T T T

Figure3.3-2 DSCtracesfor some of thd?PEGmixtures

The figure shows the difference in the melting and freezing point with the different
PEG mixtures.

The results of the melting and freezing from mixtures of FIDG together with
PEG6s 4000, de3b00®are sibWwnirpre3s-8to Figure3.3-6. The
resultsshow that in all the mixtures of PEG the melting and freezing point ckange
with the different ratio oPEG300added
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Melting and freezing of PEG 300 mixture with PEG 4000
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Figure3.3-3 Melting and freezing point &EG 3004000 mixtures

The melting point of PEG 4000 decreased as the R¥BG ratio increased in the
mixture The figure aboveRigure3.3-3) shows that the enthalpy of melting is very
close to the freezing enthalpy alsojlitistratesthat there is a gap of 15 to Z5
between the freezing and the melting point at each ratio except 25:78EBEG
4000therewas8 C differencesbetween the melting and freezing pointhe lowest

melting point (44.5C) and freezing point (22.€) were observed in the 75:PEG

300 PEG 4000
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Melting and freezing of PEG 300 mixture with PEG 6000
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Figure3.3-4 Melting and freezing point &#EG 3006000 mixtures

The DSC data from the PEG 6000 mixtures results shows that the 90:10 mixture of
PEG 3006000 did not freezéom melt during the cooling stepThe melting points

are consistently higher than the freezing points by 10 t€.25 The melting and
freezing poing of all the mixtures did follow a trend, which decreases as the PEG
300 ratio increases in the mixturerhe enthalpy of melting and freezing did follow
the same trend except fdi0:90 PEG 300 6000 mixture where both enthalpies were
lower than the other formulationsThe lowest melting point was 47@ observedn

the PEG 3006000(90:10)mixture.
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Melting and freezing of PEG 300 mixture with PEG 20000
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Figure3.3-5 Melting and freezing point &??EG 30020000 mixtures

For the PEG 20000 mixtures with PEG 300 the results show that the melting and
freezing enthalpies are following the same trend by decreasing as PEG 300 increases
in the mixtures Besides, the values of melting enthalpy were similar to the freezing

enthalpy

The melting point did decrease as the PEG 300 in the mixture increases except for
75: 25 mixture where the melting point increase$he same trend was olged
with the freezing point The lowest melting point (50°C) was observed in the 90:10

mixture and the freezing point at this mixture was 38°C.
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Melting and freezing of PEG 300 mixture with PEG 35000
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Figure3.3-6 Melting and freezing point &??EG 30035000 mixtures

For the PEG 35000 mixtures, the enthalpies did not follow the same trends as the
other PEGs stated beforeThe melting and freezing enthalpies of 25:75, 50:50 an
75:25 mixtures have similar values For the other mixtures there was a big
difference between the melting and freezing enthalgye freezing enthalpy of the
mixtures decreases as the PEG 300 increases in the mixiure melting enthalpy
decreasas PEG 300 increase in the mixture but at 90:10 mixture increases again
The melting and freezing point of the mixtures followed the same trend as the
melting enthalpy by decreasing and then increase at 90:10 mixtdilee lowest
melting point (52.4°C)was observed at 75:25 mixture with a freezing point of
32.4°C.
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3.3.4Effect of the cooling rate on the freezing point of PEG

The effect of the cooling rate on the freezing properties of PEG was investigated
using PEG 300:4000 (50:50) mixture and the results shthat when the cooling

rate increased the temperature of crystallization/freezing decreases, but the freezing
enthalpy did not follow the same trendThe results shown ifigure3.3-7 were in
agreement with th@ielichowski, 2002 study on the crystallization temperature but
different in the freezing enthalpy as tliteraturestudy stated that increasing cooling

rate increased the freezing enthalpy.

40

The effect of the cooling rate on freezing point and
enthalpy of PEG300:4000
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Figure 3.3-7 The freezing point and enthalpy at different cooling rate of PEG

300:4000
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3.3.5Hot stage microscopy of melting and cooling of PEG.

The effect ofthe cooling rate on PEG 400Was investigatedunder hot stage
microscopy The sample was heated to thelten stae than cooled at 2G/min
(normal cool) or 38C/min (quench cooled). The hot stage microscopy images were

taken at optical X10 magnification.

PEG 4000 DSC trace

60.00 -

40.00

2000

-20.00

-40.00

Figure3.3-8 PEG 4000 DSC trace and hot stage microscopy images
(PEG 4000 at room temperature (1), PEG 4000 & §B), at 25C after normal
cooling (3 N) and at 25°C after quench cooling (3 Q))

At both cooling rates used, the PHE@Orphology was the same as both samples
formed a striation sheet, but with the faster captate the sheet was thicker The

PEG sheet appears thicker due to the number of folds in the PEG chain when cooled
(Pielichowski et al., 2002)
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3.4 Discussion
The thermal behaviour of PEG along with the effect of PEG 300 on theloger

molecular weighPEGs mixture used in this projeaverestudied The melting and
freezing point of PEG increasas the molecular weigliicreases;His is due to the

degee of crystallinityof the PEG

Theblend of PEG 300with higher molecular weight PEG did have an effect on the
melting and freezing point of the mixtureThe melting and freezing point of the
mixtures were lower than thikigher molecular weighPEG usedalone. This
temperature difference between the melting and the freezing point of PEG is due to
the increase in polydispersity of the PEG and the decrease in degree of crystallisation
during the preparation of the PEG mixture with PEG 300, alsotémgperature
difference will increase with increasing molecular weight of PEG (Wei et al., 2014).
The results from our study were similar to the one carried out by Pielichowki and
colleagues, the freezing temperature of the blend they used (PEG 1000PH&5
1000:10000 and PEG 3400: 10000) was lower than the each PEG alone and they
suggested that this is due to the PEG blend when cooled it has a morphological
restrictions and it gettrapped in interlamellar regionshich prevent them from
freezing quekly (Pielichowki et al., 2002). The melting and freezing enthalpy in all

the mixtures decreases as thgher molecular weighPEG content decreasm the
mixture, which suggests that thermal event happensndue to thehigher molecular
weight PEGin the mixtureand PEG 300actk asa solvent The PEG mixtures did

give the ability to control or change the melting and freezing point as well as the
enthalpy associated with them by changing the ratidbyousng different PEG
molecular weigle  The méting and freezing enthalpies in all the PEG mixtures
used did follow a straight line which is behaving as ideal solution according to
Raoult Law whereas as the melting and freezing temperature were non ideal system
as they were curved. These resultsevachieved from n of 1 and no statistical

analysis could be done to show the differences.

The information gathered from this section was used to understand the behaviour of

PEG alone and as blend before using it as the carrier for solid dispsigi@s

84



Chapter 4 Carbamazepine with PEGs mixtures solid

dispersion

4.1 Introduction

4.1.1CBZ background information

Carbamazepine is an effective antiepileptic drug widely used worldwide (Naima et

al., 2001). CBZ belongs to the class Il according to the biopharmadeutica

classification system. It has poor gastrointestinal absorption after oral

administration due to the reduced aqueous solubility and slow dissolution rate that
will affect its therapeutic effect but exhibit high intestinal permeability (Liu et al.,

2013)

The drug appears as a white crystalline powder with a molecular weight of 236.3
g/mol and melting point of 189 °C to 193 °C. (BP, volume I&Il, 2014 online
accessed). CBZ is a neutral drug, hence the drug will stay in unionised form with
change of pHNghiem et al., 2005) and its glass transition temperatu)eB0°C
(Naima et al., 2001).

Carbamazepine

Figure4.1-1 Carbamazepine chemical structure
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Carbamazepine exists in four different polymorphic forms and a dihydrate: Triclinic
(form 1), Trigonal (form IlI), P-monoclinic (form 1llI) andC-monoclinic (form V)
(Grzesiak et al.,2003). CBZ usually exists as form Il which is the most
thermodynamically stable form. Form | can be seen at elevated temperature
(Grzesiak et al., 2003) therefore when CBZ form Il is heated a change in polymorph

can be seen on the DSC and the hagesimicroscopy.

CBZ DSC trace along with hot stage microscopy images are shown below:

CBZ DSC trace
0.00 -\

-5.00 Tl ] 7\ 37‘ (_—

-15.00

-20.00

mwW

-25.00
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-35.00 -
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Figure4.1-2 DSC and hot stage microscopy of CBZ

The figure above shows the thermal changes of CBZ crystals as they are heated.
The transformation of form Il to form | was observed under the microscope as the
crystals change sha from rocky to needle shape at higher temperature before they

melt.
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The different forms of CBZ have differentpdy patterns. The figure below shows
the different pattern (these pattern were generated using calculated pattern from
Cambridge strucne database)

1 b A Ll, JUM L

4 = & 7 = S 10 11 1= 1= 14 1S 16 17 1= 1o 20 =21 2= == =a =S 26 =27 == 2o =0 =1 == =3 =a ==

LAAAAAMMM ., FormIv
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& > - n 1 19 20 21 22 23 24 2S5 26 27 28 20 SO0 31 32 33 34 35

Figure4.1-3 XRPD pattern of CBZ different forms
The main peaks for each form are:

Form | has peaks at 2d= 7.92, 9.37, 12. 2
13.26, 18.56 and 24.54. .5F, @5.0hand 27147. h as ¢
Form IV has peaks at 2d= 14. 11, 17. 89,

Form V has peaks at 2d= 7.12, 17. 32, 20 . (
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4.1.2Aims

As discussed in the introduction solid dispersions may be prepared by many different
mechanisms, and in this chapter CBZ solid dispersions were prepared using the
fusion (or melt) method. The solid dispersions were prepared with a mixture of
PEG 300 and higher molecular weight PEG (such as PEG 4000, 6000, 20000 and
35000) varying both thdrug tototal PEG mixture ratio and ratio of PEG 300 to high
molecular weight PEG.  Thaims of this chapter are to prepare the different
formulationsmentioned above arttienthey wereanalytically assessed by DSC, hot
stage microscopy and dissolutiondtudy the effect of the various components on

thequench cooledorm of CBZ

4.2 Method

In this chapter the formulations were prepared either by physical mixture (for PEG
300 only formulations) or by the melt method (for the formulations with higher PEG

molecular weightsreferto sectior2.2.2

The CBZ: PEG 300 formulations were prepared at a ratio of 1:1, 1.5 and 1:10 w/w
(CBZ: PEG 300), the other CBZ: PEG formulations were prepared according to
Table 3.32. These formulations were assessed by DSC using both normal and

guench cooling profiles (see sect®2.4.)).

Solid solution terminology will be used to discuss sbéution obtained after quench
cooling (where no crystalline materialasobservedunder the light microscopand

solid dispersion will be used to describe a crystalline material. Also CBZ dissolving
will be used when no CBZ endothermic peak is observsd melting when the

endothermic peak is observed.
4.3 Results

4.3.1CBZ: PEG 300

A physical mixture of carbamazepine (CBZ) (melting point -188°C) was
prepared with PEG 300 at different ratio§he DSC results for these formulations
show that there was ommdothermic event for the formulations (betweerl00°C
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for CBZ) during the first heating cycle (referfigure4.3-1). In theseformulations
no crystallisation or melting peak was observed during the seceatinty step
except for CBZ: PEG 300 (1:1 w/w) formulation, where an exothermic eeotrs
at around 83°C followed by a melting event at 131°The exothermic event mde
due to CBZ crystallisation from a supersaturated drug soluti@mneated during
coding, the temperature at which this event occunsasfor the PEG 300 as it does
not have a solidification peak at the temperatures studied (see $8t@n

DSC traces of CBZ:PEG 300 different weight ratio

cocling step

&
+ —

1" heating step

3

. _ 2" heating step

—

= (BZ:PEG300
(11 w/iw)

= (BZ:PEG300

(1:5 wiw)
w— '_/K/ﬁ CBZ:PEG300

(1:10 wiw)

Temprature (°C)

Figure4.3-1 DSC traces of CBZPEG 300different formulations

The results show that the sharp endothermic peak of CBZ at 194°C is missing and is
replaced by a broad peak. The results suggest that CBZ molecules in the @ystal ar
breaking apart requiring thermal energylt could be proposed that the CBZ is
dissolving in PEG 300 (see microscopy results belmther than melting The

enthalpy of melting for the different CBZ: PEG 300 formulations remained the same

89



for the 1:1and 1:10 (64 J/g) despite a 10 fold decrease in the drug concentration in
the formulation. This may indicate that the underlying thermal event is independent
of CBZ concentration, or that it is caused by a small amount of CBZ in the PEG, and

so at higheCBZ concentrations no additional energy is released.

Table 4.3-1 CBZ: PEG 30hermodynamic parameters

Drug to| Enthalpy J/g | Dissoling Crystallisation Melting peak @

polymer| (of point°C peak R" | heating)

ratio formulation) heatirg )

1:1 -64.44 96.26 17.32J/g -13.29J/g
88.24°C 137.76°C

1.5 -71.0 96.54 n/a n/a

1:10 -64.16 105.48 n/a n/a

4.3.2Hot stage microscopy

CBZ: PEG 300 formulations were assessed using hot stage microscopy, with both
thermalprofilesused in the DSC The results show that the solid particles of CBZ
dissolves in the liquid PEG in all the formulations as the temperature increases until
all the CBZ is dissolved before ttemlid statemelting point (194C) is reached
During boththe normal and quencbooling steps no crystal growth was observed in

the 1:10 and 1: 5 formulations.

During the 29 heating step only the CBZ: PEG 300 (1:1 w/w) formulation showed a
crystallisation event at around &birrespective of coolingates used The %CBZ
crystallised in the formulation was around 3QBased on visual assessmeantyl as

only a few crystals appeared then quickly dissolved in the liquid PEG.
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4.3.2.2CBZ: PEG 300(1:1 w/w)

CBZ:PEG 300 (1:1 w/w) DSC trace

_Heat flow (mw)

Figure4.3-2 DSC trace of CBZPEG 3001:1
(Imagenumberrelates tahe DSC traceaumbej

The figure above shows the quench cooled DSC trace along with the hot stage
microscopy of CBZ: PEG 300 (1:1 w/w). Imagevas taken at 10Xbjective;it

shows CBZcrystalsin PEG 300 at room temperature (20°C), the CBZ can be seen
covered by the PEG As the sample was heated, the CBZ molecules stditsolve

in the liquid PEG 300. nhage 2was taken at 25X objective, it shows CB&stals

in liquid PEGat 85C and theCBZ crystals exists irfform Ill as theyhave a rock

shape. As heating continues, fewer crystals can be seen aCl(llnage 3) At
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150 C (image4), all the CBZ crystals have dissolved in PEG and there was no CBZ
form change to form | as the crystals hdddasolved before they reach the required
phase transition temperature of 380 During normal or quench cooling profiles

no crystal growth was observed as image 5 shows (image 5 was taken during quench
cooling). When the sample was reheated aftendu cooling a crystal growth
appears at around 1UD, the arrow in image 6Q pointing to the new crystal formed.
For the normal cooled sample a crystal growth was also observed but at a higher
temperature around 115°C (image 6N) but the crystals lookrdfine. Image 7

was taken 13T, where thee-formedcrystals had all dissolved in the hot PEG

92



4.3.2.3CBZ: PEG 300(1:10w/w)

For this formulation the cooling rate did not affect the CBZ crystallisation behaviour
during cooling or ? heating step; thereferonly the hot stage microscopy images

from normal cooling are shown Figure4.3-3.

CBZ:PEG 300 (1:10 w/w) DSC trace

4at
2°C

Figure4.3-3 Hot stage microscopy amaiSC trace of CBZPEG 30Q(1:10 %w/w)

The figure above shows the phase transition of CBZ: PEG 300 (1:10) formulation
with change of temperature. Image 1 was taken 4t ,2&8nd the CBZ crystals can

be seen dispersed in the liquid PEG 300. As the temperature increases the CBZ
crystals beeame smaller, as they are dissolving in the hot PEG, as seen in image 2,
taken at 50C. Image 3 was taken at @) all the CBZ crystals are dissolved in the
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hot PEG. Image 4 was taken during cooling &00) theCBZ molecules stayed in

the liquid statgno crystallisation was observed). Image 5 was taken during'the 2
heating step, where no CBZ crystallisation was observed, the drug molecules stayed
in the liquid state with PEG 300.

The DSC trace for CBZ: PEG 300 (1:10) did not show any crystallisdtioing the

2" heating step, which indicates that the drug stayed in the amorphous or dissolved,
state within the liquid PEG. The hot stage microscopy results showed similar

pattern to the DSC results for CBZ: PEG 300 (1:1 and 1:10 formulations) where

CBZ dissolved in the hot PEG during the 1st heating step then no crystallisation

during cooling and 2nd heating step.

In order to study the rerystallisation of CBZ further antb gain control of this
process by pushing thexothermiceventto a highertemperature, or if it could be
observed in a wider range of CBZ: PEG ratios, higher molecular weights of PEG
were mixed with the PEG 300 order to stabilise the amorphous form

4.3.3CBZ: PEG 30Q 4000 mixtures

4.3.3.1CBZ: PEG 300 4000

The effect of the additioof a higher molecular weight PEG to the CBZ formulations
was assessed in this sectionNine formulations were prepared according to the
weight ratiopresentedn Table 2.2-2. The figure below Kigure 4.3-4) shows the
effect of the cooling rate on the molten CBZ formulation during the DSC experiment.
During normal cooling (1@/min), the CBZ molecules crystallise from the solution
but when the same formulations were quenooled (30C/min) during the cooling
step, some formulations showed crystallisation (of PEG and CBZ) during cooling
and some remained as a solution until a certain temperature duringf theafing

step where the crystallisation starts.
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CBZ:PEG 300: 4000 formulations normal cooled DSC traces.

A

cooling step

2"d heating step

S

PEG solidifying

CBZ crystallising

1%t heating step

S

——mixture A

CBZ melting

—mixture D

PEG melting

Temp. °C

CBZ:PEG 300:4000 formulations quench cooled DSC traces.

cooling step

1%t heating step

—mixture A
—mixture D

CBZ re-crystallising

CBZ melting

CBZ melting

PEG melting

Figure4.3-4 The effect of the cooling rate on the CBZ formulations

Figure A shows the thermal events of the samples normally cooled on the DSC and

Figure B shows the thermal events of the samples quench cooled.
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Figure4.3-4 shows twadifferentDSC traces as exemplars of the results found for the
nine different formulations.Mixture A contains a 1:1 ratio @BZ to PEG, with the

PEG mixture being 0.75: 0.25 PEG 300: 4000, and mixtuceridains a 1:5 drug to
PEG mixture, with the PEG mixturatio being the same as mixture AThe CBZ
melting/ dissolving peak in the high PEG content formulation (mixture D) was
observed in theSiheating step but not in thé%heating step, this is éuo the CBZ
dissolved in the PEG and stayed in solution during cooling (normal and quench
cooling). Image A shows the DSC traces of the formulations normally cooled and in
mixture A a crystallization CBZ peak can be seen during the cooling step followed
by a solidificationof PEG peak during the isothermal step whereas in mixture D,
CBZ dissolved in the hot PEG and only PEG recrystallised during cooling. Inimage
B, mixture A shows no crystallisation during cooling and an exothermic peak being
observedduring the 29 heating step at around 60°C, whereas for mixture D, no
crystallisation occurred during cooling, and no exothermic peak was observed during
the 29 heating step. This suggests that at the normal cooling rate the PEG solidified
in a way thaproduced an exotherm, and this solid fofigldeda melting endotherm
upon reheating, whereas with quench cooling the PEG did not undergo any
solidification that produced any energy, and so upon reheating no energy was
required to remelt the solid, orsemisolid.  As the PEG did not solidify during
qguench cooling in mixture A, CBZ molecules as well stayed in the PEG as
amorphous material until the sample was reheated and the sample reaches a
temperature where the PEG molecules can freely move hen¢eBthemolecules

will have a higher mobilitywherethey can come together andamystalliseas the

exothermic peak in thé'2heating steghows

The DSC traces of the different formulationere assessed and the results fier t
melting and freezing endlfpy of PEG 300:4000peakin the formulationgnormal
cooled)are presenteih the figure belowFigure4.3-5).
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Enthalpy of melting and freezing peak of PEG mixture in the different formulations
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Figure4.3-5 Enthalpy of melting and freezing BEEG 300:4000 in CBZ formulations
(The enthalpy of the PEG mixtures in the formulations was normalised to the weight
of PEG 4000 used in the formulation. The freezing enthalpy or the normalised
freezing enthalpy is the exothermic peak of PEG during rmggli

The results showghat as the PEG 300: 4000 to drug ratio increases in the
formulation, the enthalpy of melting and freezing increases as well especially in the
1:10 (drug: PEG) formulations anldatt the higher the solid PEG (PEG 4000) in the
formulaion the higher the freezing and melting enthalpy, this was discussed before
in section3.3.3 Theenthalpy of PEG mixture meltingas higher than thizeezing
enthalpy (except for mix 1), these results wergndar to the results discussed in
Figure3.3-3. Although the PEG mixtures in the formulations did follow the same
trends as PE@00:4000alone but the freezing and melting enthalpy values in the

presence of CBavere less than the PEG mixture al@wen when the formulations
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contains 10 times more PEG than CBZThe normalised enthalpy did show that
most of the formulations have a response similar to the PEG mixtures except for
formulations A, B C and D where theormalised enthalpies were lower than the
PEG mixtures whichndicate that there is an interaction between the PEG mixture
and the drug

The quench cooling DSC traces of the formulations shows that the CBZ solid
solution was only present in two fornatibns where the CBZ has an equal weight
ratio as the PEG mixture (CBZ:PEG mixture 1:1 w/w). The two formulations were
mixture A, where the PEG 300:4000 ratio was 3:1(w/w), and B where the PEG
300:4000 ratio was 1:1 (w/w). In both cases the crystabisatemperature was
around 59°C.

The thermal stability of the solid solution in mixture B was studied to understand the
effect of temperature on the CBZ crystal formation within the formulation. These
experiments were performed as skerin studies, Wwere the formulation was held at
different temperatures for one hour in the DSC, and long term studies, where the

formulation was stored in the fridge and freezer for up to a month.
4.3.3.2Stability of the solid solution with increasing temperature

Mixture B was analysed in the DSC by heating the sample to 210°C followed by
guench cooling and then held at an isoth
hour followed by heating again to examine at which temperature the exothermic peak

will convert back ® melting peak. (Refer to quench cooling method in section
2.2.4.1.2
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CBZ:PEG 300:4000 (50:25:25 %w/w) stability at different temperatures after quench
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Figure4.3-6 Isothermal stability of the solid solution at different temperature

The fgure above shows the DSC traces of CBZ: PEG 300:4000 isothermally held at
different temperatue in the first heating part of the experiment, the first PEG
mel ting peak can be observed at appr oxi
appr oxi mat aleyo tie TBZme|ting.i dn the second heating step: the
first exothermic peak is due to CBZ crystallisation then the second peak is the
melting peak of the resultant CBZ crystalsThe results show that when the sample
was held at 30°C, the exotherni8Z peak had disappeared being replaced by the
PEG melting peak, this due to PEG and CBZ crysiagjiduring the isothermal step

as the baseline changes with time. The solid solution was stable for one hour at 0,
10 and 26C. (The shift in the CBZ nliging point during the 2 heating step at 20

and 30°C is due to the DSC experiment for these samples were slightly different than
the othes because of the removal of the 2 minutes equilibration time aftersthe 1

cycle)
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The stability of mixture B a25°C and 40C for 12 hours were also analysed on the
DSC, the results shows that the samples were not stable at these temperatures as the
exothermic peak converts back to a melting peak (Result not shown).

4.3.3.3Stability of the solid solution stored in thefridge and freezer

The stability of the exothermic peak in mixture B was studied by placing one sample
in fridge at 4°C and the other sample in the freezeRBtC. The samples were
analysed at 0, 2, 7 and 30 days. The samples were prepared in auRIUNSC

pan with pierced lid, the sample was quench cooled after the experiment and stored
at the required temperature. The DSC metiredentedh section2.2.5

Stability of CBZ:PEG 300:4000 (50:25:25 %w/w) stored in the freezer

cooling step
—

. isothermal step
1%heating stey = ¢
g Step 2" heating step

——Day2

Day7

—Day 30

L_/\\/—
I B
5 B

Temperature (°C)

Figure4.3-7 Stability of the exothermic peak in the freezer
The figure above shows the DSC curves of the stability sample stored in the freezer
and the results shows that CBZ stayed in amorphous state as an exothermic peak was

seen in the St heatingcycle and this is due to when the sample was stored in the
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freezer straight after the melt, the sample stayed in solution until it was reheated.
This phenomenon was not seen at 30 days point where a broad and unresolved peak
was seemnd it was hard téully interpret the events This peak might be due te
dehydration of CBZ hydrate and the small endothermic peak aroui@ i8due to

the melting of CBZ form | as it was discussed by Liu et al., 201&fter quench

cooling and reheating the samplesre able to regenerate the solid solutions and the

crystallisation temperature of exothermic peak during tHé@ating step increased

with time.
Stability of CBZ:PEG 300:4000 (50:25:25 %w/w) stored in the fridge
cooling step
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Figure4.3-8 Stability of the exothermic peak hold in the fridge at 4
For the sample stored in the fridge, the CBZ solid solution did revert back during
storage with time as a PEG and CBZ melting peaks were observed except 8 d

where an exothermic peak was observed at high temperature followed by CBZ
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melting peak (refer to the discussion).

solution once it was rguench cooled and reheated.

A

Crystallisation temperature (°C)

90

80 1

70 1

50 1

40 1

30 1

20 1

10 1

The Crystallisation temperature of CBZ:PEG300:4000 (50: 25: 25 %w/w) stored in
the fridge and freezer

e

Cryst. temp. (*C)
in fridge

== Cryst. temp.(°C) in
freezer

Enthalpy (J/g)

30 1

25 1

20 1

15 1

10 1

Days

The enthalpy of crystallisation peak for CBZ:PEG300:4000 (50: 25: 25 %w/w)
formulation stored in the fridge and freezer

Enthalpy of the
peak (J/g) stored
in fridge

=e=Enthalpy of the
peak {J/g) stored
in freezer

Days

Figure 4.3-9 Crystallisation temperatur@d) and enthalpy of peaiB) stored in the

fridge and freezer

The sample was able to regenerate the solid

The above figure shows that the CBZ

crystallisation temperature in the samples

storedin the fridge and freezer increases with tireg well as lhe enthalpy of this
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crystallisation The crystallisation temperature of the sample stored in the fridge
was higher than the one stored in the freezer by about 10°C whereashhipies of
both samplesvere very close to each otheiThisis due to the effect of the thermal

history on the samples.

4.3.3.4Hot stage microscopy

Figure4.3-10 Hot stage microscopy for the stability sample at 25 &ad 4
The top 3 images are for the sample held®@tahdthe bottom 3 images are for the

sample held at 2&. The images were taken at 10x objective.

The microscopy resulshowthat the sample held at 4°C at day 1 had a very fine and
small crystals whereas the sample held at 25°C were much bigger aruti I pe.

At day 7, in the 4°C the CBZ crystals can be seen trapped in the PEG mixture and in
the 25°C the cryals stayed the same as day In day 21, the sample held at 4°C
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shows a few bigger crystals than before and the crystals in the sampbt B8RC

stayed the same.  From this experiment it was concluded that the sample held at
25°C crystallise within the first day and remains the same for the 21 days, whereas
for the sample held at 4°C, the crystals were in a microcrystalline form, trapped

the PEG, but had grown in size by day 21.
4.3.3.5Dissolution profile of stability samples at 4 and 25°C

The dissolution profiles of the stability samples were assessed on the Sirius T3 using
a powder dissolution profile due to the sample was waxy andtbgocess it into

discs. The dissolution was carried out at 4 differerg (3@ minutes for each pkd

mimic the release as the drug travel from the gut to the intg#din2 hours using Gl

buffer at pH2 as a dissolution media and thé reading point \as taken every 10

seconds.

CBZ:PEG 300:4000 (50:25:25 %w:w:w) stability sample at 25°C
120.00 - dissolution profile

100.00

80.00

60.00 -

% CBZ released

40.00 -

—e—Day 1
—e—Day 3
20.00 - —=—Day7
—e—Day21

—e—CBZalone

Figure4.3-11 CBZ release profile from the quench cooled sample stored@t 25

The dissolution profile of the sample stored at 25°C shows a better release than the
drug alone A drug release of 100% was measured for the samplayy whereas

day 21showed the slowest this is due to the crystallisation in the sample during
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storage. CBZ is not pH dependent therefore the change in pH will not affect the

release.

Day 7 did a 100% release in 30 minutes and the concentratioot did

change for the rest of the experiment.

% CBZ released

120.00 -

100.00 -

80.00 -

60.00 -

40.00 -

2000 1 4

CBZ:PEG 300:4000 (50:25:25 %w:w:w) stability sample at 4°C dissolution
profile

=o—Day 1
=e—Day 3
—o—Day7
——Day21

—e—(BZalone

Figure4.3-12 CBZ release profile from the quench cooled formulation storetCat 4

The results for the mixture B stored at 4°C shows at the release was not hugely

different than the drug alone for day 1 and day Zlay 7 showsthe higher release

profile. The sample stored at 4°C did not show high release profile compared to the

sample stored at 25°this might be due to the processing of the sample, or that the

dissolution is conducted at an elevated temperature with respebe tetorage

temperature which might affect the release
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4.3.3.6XRPD Patterns

0.10
XRPD pattern of quench cooled CBZ:PEG 300: 4000
0.09
0.08
0.07
0.06
2
Z
g 00s
=
0.04 f
0.03 | 4 \ ) J,“ | &\ M
™ ) l pIALL P ‘l,
0.02 - Mgt e :
0.01 - —stored at 25°C
—stored at 4°C
000 — T T T T ——————
456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
20

Figure4.3-13 XRPD pattern of quench cooled CBZ: PEG 300:4000

(The figure above is for XRPD pattern of quench cooled CBZ: PEG 300:4000
(50:25:25 %w/w/w) formulation stored at 25 arfd€4or one day.)

The figure above shows thatetformulation has some crystatad been formed
when stored for one day at different temperature after quench cooling. The intensity
from the sample stored at Z5is higher than the one stored &C4wvhich indicates
that it contains more crystals. T@88Z exist as form Il in the sample stored at@5
whereas exist as form | in the sample stored°@t (defer to the XRPD pattern in

Figure4.1-3).
4.3.4CBZ: PEG 300: high molecular weightPEG mixtures

From the DSC mults of CBZ: PEG (300:4000) it was decided to repeat the
experiment with higher PEG molecular weight mixed wiBG 300to study the
effect of higher molecular weight PEG in stabilising the solid solutidrhe same
weight ratios were used The PEG 300vas mixed higher PEG molecular weight
(6000, 20000 and 350Q0) The formulations were prepared by melt method and
analysed using the DSC quenatoled method
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DSC traces of CBZ:PEG300:6000 formulations

e CBZ:PEG300:6000
(50:25:25 Fow:we av)

e CBZ:PEG300:6000
(50:12.5:37.5
Powvw iw)

CBZ:PEG300:6000
(50:37.5:12.5
Yo w w)

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Figure4.3-14 DSC traces of CBZPEG 300 PEG600Cormulations

An isothermal step atl0 C for 1 hour was added to the DSC method after the
quench cooling step due to the crystallisation peak duringtteeating step hang

a very low enthalpy and couldot be measuredroperly; this isothermal step was
added to the DSC method for the formulations with PEG6000 and PEG35000.

The figure aboveKigure 4.3-14) shows the DSC traces of CBBEG 300:6000
formulations and the exothermi€BZ peak was observed in the three different
formulations. The formulation containing more PEG 6000 than 300 showed a very
high crystallisation temperature around 96°C whereas the other formulations had

similar crystallisation temperature.
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DSC traces of CBZ:PEG300:20000 formulations

e CBZ:PEG300:20000
(50:12.5:37.5

V 9w v )
CBZ:PEG300:20000
(50:25:25 96w 1w )

e CBZ:PEG300:20000
(50:37.5:12.5
ey i1 )

Figure4.3-15 DSC traces of CBZPEG 300 PEG2000Gormulations

For the formulations with PEG 20000, the results showtim€CBZ and PEG in the
formulation containing more PEG 20000 than PEG 3@bd crystallise during

cooling The other formulations did show tl@&BZ crystallisation eventuring the
2" heating step and the crystallisation peak temperataretfe CBZ: PEG

300:20000 (50:25:25 %w/w/w)was 58°Cwhich was10°C higher than the other

formulationsuch as CBZ: PEG 300:20000 (50:37.5:12.5 %w/w/w).
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DSC traces of CBZ:PEG300:35000different formulations
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Figure4.3-16 DSC traces of CBZPEG 300 PEG3500Gormulations

For the formulations with PEG35000 the resulese similar to the PEG 6000 where
all the formulations did show the CBZ recrystallisation in thfehRating step. Ae
results show that théormulation with high PEG 35000 content hatle highest
crystallisation peakemperatureat 64°C followed by theCBZ: PEG 300:35000
(50:25:25)then(50:12.5:37.5formulations
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Figure4.3-17 Comparison between the different CBZ: PEG mixtures formulations

The figure above summarise all the data from the three PEG mixturegna<gd

The formulation with PEG 300:6000 (1:3) has the highest crystallisation temperature
Only one formulation did crystallise during coolinPEG300:20000 1:3 based

formulation) The enthalpies of these peaks weimilar except for PEG 300:6000

(1:3) formulation where the enthalpy was the highest and in the formulation with

PEG 300:35000 (3:1) wabe lowest (comparison between the formulation which

showed solid solution)
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Dissolution profile of CBZ in the different PEG formulations
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Figure4.3-18 Dissolution profile of the different PEG based CBZ formulations

The figure above showtbe different dissolutio profiles of the CBZ formulation at
CBZ: PEG (50:50% w/w). The result shotirat the CBZ: PEG 6000 formulation
has the highest and fastest release compared to the other formulations. Also, it

shows that the formulation containing PEG300 mixture, #ease was very slow

and low compared with one PEG only.
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4.4 Discussion
PEG 300 as discussed previously does not freeze or melt in the experiment
parameters used in this projdotfer toFigure 3.3-1). Therdore the melting and
freezing peaks seen in the DSC traces are coming from the CBZ in the formulation
and high molecular weighPEG. The CBZ crystals in the physical mixture with
PEG 300 did show a broad endothermic peak during the first heating.is this to
the CBZ crystals dissoivg in the hot PEG and convary to an amorphousor
solution state during the heating cycle. This phenomenon was also seenawhen
CBZ solid dispersion prepared by hot melt extrusiwas studiedby Liu and
colleague (Liuet al., 2013). The enthalpy of the peaks was similar in the three
formulations (1:1, 1:5 and 1:10 %w/w) despite the decrease in the CBZ concentration
in the 1:10 formulation. This may indicate that the underlying thermal event is
independent of CBZ crwentration, or that it is caused by a small amount of CBZ in
the PEG, and so at higher CBZ concentrations no additional energy is reledbed
maximum solubility of CBZ in PEG 300 has been reachddhe CBZ crystals in 1:5
and 1:10 %w/w formulation dinot recrystallise during cooling which indicates that
the CBZ is miscible with the PEG and they form an amorpbosslid solutionafter
the heatcool cycle ( Liu et al., 2013). The hot stage microscopy results were in
agreement with the DSC resultfieve it was possible to visually follow the thermal
changes happening. The CBZ crystals start to become smaller and smaller as the
temperature increases which indicates that the crystals are dissolving in the hot PEG
way before its melting temperatureDuring the second heating step, CBZ: PEG 300
(1:1%w/w) DSC trace shows an exothermic peak which correspond to the CBZ
recrystallizing from the mehy forming a solid solution This event was seen in the
CBZ alone but not in a formulation with a polymgiu et al., 2013 Naima et al.,
2001) In order to stabilise this formulation and to shift the recrystallisation
temperature higher so the CBZ crystals in the formulation stays in amorphous form
at room temperature for longer time, a higher PEG mtdeaweight was used with
PEG 300 at different concentrationd?EG4000 was chosen as it has been used in
solid dispersion formulation to enhance solubility and stability of low aqueous
solubility API1 (Moneghini et al, 2001). Also, it was found that PAEIBO upon co

solidification can affect the API behaviour in the final product (ie: APl and polymer
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fully amorphous, a combination of amorphous and crystalline region, only crystalline
solid and eutectic mixtures Vasa et al., 2014y he solid solution wasbserved in

the formulationswhen the CBZ content in the formulation is equal to the PEG
mixture. The CBZ molecules in this formulation are in supersaturation state in the
molten PEG and as the solution is heated the CBZ start to crystallise.1:5and

1:10 w/w CBZ: PEG mixture did show a similar pattern as the CBZ: PEG 300
formulation where the CBZ crystals dissolves in PEG during eating cycle and
stays in solution during cooling and reheatingThe enthalpy of PEG mixture
melting and freeing in the different formulations shows that when the enthalpy was
normalised tahe weight of PEG 4000 usetthe signal is the same in the different
PEG mixture used (PEG 300: 4000 3:1, 1:1 and 1:3). The normalised PEG enthalpy
of melting and freezingnithe 1:5 and 1:10 w/w CBZ: PEG mixture showed similar
values and pattern to the PEG mixture alone whereas the 1:1 w/w results were
slightly different as the normalised enthalpies were lower than the PEG alone
especially in mixture B (CBZ: PEG 300:4000 38:25 %w/w/w) which indicates

that the CBZ at this ratis interacting with the PEG.The cooling rate did have an
impact on the formation of the solid solution this is due to quick cooling piagent
the CBZ molecules from rearranging them self and talygng during cooling
(Einfalt et al., 2013) At slow cooling rate the CBZ molecules can rearrange and
crystallise, lesides at slow cooling rate there is more chance for iminostilbene (which
is a form of CBZ impurity) to form a eutectic mixture witlBBZ according to a study
made by Naima et al., 2001 and this event can be seen in the DSC trace as a melting
peak around 140°C.This event was not present in our study as the PEG used may
prevent the CBZ from degramy at both cooling rateused. The sability study on

the formulation which shows the solid solution was carried out on the DSC by
holding the sample isothermally at different temperatafeer quench cooling and

the results shows that at high temperature (ie 30°C) the solution crystdiliseg

the isothermal step this is due to the increase of the molecular mobility of the
polymer, as at this temperature PEG 300 or 4000 will become more flexible which
will affect the CBZ in the solution.The stability sample held in the fridge did show
that the CBZ recrystalliseduring storageas the 1 heating step did show CBZ

melting pealbut at day 30 it did show that the sample was still amorphswshen
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the sample was heated CBZ did recrystallisthe sample was held in a communal
fridge wherethere was not a temperature controlled environmeéfthen the sample

was stored in the freezer, it did stay amorphous for up to 30 days where a broad
(unresolved) melting peak was observed in the first heating cycle. The peak shows a
sharp endothermipeak at around 40°C which may be the PEG melting followed by
an exothermic peak which mde due to the CBZecrystallisng at 80C. The
meltingpeak at around 100°C may be due to melting of ice crystals (might have been
formed on the lid of the pan).The hot stage microscopy results shows that the CBZ
crystals stored at 25°C where larger than thesstaged at 4C. The crystals at4C

did not grow withtime and they were very small whereas the crystals stored@t 25
did slightly grow with time. The dissolubn results for both samplesltdeat 4 and

25°C shows a better dissolution pattern than the CBZ alorigay 1 release was
lower than the other days where we expected the release to be highgrester
percentage o€BZ in the formulations in an amorphous state than the other days
especially for the sample stored at@5w~here from the hot stage microscopy the
crystals looked larger with time. The samples at day 3 and 7 stored at 25°C
achieved a 100% release at a shorter time than thetoresl at 4°C and the release

at day 21 at both temperatures drop to 80% releabbe PEG 4000 mixture with
PEG 300 did show a better control in the solid solution formation than PEG 300
alone therefore it was decided to use a higher PEG molecular weighidy its
effect on stabilising the CBZ solid solution. A W/tv CBZ: PEG mixture was used

as the solid solution was observed at this ratio with PEG 300: 406@. CBZ solid
solution was observeth almost all formulations except CBZ: PEG 300:20000
(50:12.5:37.5 w/w/w). The crystallisation temperature ranged betwe&5°&3
except for CBZ: PEG 300: 6000 (50: 12.5:37.5 w/w/w) which had a crystallisation
temperature of 96°@ut it did have a very high % crystallinityThe % crystallinity

of CBZ was found to be around 25% for the formulations with high BEGcontent

andit increass as the solid PEG increases in the formulation, this can explained as
the solid PEG are more crystallittean the liquid PEG which might induce the CBZ
crystallisationalso, PEG 300 was found from chapter 4 to decrease the crystallinity
of the solid PEG when they are mixed'he lowest % crystallinity was observed in

the CBZ: PEG 300:35000 (50:37.5:12.5% w/w/w) formulation and the crystallisation
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temperature was arous®°’C. The dissolution pattern for CBZ in the different PEG
formulations was assessed and the results show that the highest and fastest
dissolution rate was achieved with PEG 6000 alone followed by PEG 35000
formulations It took 90 minutes to achievel®0% CBZ release from PEG 4000
whereas the maximum release from PEG 20000 was 80%. The CBZ formulations
with PEG mixture (ie PEG 300 mixture with PEG 4000 or 6000) showed a very slow
release with maximum release of 40% C®Hich is similar to the releasof CBZ

alone andhe release from the formulation containing PEG 6000 in the mixture was
slightly better than the one with PEG 400("he formulations containing PEG 300
should have less crystalline material than the higher molecular weight PEG alone as
was discussed in chapter 4 but high molecular weight PEG alone did show better
release and this is due to higher molecular weight PEG have a better solubilising
effect than the low molecular weight one.  The release from the PEG 6000
formulation was be#r than the PEG 4000 this due to the decrease in CBZ
crystallinity content as from the XRPD data in the following chapters (7 and 8)
shows that the formulations with PEG 6000 have less crystalline materials than the
4000 which may have helped in the dissioin.
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Chapter 5 CBZ solid dispersions withdifferent PEG

molecular weightsand concentration

5.1 Introduction

As was shown in the previous chapter, the CBZ recrystallisation from the solid
solution during the ® heating step depends on the solid PEG concemratidalso

the PEG molecular weighthe cooling rate hadraassiveampact on the formation of

the solid solution. It was decided to study #féect of PEG concentration and
molecularweights on the CBZ recrystaléion from the meltwvhen using one PEG

molecular weight in the formulation.

5.2 Method

The different CBZ solid dispersions were prepared by solvent evaporation method
(refer t02.2.2.4. CBZ and PEG were weighed according to the different weight
ratio (from 90:10 w/w to 10:90 w/w drug to polymeahd then mixed The PEG

used were PEG 300, PEG 3350, PEG 4000 and PEG 606@ formulations were

then assessdiny DSCrefer t02.2.4.1.2

5.3 Results

The peaks on the DSC trace were labelled as shown in the figure below to make it
easier to discuss. In some formulations, during cooling no crystallisation events
(labelled as peaks 3 and 4) were observidhould be noted that the thermal events
labelled as peak 5 may be related to PEG and/or CB&ystallisation occurring at
around 50eC
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Quench cooling DSC trace
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Figure5.3-1 Quench cooled DSC trace

5.3.1CBZ: PEG 300formulations

PEG 300 is liquid at room temperature and dot freeze at low temperature (as
discussed in previous sectiB). Therefore, no melting peak f®EG 300during
the F' heating step was observaith theseformulations The figure below shosv
some ofthe DSC traces of CB2EG 300.
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CBZ: PEG 300 formulations DSC traces

—CBZ: PEG300
50:50 Yowiw
L\ —CBZ: PEG00
1 T ——— 10:90 %w/w
~ — o :
PR T —(BZ: PEGH00

90:10 Y%ow/w

Figure5.3-2 DSC traces for some of CBZ: PEG 300 formulations
(Thefigure above shows the DSC of theBZ: PEG 300 formulations and it shows
the effect of the PEG300 concentratmmthe thermal behavior of CBZ.)

Figure 5.3-3 summarise all the DSC data and shosvthe melting/ crystallisation
temperature as well as the enthalpy associated withthtbisal transition In the
formulations where PE@ontentwas more than the CBZhe first melting peak of
CBZ (peak 2 inFigure5.3-1) which is usually around 19€ disappears and replaced
by a lower temperature broad pedike to the CBZ dissolving in the hot PEG-or
some formulations such as 60:dportion of the CBZ dissolvein the PEGwith the
remainder melting at higher temperature angrovides thereforetwo peaks
Formulations with high CBZ content did show recrystallisation during cooling and
the formulations with low CBZ content did not shawy crystallisation or melting
during the 29 heating step The formulations whiclexhibitedCBZ recrystallisation
during 29 heating were 70:30, 60:40, 50:50 and 4Q®#v/w) CBZ: PEG 300 In
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the formulation where CBZ recrystallised the melting paiating the 2¢ heating

cyclewas very close to the melting point during tienhgating cycle.

Enthalpies of the phase transition of CBZ in PEG 300 formulations
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Figure 5.3:3 The melting/ freezing peakand enthalpyof CBZ in PEG 300
formulations
(as PEG 300 is aduid no melting and crystallisation peak as mentioned before

thereforePeak 4has no data.)

119



Positive enthalpy value indicates crystallisation, negative enthalpy value indicates
melting. PEG 300 does not have a melting peak and the melting peak ts @sul

for CBZ dissolving in the hot PEG therefore, the enthalpy of melting is due to the
CBZ. The enthalpy of CBZ melting peak in th& Heating cycle matches with the
enthalpy of CBZ in the "8 heating cyclefor the formulations where crystallisation
was observed during cooling of'%2heating step The enthalpy of the CBZ
recrystdlisation (Peak 5) were also similar the enthalpy of CBZ melting peak 6
except 70:30 formulation as some of the CBZ did crystallise during coolifgjs

can confirm thathe crystals growing in peak 5 are CBZ crystals.

5.3.2CBZ: PEG3350 formulations

The same experiment was repeated with PEG 3350. figure below shows some

of theDSC tracedor the PEG 3350 formulations.

DSC traces for some of CBZ: PEG3350 formulations

N “
S
L_‘-—'j __J """’"‘\R [
——CBZ:PEG 3350
10:90 Y%w/w
‘!\] ——CBZ:PEG 3350
50:50 %w/w
—CBZ:PEG 3350
r—rr T T T 1T 1 1 1T 1T 1T 1T 1T T T T 1T 1T T T T T T T T T T T T T T 11 90:10%W/W
c888888855883588355885858888888838883873

Figure5.3-4 CBZ: PEG 3350 DSC traces
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The DSC results show that the 50:50% w/w CBZ: PEG 3350 formulation did not
crystallise during cooling, for the 90:10 % w/w CBZEG 3350 formulation both
PEG and CBZ melting and crystallisati peaks were observed. On the other hand,
the 10:90 formulation did only show PEGelting andsolidificationpeaks due to the

low CBZ concentration where the CBZ crystals dissolves in hot PEG and the DSC
cannotdetect the signal as seen befareonce ke solid solution is formed the
concentration of CBZs too low for crystals to form
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Normalised enthalpies of the phase transition of CBZ in PEG 3350
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Figure5.3-5 The melting/crystallisationpeaks of CBZ in PEG 3350rmulations

(For the enthalpies in this sectiamgrmalisedvalues were calculated based on CBZ

or PEG alone depends on the peak

The formulations with PEG 3350 dlishow similar behaviouto the PEG 300
formulations as the PEG concentration increases in the formulation the CBZ melting

point decreases The PEG 3350 did show a melting and crystallisation peak at
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low concentration At higher PEG ratidormulaion, CBZ does not crystallise
during cooling or ¥ heating step therefore, no melting peak was obsef2@80
and 10:90 (%w/w) CBZPEG 3350) From the graph above, only one sample did
not crystallise during cooling and the driggnainedin solution until the 2' heating
step this samplevas CBZ: PEG3350 50:50 (%w/w) The melting temperature of
PEG and CBZ during the®land 29 heating cycle were the sanie all the
formulationsexcept for CBZ: PEG 3350 (50:50) peakh® temperaturevas slightly
higher than the rest this due to the PEG did argstalliseduring cooling and the
CBZ crystalliseat a slightly higher temperature than what it should be PEG melting.

The enthalpy of the CBZ melting during th& dnd the 2 heating cyclewere the

same except for CBZ: PEG 3350 (50:50) was slightly higher during tHen@ating

step The PEG melting enthalpy also has the same behaviour as the CBZ except for
the 50:50 formulation where the enthalpy was higher than expected for PEG and this
is due to tle crystallisation of CB&4ot the PEG melting as discussed beforEhe

PEG enthalpies for crystallisation and melting were very close to each other in the
formulations with high CBZ content but when tt@ncentration of CBZ decreased to
40% or under, thenelting PEG enthalpy increased due tong or all of the CBZ

crystalsdissolving in the molten PEG.
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5.3.3CBZ: PEG4000 formulations

The DSC traces for CBZ in PEG 4000 did show similar pattern as the previous PEG

used.

DSC traces of CBZ: PEG 4000

——CBZ: PEG4000

10:90 %w/w
—(CBZ: PEG4000

50:50 %w/w
—CBZ: PEG4000

90:10 %w/w
CBZ: PEG4000

30:70 %w/w

Figure5.3-6 DSC traces for some of CBZ: PEG 4000
The DSC results show that tHermulations containing CBZ: PEG4000 50:50, 40:60
and 30:70 did not show PEG or CBZ crystallisataduring cooling and the drug

crystals stayed in solution
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Normalised enthalpies of the phase transition of CBZ in PEG 4000
formulations
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Figure 5.3-7 The melting/crystallisationpeaksand enthalpyof CBZ in PEG4000
formulations

The figure above shows that as the PEG concentration in the formulation increases
the melting point of CBZ decreases, the melting poinPBf5 stayed roughly the
same atll concentration. The CBZ crystallisation temperature also decreases with
increasing PEG concentratiorthe gap in peak 3 and 4 is due to no crystallisation
during cooling at these ratios. For the three formulationrevi@®BZ crystallisation
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was observed during thé%heating step their cryatisation temperature did vary,
the highest crystallisation temperature was for 50:50 (around 60°C) formulation
followed by 30:70 (around 50°@)e 40:60 which was around 10°C.

For the enthalpies the melting points of CBZ did follow the same trend as the
temperature, the only difference was that the melting enthalpies were slightly higher
in the 29 heating step than thé'heating step. The ethalpy of CBZ PEG 4000
(40:60)was higher than the 50:50 formulation the 30:70,his may be due to the
lower crystallization temperature of the CBZ: PEG4000 (40:60) formulation

5.3.4CBZ: PEG6000 formulation

DSC traces of CBZ: PEG 6000

——CBZ: PEG 6000
10:90 Y%w/w
——(BZ: PEG 6000
50:50 Yow/w
—(CBZ: PEG 6000
90:10 Yow/w

Figure5.3-8 CBZ: PEG 6000 DSC traces
The DSC traces of the CBZ: PEG 6000 formulations shows that 60: 40, 50:50 and
40:60 formulations did show the CBZ recrystallisation during tHengating step.
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At higher PEG concentration 30 and 10:90), no CBZ melting and crystallisation

peak observed due to the drug dissolving in the molten PEG and stay in solution.

Normalised enthalpies of the phase transition of CBZ in PEG 6000 formulations
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Figure5.3-9 The melting/crystallisationpeaks of CBZ in PEG6000@rmulations
The figure above shows all the results from the DSC and again the results are similar
to the other PEG discussed earlielhe PEG melting points during the*heating

step were very close to each other at all concentrations. For then€Big similar
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behaviour as before melting point decreases with decreases CBZ content in the

formulation.

The enthalpiesof CBZ in the formulations did follow the same trend as the other
formulationsprepared with other PEGThe PEG meltingnthalpes during the 1%t
heating cyclewas much higher than the ™ heating step The enthalpy of PEG
melting decreases as PEG concentration increases until @rdh@lation then
increases again in both cycles. The enthalpy of the CBZ crystallisatiory dinein
2"d heating step in the formulatic®0:40, 50:50 and 40:60 was highkan the other

formulations but still lower thathe F'heating cycle

5.4 Discussion
In this chapter CBZ was formulated with multiple PEG molecular weights at
different weightratios then analysed on the DSC using quench cooling method.
PEG 300 does not freeze or melt in our study therefore, the enthalpy of the different
peaks cannot be normalised according to the weight ratio in the formulatidris
was only done for thetber PEG formulations
The CBZ formulations with low molecular weight PEG (PEG 300) showed that at
70, 60, 50, and 40 % w of CBZ in the formulation, the crystallisation from melts will
occur during the reheating step and the crystallisation peak tetmeeirsacreases as
the CBZ content decreases:or the formulations with solid PEGs, the formulations
with 90, 80, 70 and 60 (except for PEG 6000) % w CBZ did recrystallise dineng
cooling step. At low CBZ content (30, 20 and 10%w CBZ) in the fornomathe
CBZ melting peak (at the first heating cycle) is not observed due to the drug
dissohing in PEG and does not come out of the solution during cooling and stays in
amorphous state during'®2heating step. This was also observed by Nair and
colleagies where the endothermic peak of CBZ is not evident in the DSC (edce
60% w CBZ in the formulationflue to the CBZ dissolving in PEG 4000 as the
temperature increases (Nair et al., 2002). At higher CBZ content (90, 80 and 70%
w/w), the amount of PEG not sufficient to inhibit CBZ crystallisation from melts
(Nair et al., 2002).
In order to stabilise a drygplymer interaction, a strong hydrogen bond has to be

formed between them and this bond will have an impact on the ability of the polymer
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to prevent crystal growth from the supercooled liquid dalgp, the amount of the
polymer in the formulation plays a big role in stabilising this interadfioasi and
Taylor, 2012). In our study, all the PEG molecular weights used cannot stabilise
CBZ amophous formulation a& percentagaveight of PEG lower than 40 (except
for PEG 6000). In the samples where CBZ crystallisatimom meltoccurs during
reheating, the crystallisation temperature varied fron8@RLC, depending orthe
different PEG used artd thepercentagef PEG in the formulations. The longhe
crystallisation temperature especially for PEG 4000 and 6000, the higher the
enthalpy was and this is due to CBZ nuclei quexadh the glass formulation during
cooling and upon reheating thenystallise. The formulation having a large number
of nuclei will have a lower recrystallisation temperataecording toTrasi and
Taylor (Trasi and Taylar2012)the large number of nuclei will affect the enthalpy

hence the increase in enthalpy compacetthe other formulations.

In conclusion, at a higher PEG contémtthe formulation(70% and above), CBZ
stays in amorphous form after quench cooling in all molecular weiglgd. At
lower PEG content in the formulation (30% and below), CBZ stallyses during
cooling as PEG cannot inhibit the crystallisation at these formulations.  The
recrystallisation from melt occurs between 60 to 40% CBZ in the formulation, there
is a slight variation in the crystallisation temperature and enthalpy of this

crystallisation event using the fiifent PEG molecular weights.
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Chapter 6 The effect of the addition of Poloxamer on CBZ:
PEG formulations

6.1 Introduction
Poloxamers are synthetic-tsiock of copolymers tt are known in the market as
Pluronics. The polymebased on a hydrophobic centre chain of polypropylene
oxide (PPO) and two hydrophilic end chains of polyethylene oxide (PEO)(refer to
Figure 6.1-1). Poloxames have a wide molecular weight range, which can be
achievedby varying the PEO or PPO chain lengthBoloxamer F68 (also known as
Poloxamer 188) has 80 PEO chains to 27 PPO chains with an average molecular

weight of 8595g/mol.

CHs
o o
H o) x OH
X y
PEO PPO PEO

Figure6.1-1 Poloxamer structure

Poloxamerswere usedn the pharmaceutical industry as surfactants, wetting agents,
dispersants, solubilizing agent and emulsifiers (Patel et al., 2009). The most
commonly used Poloxamers in the pharmaceutical industry are P123, P105, L61,
L121, F87, F68and F127 Ritto-Barry et al., 2014).
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Table 6.1-1 Melting Points of the different Poloxamers used in the project

Poloxamer| Appearance| PEO: PPO | Average MW| Melting Point
g/mol (O

P103 Paste 34: 60 4950 30

P123 Paste 40: 70 5750 31

F68 Solid 80: 27 8595 52

F127 Solid 200: 65 12220 56

Poloxamers were used to enhance the solubility oflp@ogueous soluble drug using
solid dispersion method. In a study, Bicalutamide was formulated with FB&,at

1:3 and 1:5 weight ratios using melt method, the results shows increase in the
dissolution rate compared to pure drug. The 1:1 formulation was best performing
formulation compared to the formulations with high F68 content. This might be due
to thegelling effect of high Poloxamer content in the formulation. (Sancheti et al.,
2008) Another study shows that F127 with Quercetin (antioxidant) solid dispersion
prepared using evaporation precipitation of nanosuspension method enhances the
dissolutionof Quercetin. Also, the formulation at 1:1 ratio shows a broad peak in
the DSC curve, which indicates that the formulation was amorphous (Kakran et al.,
2011) Fenofibrate was formulated with F127 using fusion method in a study made
by Karolewicz and alleagues. The study shows, that 16.5% w/w of fenofibrate was
needed to form eutectic mixture with F127.  Also, the result show enhanced
dissolution rate (Karolewicz et al., 2015)Poloxamers was also used to slow the
crystallisation growth rate an@ inhibit precipitation. In a study, made by Vetter
and colleagues show that the addition of F127 to Ibuprofen in ethanol/water mixture,
slow the crystal growth rate.  The higher the Poloxamer concentration in the
mixture, the slower the crystal growtdte is (Vetter et al., 2011)

In another study, made by Guzman and colleagues shows the effect of different
excipients on Celecoxib precipitation inhibition.  The results show, that F127
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inhibits precipitation less than 60 minutes whereas, P103 and3 RdRibit
precipitation for longer than 60 minutes. (Guzman et al., 2007)

In this project, Poloxamer F127, P123, P103 and F68 were used to study their effects
on stabilising the CBZ recrystallisation event that happens after qwentihg and

to studytheir effects on the aqueous dissolution of CBZ in PEG formulations.
6.2 Method

6.2.1Formulation preparation

Formulations of CBZ: PEG: Poloxamer were prepared at 50:40:10 %w/w ratio using
the melt method. The PEG used in this chapis REG 300:4000 mixture and

PEG 6000, where the solid solution was observed. The polymers were weighed in a
glass vial and heated on a hot plate until the mixture melts at arou@d 5then the

CBZ was added and mixed thoroughly. The formulations were left to cool in a
desiccabr. The formulations were studied in the DSC (normal cool and quench
cooled method were used), hot stage microscope and Sirius T3 for diss@uién (
and2.2.9.

6.2.2 Stability study

The stability of the different formulations at different temperatures (0, 10 and 20°C)
was studied using the DSC. The samples were placed in the DSC pan and heated to
210°C at 10°C/min then quencooled to-20°C at 30°C/min cooling ta. The pan

then reheated to the required temperature and held at this temperature for 1 hour

before the temperature was increased again to 210°C at 10°C/min.

6.3 Results

6.3.1DSC and hot stage microscopy results of the different

formulations

The Poloxamers sl in this experiment have a low melting point. For the P group
the melting points was between-3R2°C and for the F group was betweenrS&2C

(refer toTable6.1-1). The melting point of the F group Poloxamer isseldo the
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melting point of the PEG 300: 4000 (50:50 %w/w) mixture which is aroun@ 50
(refer toFigure 6.3-1) and the melting point of PEG6000 was G5Table 3.3-2).
The freezing point of F127 (3C) was higher than the PEG 300:4000°(30

Melting and Freezing point of PEG300:4000 and
000 F127

25.00 -
20.00 -
15.00 -
10.00 -
5.00 - —
0.00 - « / -
-5.00 -

-10.00

mw
o
~

-15.00

=—F127

-20.00
= PEG 300:4000

'25.00 T T T T T T T T T T T T T T T T T T T T T T T T T T 1

Figure6.3-1 Melting and freezing point of PEG 300:4000 mixture and F127

The effect of the Poloxamer F127 on the melting / freezing of the PEG blend is
shown in the figure and the table belotigure 6.3-2 and Table 6.31). One
endothermic peak was observed in the DSC curve, which indicates that the
Poloxamer and PEG form one phase when they melt, the melting point of PEG blend
stayed the same around B0 The freezing point of PEG 300: 4000 at 50:50
(%w/w) was around 3@; the addition of F127 did not change the freezing point of

the PEG blend even at high F127 concentration.
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Melting and cooling of PEG300:4000 blend with different ratio of
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Figure6.3-2 The effect of F127 concentration on PEG 300: 4000 btenohelting
and coolingpoint

The figure above shows the heatimgoling DSC traces of PEG 300:4000 mixture
(50:50 %wi/w) blended with F127 at different concemrat The table below shows

the melting and freezing point of these formulations.
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Table 6.3-1 Melting and freezing point of PEG blend with the different

concentration of F127

PEG 300: 4000: F12| Melting point| Freezing point
(Yow/wiw) C C
45:45:10 51 30
35:35:30 50 29
25:25:50 52 31

The DSC results for the different CBZ formulations shows one melting peak was
seen for the formulation containing F127 and F68 Poloxamer at around 50°C with
PEG 300:4000nixture and 60°C with PEG 6000. A small endothermic peak was
observed between 2Z8°C for the Poloxamer P103 and P123. Altering the cooling
rate in the DSC experiments showed a difference in the thermal events associated
with crystallisation. In theormal cooling rate at 10°C/min, two peaks appeared
during cooling. One starts at around 85°C correspond to CBZ crystallising, and the
other peak around 20°C, correspond to the PEG/Poloxamer freezing. (Refer to
Figure6.3-3)
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Heat-normal cool-heat DSC trace
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Figure6.3-3 Heatnormal coolheat DSC curve

The figure above shows the typical characteristics of a DSC curve of the
formulations used. The different CBZ formulations DSC curves alignedhaith

stage microscopy figures are discussed later in this section.

For the quench cooled samples, no CBZ crystallisation was seen in some of the
samples studied (such as in CBZ: PEG 300: 4000:P103). Some samples show one
peak at polymer blend crystaling temperature (such as in CBZ: PEG 300: 4000:

F68 formulation) and other samples two peaks were observed one fGBth and

one for the polymefrefer toFigure6.3-4).
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Quench cooling step for some formulations with pluronic
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Figure6.3-4 Quench cooling step for CBZ: PEG 300: 4000: Poloxamer

In some samples where no CBZ crystallisation was observed or a very small
exothermic peak was seen during cooling, a peak of polymer melting at 50°C
followed at thesame temperature by an exothermic peak which is for CBZ
crystallisation during the second heating stegSome of the formulations were
studied under hot stage microscopy using the same method as the DSC method. The
results are shown in the sectionsadvelfrom 6.3.2to 6.3.4 The data for one

formulation is divided into three parts:
Part 1: # heating cycle

Part 2: normal cool and'2heating cycle
Part 3: quench coaind 29 heating cycle

The numbers on the figures below corresponds to the hot stage microscopy images
aligned with the DSC trace to show exactly the temperature where the event or the
images are taking place.

CBZ: F127 was formulated to study the effeftF127 alone on the CBZ crystal

behaviour with the heatookheat cycle.
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6.3.2CBZ: F127 (50:50)

6.3.2.1Part 1: 1%t heating cycle

The first heating cycle showwd main peaks: Peak 1 and Peak 2 ffeigure6.3-3.
The numlers on the DSC curves aakgnedwith the microscope images below.

15t heating cycle for CBZ: F127

Figure6.3-5 CBZ: F127 1st heating cycle DSC curve

(Image 1 was taken at 50°C, where F127 in the formulation starts to melt and the
CBZ crystals appears to have a rock round shape within the formulation. AT,150
the drug crystals start to change form from rock shape (form l1ll) to the needle shape
(form 1). Image 2 was taken at 1&D) where all the crystals have changed form.
Image 3 vas taken at 18T, where the CBZ crystals are melting and around @95

all the CBZ crystals will be isolution)
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The DSC curve of theslheating cycle shows three thermal events: melting of the
Poloxamer F127 followed by a change of crystal form flOBZ form Il to form |

then melting of CBZ form I. CBZ has previously shown this pattern in section
41.1

6.3.2.2Part 2: normal cooling and the 29 heating step

Cooling and 2" heating step at normal cooling rate

1000

5.00

0.00

-1000

Figure6.3-6 Normal cooling and " heating step of CBZ: F127

(During the cooling step at 10/min, CBZ crystals start to appear at 180 The
crystals have a very fine; needle shaped as shown in image 4 and then the
crystalisation stops at 125. As the ample continues to cool new CBZ crystals
start to grow at 11%. Image 5 was taken at I@where the newly grown CBZ
crystals has a long needle shapeich starts from a trapped nucleasd then the

CBZ growth stopped. On the reheating cycle, atC§the F127 melts again, and a

small CBZ crystals start to grow as shown in image 6. AtQpthe CBZ crystal
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growth stopped (image 7). Picture 8 was taken at@,7@here the CBZ crystals

start to melts.)

During the normal cool rate, two peaks wereeasbed in the DSC curve: one at
around 165C, which is for CBZ crystallisation (Peak 3 kigure6.3-3) followed by
another peak at 3& (Peak 4) which correspontitsthe F127 crystallising. During

the 2 heatingstep, two endothermic peaks can be seen which corresponds for F127

and CBZ melting.

The hot stage microscopy data for CBZ: F127 (normal cooled) were slightly different
than the DSC data. The crystallisation of CBZ on the hot stage started around
130 C instead of 168C (on the DSC). Also in thé'®heating cycle a small crystal
growth at 60C was observed under the microscope was not seen in the DSC curve,
which might be due to the F127 melting and the CBZ crystallising at the same time
and the enthalpgf F 127 melting was higher than the enthalpy of CBZ crystallising,

therefore, the DSC trace did not show this event.
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6.3.2.3Part 3: quench coolling and 2¢ heating step

Quench cooling and the 2" heating step of CBZ:F127
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Figure6.3-7 Quench cooling step arthd heating step for CBZ: F127

(During quench cooling step at Emin, very fine branched needle shaped CBZ
crystals start to grow at 105 (image 4 was taken at 1@). Image 5 was taken at
75 C where the CBZ crystals stopped growing. Image 6 was tikeng the 2¢
heating cycle, at 6@ the crystals start to grow from the solution where no previous
crystallisation was observed. Image 7 was taken & ;8be needle shape crystals

become bigger. Image 8 shows the CBZ crystals start to melt &.170

The quench cooling and"®heating DSC curve shows two small peaks during
cooling which corresponds to CBZ and F127 respectively. During"thieeating
step, a small endothermic peak at around4ihdicates F127 melting followed by a
hump, whichindicates a phase of CBZ crystallisation. Another endothermic peak

was observed around 17D, which corresponds to CBZ melting.
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The hot stage microscopy results for the quench cooling of CBZ: F127 were in
agreement with the DSC curve. A small CBZ &1i®7 crystallisation event was
observed during cooling and in th&! heating step; F127 melts then CBZ crystals
starts to grow. The crystals grew from nuclei to form a flower shaped crystals, the
CBZ crystalsformed existasform 1l.  The CBZ crystal§rom the quench cooled
sample looked more uniform than the normal cooled ones. Also, more crystals
appeared than in the normal cooled sample. In both samples the CBZ crystals had a

needle shape crystahd they exist in form I
6.3.3CBZ: PEG 300: 4000: F1Z (50:20:20:10)
6.3.3.1Part 1:1% heating cycle

The F' heating cycle of CBZ: PEG 300: 4000:F127 on the DSC shows two
endothermic peaks: one around GQwhich is for the melting of the polymer blend
and the 2 peak for the CBZ melting. The hot stage micrpgcanages are

presented below.
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151 DSC heating cycle for CBZ:PEG 300:4000:F127
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Figure6.3-8 1t heating cycle for CBZ: PEG 300: 4000:F127

(Image 1 was taken at 2D and it shows the polymer mix covers the drug particles.
Image 2 was taken at BD where the polymer mixture starts to melt and the CBZ
drug cnstals can be seen now. Image 3 was taken aiC120BZ needle shaped
crystals start to grow. Image 4 was taken at C5@here most of the CBZ crystals
have changed form to needle shape crystals (form I). Image 5 was takenGt 175
and it shows thamost of the CBZ crystals have melted and at ©8the drug is in

solution)
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6.3.3.2Part 2: normal cooling and 2 heating cycle

Figure6.3-9 Normal cooling and 2nd heating cycle for CBZ: PEG 300: 4000: F127
(The sample was cooled at @Wmin and the first CBZ crystal growth appears at

40 C, image 6 was taken at 3. Only a few CBZ crystals appeared dgraooling

and they did not grow fast, the polymmiixture appears as streaks when cooled.
(The arrow in image 7 points to the polymer mixture streaks). When the sample was
heated for the™ time, at 50C more crystals did form on top of the older ¢tajs as
shown inimage 8. Image 9 was taken atlb@here more CBZ crystals are formed.

At 80 C, the crystals stopped growing as shown in image 10. The CBZ crystals start
to melt as the temperature exceeded C30mage 11 was taken at 170 where

same of the CBZ crystals are in the liquid state.)

The DSC curve shows that during cooling two exothermic peaks one aroudd 85

corresponds for CBZ crystallising and the other peak a€ 1§ for the polymer
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