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Abstract

The aim of the current research was to developstased release hydrophobic matrix
drug delivery system utilising extrusion spherotisa The initial formulation supplied
was Sebomin® MR 100mg capsules, an oral modifiégglase commercial product. A
technological transfer was undertaken to reprodiiee Sebomin® multiparticulate
product utilising lab-scale extrusion/spheronisatioequipment. On successful
completion, modulation of various processing patanseand the effect on the resultant

granule and pellet characteristics evaluated.

The potential to develop a sustained release watkixnfrmulation via the current
technology was unsuccessful and led to the devedopf a hot-melt spray system. To
characterise and validate the hot-melt spray sys@FAT and experimental design
approaches were utilised. The process proved tgobast and reproducible in the
production of sprayed wax granules. A stability dstuof the sprayed glyceryl
monostearate (GMS) granules indicated the produaifathe unstable-form of GMS,

during storage the GMS reverted into the stékierm.

Incorporation of active pharmaceutical ingredieatsdl additional excipients into the
sprayed wax matrix system enabled in-vitro propsrto be evaluated from both sprayed
solid solutions and solid dispersions. Screeniogneues including differential scanning
calorimetry, FT-IR, hot-stage microscopy, X-ray pmtw diffraction, scanning electron
microscopy and dissolution testing were successértiployed to identify changes to the

physicochemical properties of materials that magaot product performance.



Nomenclature

A Absorbance

A(1%, 1cm) Absorbance of a 1%w/v solution of a laet
ANOVA Analysis of variance

API Active pharmaceutical ingredient

ATR Attenuated total reflectance

b Pathlength in centimeters

BP British Pharmacopeia

C Concentration (g/100ml)

CMC Critical Micelle Concentration

DCP Dibasic calcium phosphate dehydrate (Encosspre
DDEP Drug delivery enhanced products

DOE Design of experiments

DSC Differential Scanning Calorimetry

0 Diffraction angle

EMEA European Agency for the Evaluation of MedatiProducts
F1 Difference factor

F, Similarity factor

FDA Federal drug agency

FT-IR Fourier transform infrared spectrophotomete
g Grams (weight)

GIT Gastrointestinal tract

GMS Glyceryl monostearate



HCI
HEC
HGC
HLB
HME
HPC
HPMC
HSM
IBFN
ICH

IPA

IVIVC
KBr
Log P
MCC
MR
MW
OFAT
PAT
PC
PCM

PIT

Hydrochloric acid

Hydroxyethyl cellulose

Hard gelatin capsule
Hydrophilic-lipophilic balance
Hot-melt extrusion
Hydroxypropyl cellulose
Hydroxypropylmethyl cellulose
Hot stage microscopy
Ibuprofen

International conference of harmonisation
Isopropyl alcohol

Immediate release

In-vitro andin-vivo correlation (IVIVC)
Potassium bromide

Lipid/water partition coefficient
Microcrystalline cellulose
Modified release

Molecular weight

One factor at a time

Process analytical technology
Powder cellulose

Paracetamol

Processing- induced transformation

Vi



PEG
PLGA
PSD
PSR
PVP
QbD
Q8
Q9
Q10
SD
SEM

SR

AT

t70%

uv

XRPD

Polyethylene glycol

Copolymer (L-lactic/glycolic acid)

Particle size distribution

Particle size reduction

Polyvinylpyrrolidine

Quality by design

ICH guidelines — pharmaceutical development
ICH guidelines — Quality risk management
ICH guidelines — Pharmaceutical quality syste
Standard deviation

Scanning electron microscopy

Sustained release

Time

Transmittance

Thermal differences

Time to 70% drug release

Ultraviolet

wavelength

X ray pattern diffraction
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1. Introduction

1.1General Introduction

Despite the current economic downturn ongoing imyngarts of the world, the patient
demand for pharmaceutical products remains glohalbffected. Global pharmaceutical
growth is anticipated to grow by $300 billion ov#re next five years reaching
$1.1trillion by 2014 (Gatyas, 2011). Pharmaceutindustry business has shifted in the
last decade with the number and market share ofrgemroducts significantly
increasing. This places pressure on the cost-eftewtss of the new drug discovery and
development programs due to the ever increasingnéial and time implications

associated with development of new chemical estitie

Successful drug compounds cost approximately $80®mand undergo 10 to 15 years
development including collaborations with a numbgr research fields such as
pharmacology, chemistry, toxicology, clinical resda and formulation development
(Woodcock & Woosley, 2008). For every successfuugdrcompound on the
pharmaceutical market it is estimated 5,000 to A®,dew chemical entities with
therapeutic potential fail to reach the market (&iwl., 2009). This can be due to variety
of reasons such as unacceptable toxicity or thmir therapeutic potential in clinical

trials.

Many aspects of drug development are aimed af\gatisthe regulatory requirements of
the drug licensing authorities. However, in ordeiobtain regulatory control of the drug

discovery process innovation has been suppressed. rAsult the regulatory authorities



have revised their approach to new and generic dawglopment by introducing an
initiative. The risk based approach proposed byHDA includes concepts of ‘quality by
design’ and product ‘design space’ intended to robaand modernise regulation of
pharmaceutical manufacturing and product qualitgrvadopting modern and innovative
technology (Dickinson et al., 2008; ICH Harmonisé&dpartite Guideline., 2009;

Woodcock & Woosley, 2008).

Oral formulations account for 60% of the entire bglb pharmaceutical market, with
sustained release products representing 95% ototlaé oral drug delivery enhanced
products (DDEP’s), which was estimated as $31duillin 2009 (Espicom Limited,

2011). Oral drug delivery is recognised as the noostvenient route for regular drug
administrations as it is non-invasive, requiresp@madministration and has a higher

patient compliance in comparison with other adntiats/e techniques.

Sustained release oral dosage forms for new draigjesnnot only improve patient
compliance but are advantageous over other muldipgeng products produced and
marketed for the same therapeutic category. SRgeokams produced for established
drugs also improve patient compliance in repealyddbsing, compared to their
conventional (IR) equivalents, and can lead to rekte patent protection as the generic

equivalents could be based on multiple-dosing féatians.

From a physiological perspective, the use of aasnuestl release oral drug delivery system

is to obtain controlled, predictable and extendabieg release into the Gl tract post-



administration and enables maintenance of drugy@asoncentrations within a desirable
therapeutic range with minimum side effects. Flattin of drug concentration in the
blood plasma is undesirable if it exceeds the f{ymrtic range. The drug plasma
concentration should be maintained above the minthexapeutic effective range and
below the minimal toxic concentration, this will gwent the drug becoming

physiologically insignificant or causing unwantedeseffects and toxicity (Figure 1.1).

A Maximum safe
concentration
S . Peak T
O concentration
g g Therapeutic
o v range
=
g2 i
c C
L
8 : - S S B
3 <~ Duration—> Minimum effective
1 ‘ concentration
% ; . >
T ' Time following administration
: _| of a single dose
Onset Time of peak
concentration

Figure 1.1 Relationship between the plasma comagotr and time following

administration of a single dose (Adapted from Anjt2002).

For an oral dosage form to achieve the desirablg-glasma concentration, the drug
must successfully dissolve in the Gl fluid post adstration, to enable drug absorption

from the GI tract into the blood plasma. Howevdre tGl tract is a challenging



environment for drug compounds and various phygioll factors may impact on the
rate of dissolution and drug absorption. The rafegastric emptying, first-pass
metabolism, chemical and enzymatic degradationdéifulsion across the gastrointestinal

site may impact on the bioavailability of the dii@gction 1.8.4.7).

Commercial products are able to prolong the ecoaayicle of the drug by updating
formulation design of the generic equivalents, edieg their patent protection. Marketed
immediate release products could achieve this bydyming a sustained release
formulation for the same therapeutic indication.stdined release reduces dosage
frequency and regulates drug release within atba&i@peutic range for extended periods
of time, providing continuous drug therapy. Thetcolted drug release rate also protects
the drug from the gastrointestinal environment amdimises the risk of adverse side
effects often associated with conventional immedratease (IR) dosage forms (Bacon et

al., 2002).

The aim of this research was to investigate drutpase from a hydrophobic
multiparticulate dosage form as a drug deliventfptan. This introduction reviews the
relevant topics associated with this project inolgd sustained release dosage forms,
hydrophobic matrix pellet delivery systems, soligp@rsions, formulation excipients and

drug monographs.



1.2 History of sustained release oral dosage forms

The earliest written evidence of slow releasingl atasage forms for therapeutic
administration was in traditional Chinese mediciirethe mid-thirteenth century but the
discovery may have been as early as the secondrgemhere it is suggested animal fat
was utilised as a binder in ancient dosage formen(\& Park, 2010). However, it is in

recent decades the development of sustained retkzssge forms advanced into the

extensively researched science it has become.

Between the 1940’'s and 1990’s, increased avaitgbtif semi-synthetic cellulose
derivatives and fully synthetic polymethacrylateded the advancements in enteric
coatings (Gazzaniga et al, 1994; Phillip & Phillg)10), simultaneously followed by
availability of hydrophilic gel-forming polymers macting on the development of
enhanced oral dosage form design (Barakat et @9;2Dee & Peppas, 1987). Other
significant milestones in the evolution of oral dge form design were the introduction
of Spansul® technology by Smith Kline & French (Tiwari & RajaBiahboomi, 2008;
Wen & Park, 2010) and the development of commemmiatiucts utilising oral osmotic
drug delivery systems which revolutionised concefats controlled release systems

(Theeuwes & Higuchi, 1974).

This increased interest was further encouragedhiey high market demand for the
controlled release products and was followed by é¢b&@blishment of pharmaceutical
related disciplines such as biopharmaceutics, paewkinetics and physical pharmacy

fields. These advancements in our knowledge oferi@s$, physicochemistry, drug



delivery mechanisms and Gl physiology further pliggethe development of controlled

release drug delivery systems.

The growth of oral controlled drug delivery systemisiated the requirement for robust
technologies, improved process monitoring and dicaly support. To achieve these
major advances in equipment and processes a nurhibechnical challenges were met
and overcome, these were primarily dictated bypimesicochemical properties of drug
compounds. These include solubility, drug loadipgrticle size, surface properties,
stability and polymorphism which have to be consdeprior to a successful dosage
form being achieved. Formulations lacking thesesm®rations may exhibit batch to
batch variability, impacting on the quality of pessing and product performance

(Section 1.8.4).

To overcome these technical and physiological ehgks there are two main stages
involved in the development of an oral modified girdelivery system. The first is to
characterise drug characteristics and define anopppte clinical rationale. The second
is to determine a suitable technology that willdarce the desired dosage form and is also
practical when advancing from feasibility to scafe batches and experimental analysis
to identify any risks that may lead to potentiabldnges. Additionally, determining
suitable test methods thm-vitro and in-vivo correlation (IVIVC) can assist in

formulation, process and scale-up development atichsation.



1.3 Characterisation of sustained release dosagetrits

Sustained release dosage forms can be characterisevo groups; single unit dosage
forms and multiple unit, or multiparticulate, dosafprms. Single unit dosage forms
consist of a unit containing one dose of drug. Malticulate dosage forms, also referred
to as pellets or beads, are spherical (or nearigpghjesubunits that comprise of the oral
active formulation. They are regular in shape amhdgenous in size but typically range
between 0.5 and 2mm depending on their desiredcagiph (Aulton, 2002; Gandhi et

al., 1999) and exhibit surface texture, inter-gtanuand intra-granular porosity

characteristics. The pellet surface texture and$ty can influence the rate of drug
release from both matrix pellets and coated pebeis also impact on the degree of
deformation of pellet compression into tablets (Abet al., 2010; Galland et al., 2007,

Tunén et al., 2003).

Multiparticulate dosage forms have been producethé pharmaceutical industry for
decades (Galland et al., 2005) and have proceasivgntages. Processing advantages of
multiparticulates include low friability, betterofivability properties, narrower particle
distributions, high drug loading without increasitige size of the dosage form and the
ability to combine different API's within the dosadorm. (Chukwumezie et al., 2002;
Vervaet et al., 1995). Disadvantages associatdd mitltiparticulates are the complexity
of process development, for example pellet coadimg) extrusion/spheronisation, making
manufacture often more difficult, time-consuming darexpensive compared to
manufacturing processes utilised for single unsgtems. Pelletisation techniques are

discussed in Section 1.8.3.



1.4 Definition of sustained release dosage forms
A sustained release (SR) dosage form is a devateattcommodates and releases a drug
at a predetermined rate over an extended periotinaf. The British Pharmacopoeia
(2012) recommends dissolution testing as a ‘goktandard’ to characterise the rate of
drug release in oral dosage forms and describé¢sised released as:
* Normally expected to consist of 3 or more time poexpressed in hours.
» The first specification point is set after a tegtiperiod corresponding to a
dissolved amount of typically 20 per cent to 30 qent.
» The second specification point defines the dissmiupattern and so is set at
around 50 per cent release.
» The final specification point is intended to ensal®@ost complete release which

is generally understood as more than 80 per cézdse.

Whereas, the rate of drug release for a converitiomaediate release dosage form is
expressed as one time point to ensure at leaste7Tgnt of the active substance is

released within 45 min.

1.5Mechanisms of drug release

Common release mechanisms associated with sustdimgdrelease include diffusion,
dissolution, swelling, solvent-activated systemsl golymeric degradation (Aulton,
2002; Grassi & Grassi, 2005; Wesselingh, 1993)hydrophobic matrix systems, the
most common mechanisms are pore diffusion, sudagsion or a complex combination

of both.



Diffusion is usually associated with non-disintégrg dosage forms such as matrix
formulations and reservoir systems. The mechanisdnug release is based on diffusion
of the drug through the matrix and into the dissolumedia in accordance with Ficks
laws and the Noyes-Whitney equation for spherieatiges (Aulton, 2002). The rate of
diffusion is controlled by the concentration gradibetween the drug in the dosage form,
the rate of dissolution media penetration into thgtrix and the drug solubility in the

media.

Erosion is exhibited in homogenous formulationshwéa disintegrating matrix, for

example, polyanhydride polymers (Gandhi et al.,.99%he mechanism of drug release
iIs based on surface erosion or bulk hydrolytic ddgtion of the dosage form when
dissolution media interacts with the matrix surfatleus liberating the drug when
disintegrating. The rate of erosion is controllgdoe polymer composition of the matrix,

formulation geometry and mass transfer phenome@opferich & Tessmar, 2002).

1.6 Kinetics
A variety of drug release kinetics can be exhibibgdorally sustained release delivery
systems. These include zero-order, first-orderpms@é®rder, Higuchi and anomalous
models (Table 1.1). A general drug release equdtianhcan be applied to oral polymeric
dosage forms is (Ritger & Peppas, 1987a):

M = Kt" (Equation 1.1)
[Where M = amount of drug dissolved, K = dissolaticonstant, t = time, n = release

exponent]



The release exponent of a dosage form (n) is itidecaf the mechanism of drug release

from oral formulations (Siepmann & Peppas, 2001)isTenables release profiles to be

fitted to mathematical models allowing mechanistinderstanding and theoretical

predictions of products undergoing pharmaceutieaetbpment.

Table 1.1 Drug release kinetics exhibited by oralystained release dosage forms

(Adapted from Costa & Sousa Lobo, 2001; Korsmeyat.e1983).

Release Drug Equation Characteristics
exponent| transport
(n) mechanism
0.5 Higuchi M, = Kyt’® The drug diffusion pathway through an inert maigxa
(Fickian linear function to the square root of time. Inclsdeater
Diffusion) soluble/low water soluble drugs incorporated intms
solid/solid matrices of waxes and plastic polym
(Agrawal et al., 2003; Quadir et al., 2003; Rinekial.,
2003; Said & Al-Shora, 1980; Sung et al., 1996; Zled
al., 1997).
0.5<n<1 Anomalous | MJ/M,, = K¢t" | Release mechanism deviates from the Fickian eaqu

(non-Fickian)

following an anomalous behaviour but can be appli@
Korsmeyer-Peppas model, also known as the Power
where a combination of diffusion and erosion patys\are
involved. This release mechanism is exhibited iated
granule/tablet, microencapsulated and HPMC ba
formulations (Colombo et al.,, 1999; Ochoa et

2005;.Rekhi et al., 1999; Ritger & Peppas, 1987ayeR &

Peppas, 1987h, Serra et al., 2006; Zhou et al7)199

ers

At

aw

1sed

al.,

10



1.0 Zero-order M, = My +Kot | Dosage forms do not disaggregate and releaselring
release slowly. Release mechanism is independent of area
(linear) changes, equilibrium conditions and time. Exhibited
matrix tablets with low solubility drugs, coated sage
forms, osmotic and transdermal systems (Conte .et al
1993; Costa & Sousa Lobo, 2001; Hossain et al.42p0

Varelas et al., 1995; Yonezawa et al., 2002).

n>1.0 First-order M = M Mechanism of drug release involves the swelling| of
release polymers within the matrix, enabling drug to dissohnd
(non-linear) diffuse through a boundary layer. Diffusion rate |is

dependent on the concentration gradient. Exhibiteg
hydrogel polymer and hydrophiic HPMC matrix

formulations (Ehtezazi et al., 2000; Hayashi et 2005;

Siepmann & Peppas, 2001; Sood & Panchagnula, 199?).

[Where t = time, M= amount of drug dissolved in time t,.M amount of maximum
drug dissolved, M= initial amount of drug dissolved,s&= Higuchi dissolution constant,
Kk = Korsmeyer-Peppas dissolution constang,=KZero order release constant, K

First order release constang & Second order release constant].

Ideally drug release would follow zero-order kiosti(n=1) and the drug plasma
concentration would remain constant throughout ddedjvery. However, for most
tablets, capsules, coated or sustained releases frentheoretical fundament of zero-
order does not exist. Most multiparticulate dosfagms have an initial zero-order release
when the drug remains undissolved but once theeedtug load of the formulation is
dissolved, first-order kinetics and Higuchi release exhibited due to formulation factors

including particle size, porosity and compressioharacteristics, the dose and
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physicochemical properties of the drug and the imm&inder used. First-order kinetics
can be problematic because initial high-blood Iewadlthe drugs are obtained leading to
an exponential decrease. This rapid increase ardeake in the drug plasma
concentration makes achieving a balance betweeit txd effective drug therapy

extremely challenging (Figure 1.1).

1.7 Matrix pellet delivery systems

A matrix system is defined as a heterogeneous wigpe of drug particles in a solid
matrix that can be biodegradable or non-biodegriadéBandhi et al., 1999) and is
commonly used in the manufacture of sustained seleimsage forms. The drug release
within the formulation involves diffusion, erosioswelling or a combination of both as
previously discussed in Section 1.5. The rate ofdelease from the matrix is controlled
by formulation factors including the amount of druymprosity, length of pores, drug

solubility and matrix characteristics.

Matrix characteristics such as matrix structurdease Kkinetics, controlled release

properties and chemical nature and properties enpoaent materials can be used to

classify matrix systems into five groups (Table)1.2
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Table 1.2 Matrix classification system.

Matrix Type

Characteristics

Hydrophilic

Diffusion is the rate determining factor in unliet

swelling. Drug release is controlled by limited

swelling of gellable polymers such as HPMC, HH
HEC (Aulton, 2002; Bravo et al., 2002; Gandhi

al., 1999).

Inert

Cy

et

Drug is embedded in an inert polymer e€.g

ethylcellulose. Drug release is controlled
diffusion (Agrawal et al., 2003; Aulton, 2002; Bar

et al., 2000).

Hydrophobic

Drug release is controlled by diffusion, surfg

erosion or both. Lipophilic waxes including GMS,

carnuba wax, bees wax, stearic acid, cetyl alcg
cetostearyl alcohol can be used (Dredan et al§;1
Tiwari et al., 2003; Quadir et al., 2003; Vergote

al., 2001).

Biodegradable

Non lipophilic in nature. Drug releas controlled
by surface erosion. Examples are poly(anhydr

and PLGA matrices (Gandhi et al., 1999).

Resin

Drug release is from the resin-drug complex whi

is dependent on the surrounding ionic environm

Example lon exchange resin (Gandhi et al., 1999

Matrix systems have several advantages over othar dosage forms including,

availability of a wide range of excipients, poskipiof using difference mechanisms of

drug release control and high drug loading capgb#liminates the use of solvents and
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the need for film coatings reducing process expansktime. Removing the requirement
of polymeric film coatings also reduces erraticglralease profiles associated with film
thickness, film coating and polymer ageing, thaemfcauses batch-to-batch variability
during production (Gandhi et al., 1999). Howeveaxwnatrix pellets and granules have
demonstrated aggregation issues during product®na aesult of their small size

(Miyagawa et al., 1996). Irreproducible drug retegsofiles may also result from the
variable nature of the waxes, particle size diatidn and excipient concentrations which

must be considered prior to matrix pellet desigec(®n 1.8.4).

1.8 Hydrophobic materials

For several decades hydrophobic materials have Ieermoughly investigated and
incorporated into drug delivery systems, they asenmonly used as matrix forming
components and extensively used in dosage forms wheorporated with drug to
achieve sustained release, tastemasking, stalmfiprovements or amorphous form.
These materials are lipophilic in nature, waterolable but have some solubility in

organic solvents such as ethanol, chloroform ahdret

The use of a hydrophobic material provides a palgicadvantage when it is unchanged
by erosion or swelling during drug release (GremNgstrom, 1999). This ability of the
material to be chemically inert and stable in cosifgan when in the presence of other
materials at different pH values and moisture Igvehakes it non-toxic and safe for
human use. Production of a hydrophobic matrix canpiboduced by simple melt

techniques as these hydrophobic materials haverleliing points.
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1.8.1 Classification
Hydrophobic materials can also be referred to pisldi which are organic substances
present in all living organisms and include fatés,ovaxes and other related materials.

Simple lipids can be classified into two main greuywaxes and glycerides (Table 1.3).

Table 1.3. Classification of simple lipids.

Lipid type Characteristics

Waxes Waxes are simple esters of fatty acids wibhals (other than glycerol).
They may contain free hydroxyl groups (hydroxyoocsyi

hydroxystearate) or free fatty acid functions witkihe molecule. They ar

[¢)

hydrophobic, plastic solids with low melting temakrres (above 45°C)
and have relatively low viscosity when molten. Pabyphism of waxes i$
less common compared to glycerides due to the rdiffes in subcell
arrangements. Examples include beeswax, carnaubx \&ad

microcrystalline wax (Jenning & Gohla, 2000).

1Y

Glycerides Glycerides are esters of triglyceridepartial glycerides and fatty acid
They can be monoacidic or polyacidic depending beirt fatty acid
composition. Fats are glycerides of saturated fatigs including capric|

lauric, myristic, palmitic and stearic acids (Lid&81) and polar in nature.

o

Oils are glycerides comprising of unsaturated fattigls such as oleic ac
and linolenic acid and are non-polar in nature.cétides appear obdurate
and dull. They can form three or more polymorptienfs due to thei
ability to crystallise into different subcell argaments. Examples include

Gelucire§ such as glyceryl behenate (Compfijolglyceryl monostearat

1]

(Imwitor®), glyceryl palmito-stearate (Precifdlgelucires (Hamdani et al|,

2003; Jenning & Gohla, 2000; Sutananta et al., k294
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1.8.2 Hydrophile-lipophile balance (HLB) system

The HLB system was first introduced in 1949 by V&ith C. Griffin of the Atlas Powder
Company, who devised an arbitrary scale of valoeséasure the degree of hydrophilic
and lipophilic component of non-ionic surfactants;luding oils and waxes. All non-
ionic surfactants have a HLB value between O andvh&h is an indication of the
surfactant solubility, the higher this value therenbydrophilic the agent, the lower the

value the more lipophilic the agent (Figure 1.2).

B Lipophilic | Hydrophilic R
- | >
HLB value
0 3 6 9 12 15 18
I S I S s I O
I_'_I I |
I
Antifoaming agent O/W Emulsifying agent
I | |
I
W/O Emulsifying agent Detergent
Wetting and spreading agent Solubilizing agent

Figure 1.2 A HLB scale of the surfactant proper{®dapted from Martin, 1993).

In addition, the HLB values of oil and waxes can determined from products and
mixtures based on molecular weight percentages@i eomponent (Equation 1.2). This
enables an individual to select the surfactanss laend based on the required application

of the final product.
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HLBag = Xa(HLBA) + xg(HLBg) Equation [1.2]
Where: AB = mixture, A = component A of mixtureBcomponent B of mixture,

X = % of component (Adapted from Aulton, 2002).

1.8.3 Hydrophobic matrix pelletisation

Lipids are the most favourable carriers for marghiteques including melt granulation,
melt extrusion, melt solidification and extrusigshsronisation. Manufacturing methods
must have robust processes to facilitate scalefupeoequipment that does not impact
the quality of pelletisation or the properties bktactive dosage form during mass-
produced pellets, whilst maintaining relatively lawanufacturing costs. Pelletisation
techniques applied primarily depend on the desiapglication and manufacturer.

Common manufacturing processes are summarisecbie Tat.

Table 1.4. Common wax matrix pelletisation techeggu

Pelletisation Technique Characteristics

Extrusion/Spheronisation Section 1.8.3.1

Spray Congealing Section 1.8.3.6

Melt granulation Melt granulation is a rapid, soive free, inexpensive technique.

>

Homogenisation of drug, carrier and excipients agkieved in a heated hig
shear mixer, with a controlled temperature. It iwes the use of a carrier with
a low melt temperature, which acts as a liquid eimdt is either added in g
molten state or melts due to friction generated dea to the impellor blades

during mixing. (Campisi et al., 1999; Passeriniabt 2002; Passerini et al.

2006; Walker et al., 2006).
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Hot-melt extrusion

(HME)

HME is a rapid, simple, water/solvent free, continsl procedure that cg

temperature, above the binder melting point. Theueate is formed and the

release is controlled by diffusion (BreitenbachQ20Rahman et al., 2009; S

et al., 2004).

Direct warm

spheronisation

associated with wet granulation and extrusion. Hgemisation of active

carrier and excipients is achieved by producingtanhelt mixture. On cooling

spherical pellets (Phajongwiriyathorn, 2008).

Freeze pelletisation/ me

solidification

t This is a simple and rapid technique, where thizaabgredient is dispersed i
the hydrophobic molten carrier and the mixturentsaduced in droplet form t
an inert, immiscible liquid. In reaction to thedid, the droplets solidify intg
spherical, non porous pellets with a narrow sizstrithution. Hydrophilic

coolants can include liquid PEGs (MW 200-600), gtepe glycol, glycerin,

column as the matrix density is less than thathefltquid (Cheboyina et al

2004; Cheboyina & Wyandt, 2008; Kamble et al., 20@dhman et al., 2009).

produce pellets from a molten binder. A hopper $edte drug, binder and

excipients directly into a heated screw-feed exrudt a pre-determined

shaped in a jacketed spheroniser. This processised when instability issues

arise with wet granulation. Pellets produced doreqtire film coating as drug

This one step technique is rapid, simple and eliei® complication$

the matrix mixture is milled into granules and dihg spheronised to form

ethyl alcohol and water. The droplets are introdufrem the bottom of the

D
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1.8.3.1Extrusion/spheronisation

One of the most common and preferred methods détpptoduction is by utilising

extrusion/spheronisation technology (Chukwumezialet 2002; Galland et al., 2005;
Gandhi et al., 1999; Vervaet et al., 1995). Extn&pheronisation involves four main
stages, including granulation, extrusion, sphemima and drying, with the granular

material morphologically evolving with each stage(re 1.3).

Powders Wet mass Extrudates Pellets

Figure 1.3 Morphological evolution of granular nreeduring extrusion/spheronisation

(Galland et al., 2005).

Advantages of this process include ease of operatigh through-put with low wastage,

more sustained and reproducible drug release esofilarrower particle size distribution
and the ability to incorporate high levels of aetimgredients without increasing the size
of the dosage form (Aulton, 2002; Gandhi et al.99)9 Extrusion/spheronisation is a
more labour intensive technique than melt techréq@@mble et al., 2004) and is usually
considered when the other methods are inappropoiat@hen spherical products are

required.
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1.8.3.2Wet Granulation

Granulation can be described as an agglomeratmoeps that results in the production of
moist agglomerates/granules of a wide size didinbu(0.1-2mm). Particle movement
enables granule growth to the required size andcigeved by placing material into

rotating drums or onto vibrating surfaces. Granatatcan be subdivided into low,

medium and high-shear granulation and relate to tmsv movement of particles is

achieved (Table 1.5).

Table 1.5 Wet Granulation Classification

Type of Granulation Method of particle movement

Low-shear Movement of particles is induced by an air streamai closed
system. Example: Fluid bed (Aulton, 2002; Gao et aD02;

Vervaet et al., 1995).

Medium-shear Particle movement achieved by forceful mechanicalement of
the impellor or rotating plate. Example: Rotatirrgrd or planetary

mixer (Aulton, 2002; Chevalier et al., 2009).

High-shear Particle movement by forceful mechanical mixingnQganulate
all types of formulations and requires less graimafluid, than
low and medium shear versions, to produce pellietaime quality.
Example: High-shear mixer or rotary processor (&wt2002;

Chevalier et al., 2009; Gao et al., 2002; Knigl4).

Granulation commences by dry mixing the ingredientdil homogeneous powder
dispersion is achieved. Granule formation occumnduliquid addition to form a wet

powder mass. Granulation fluids include water otewalcohol mixtures and are often
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mixed with a polymeric binder, such as PVP (Knigk®04; Schmidt, 1999; Wells &
Walker, 1983). Use of alcohol or alcohol/water mmels in granulation of
extrusion/spheronisation results in the formatioin goanules/pellets with different
structural and mechanical properties from thosedyeed from water (See Sections
1.8.4.4-1.8.4.5). Granulation fluid has two majoles; to increase the plasticity of the

mixture and to lubricate the extrusion die wall.

Wet granulation is particularly suitable for higbs#, readily water-soluble actives. For
example, some formulations with high drug conteat @xhibit improved flow and

cohesion properties from tablet compaction (Agraeglal., 2003). In addition, this

granule enlargement process reduces dustiness amdols the dissolution rate of
material (Tardos., 2005). Disadvantages of wet @edion are the wetting and drying
steps, these can be problematic for water sensitmaterials and water absorbing
components (disintegrants), with a risk of proaggsnduced transformations (PITSs).
This can include changes in drug polymorphic/s@vstiate, resulting in varying drug
release rates and bioavailabilities (Jorgenseth,e2@04). Additional granulation factors

affecting granule quality are summarised in Tab& 1
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Table 1.6 Granulation processing factors affectjranule production.

Processing Variables

Characteristics

Amount of granulating fluid

Formulation variableg@ion 1.8.4.4)

Composition of granulating fluid

Formulation variel§Section 1.8.4.5)

Type of mixer/granulator

High shear mixers can introduce a large amounnefgy which can
be transformed into heat, leading to granulatiquit evaporation
which influences extrusion behaviour of the wet sngBaert &
Remon, 1993a; Hellén et al., 1993b; Schmidt & Kébindde, 1999

Zhou et al., 1997).

Impellor speed and mixing time

The impeller and pgier speeds along with mixing time have bg¢
illustrated to increase product temperature duehigh frictional

forces, promoting granule growth. Mixing time igtprinciple factor

influencing drug release rate, with prolonged nuxicausing slower

drug release due to increase in particle size asdfficient mixing
leads to non-homogeneous distribution of formutatingredients,
including granulation fluid (Knight, 2004; Vervaet al., 1995; Zhod

et al., 1997).

een

1.8.3.3Extrusion

Following granulation the resultant wet mass undesgan extrusion step, allowing the

formation of uniform rod-shaped particles. Thischieved by compressing the wet mass

through a perforated screen under high load. Thadtation mixture must have suitable

plastic properties to enable extrusion of the wassn Formulations lacking this property

require a greater force for successful extrusioer(get et al., 1995).
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Extruders are classified into three groups; scresdf gravity feed and piston feed (ram).
There are two main types of screw-feed extrudeliataand axial. In radial extruders, the
direction of extrusion is perpendicular to the diren of the rollers. In axial extruders,

the direction of extrusion is parallel to the diren of the piston (Figure 1.4). Extrudates
of 0.5 to 3mm diameter are usually produced froradial extruder, whereas extrudates

of 2 to 15mm diameter are produced from an axiaueber (Gebbett, 1973).

Screw-fead extrudars

axial

Figure 1.4 Schematic representation of extrudedapted from Aulton, 2002).

High quality extrudate must be smooth cylindricagsents that are uniform in length,
diameter and density. The quality of the extrudhtectly affects spheronisation and the
quality of the pellets produced. However, the pplefactor in successful extrusion is
the plasticity of the wet mass. Factors affectimgyusion of wax matrix material are

summarized in Table 1.7.
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Table 1.7 Processing factors affecting extrudatelypction.

Processing

Variable

Characteristics

Moisture content

Formulation variable (Section 4)8.

Type of extruder

The type of extruder used in pglteduction can cause variations in pellet splitgri
and particle size distribution affecting drug relearates. Comparative studies
different extruders revealed the type of extrusiqnipment utilized in pelletisation 1
be critical on the resultant product properties tiuthe varied rates of shear and sh
stresses inflicted during the process. These inflee can also affect th
spheronisation time required for pellet product{Baert et al., 1993b; Fielden et g

1992; Schmidt et al., 1997; Schmidt & Kleinebudt@99).

Extrusion screen

Extruder screen die diameter &iokrtess is the main contributing factor to

resultant particle size of the product by direatipdifying the cylindrical rod size

produced during extrusion. The force required tespihhe wet mass through the ¢
wall is dependent on die diameter and thicknessrigtm et al., 1987; Juppo et a

1997).

Extrusion speed

An increase in screw extruder spesdases the extrusion pressure. This resulis
build up of heat energy and subsequently an evéiparaf the water content withi
the wet mass and can lead to reduced plasticityngluextrusion. High quality
extrudate can still be produced if the extrusiometis reduced to a short compress
stage or by optimising the wet mass compositionrijsian et al., 1985; Harrison ¢

al., 1987).
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1.8.3.4 Spheronisation

Spheronisation, also known as marumerisation, weslshaping the extrudate into

regular-shaped spheres with low friability. Durigigheronisation, the exudate is placed

on a rotating friction plate in the spheronisereTbtational and frictional forces within
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the spheroniser throws the cylindrical materiathe periphery of the revolving plate,
where reaction with the stationary cylinder waluses the ‘dumbbell’ shaped extrudate
to break up into equal size pieces. The continygulication of these toroidal forces

enables the rounding of particles (Figure 1.5 a6jl 1

y 83 0o

ia)

(a)
Cylinder Cylinder Dumkbell Ellipsoid  Spheare
with rounded

ends

Spheronization time —»

Figure 1.5 Transition from cylindrical particleg {ato cylindrical particles with rounded
edges (b), then dumbbells (c), to ellipsoids (djl &inally spheres (e) (Adapted from

Aulton, 2002).

Wet product spheronising during toroidal motion

Y ey -_ ]

Rotating friction plate

Figure 1.6 Toroidal movement of the forming pelletshe spheronizer chamber during

operation (Adapted from Aulton, 2002).
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Success of spheronisation is dependent on exudapenies, the material must be brittle

enough to break up in the spheroniser but be plastough to shape into a sphere.

Spheronisation processing factors that can impadhe quality of the pellet produced

are summarized in Table 1.8.

Table 1.8 Spheronisation processing factors affggtellet production.

Processing

Variable

Characteristics

Moisture content

Formulation variable (Section 4)8.

Spheronising speed

Improved pellet sphericity aizeé slistribution can be achieved by modifyi
spheronisation speed. At low spheronisation speedater content an
spheronisation speed can significantly influenclepesphericity but insufficient
densification leads to imperfect spheres. High smfisation speeds increas
sphericity but can also increase agglomeratiomdividual pellets (Hellén et al

19934a; Hellén et al., 1993b; Woodruff & Nuesslefd:9Vervaet et al., 1995).

ng
)

Spheronisation time

Increasing spheronisation titeereases pellet porosity, increases sphericity
narrows particle size distribution. Changes ingigtiorosity are thought to be d
to increased collision and frictional forces subgecto the pellets. Increasing t
spheronisation time above optimum can cause paljgiomeration and pellg

adherement to the spheronising chamber. Detachwfetitese pellets produg

rough pellet surfaces decreasing release profileodeicibility (Fielden et al., 1993;

Galland et al., 2005; Hellén et al., 1993a; Heltral., 1993b; Juppo et al., 199

Lee, 2003; Mehta et al., 2000; Wan et al., 1993vset et al., 1995).

Spheronisation load

Spheronisation load can infteepellet porosity and particle size distributig
Lighter spheronisation loads (50g) decreases theage pellet size than for heav

loads (100-200g). For heavier spheronisation lopa#iet size is predominantl

and

e

ne

—
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determined by water content (Galland et al., 2098ljén et al., 1993a; Hellén ¢

al., 1993b).

Friction plate design| The type of friction platendenpact on the pellets sphericity and density.rélee

two types of geometry; cross-hatch and radial (detwet al., 1995).

1.8.3.5 Drying

After spheronisation, surplus moisture is removeanf the pellets, by drying. This

process is required to enhance the stability offitted product, reducing the opportunity
for chemical changes of the constituents. Drying baen shown to have a strong

influence on the final matrix structure of pellétable 1.9).

In the initial stages of drying, the rate of heansfer and mass transfer are balanced, the
rate of drying is determined by variables includaagtemperature, air flow and humidity.
The drying rate of the pellets declines when the o& heat transfer and mass transfer are
no longer balanced, this is due to incomplete pslleface wetness as the liquid front
descends into the pellet pores. Drying rate thecotmes dependent on the water
migration within the pellets until the moisture ¢emt is reached where no more liquid

can be extracted under the given drying conditions.

There are several drying techniques utilising usitieat or mass transfer techniques
including, open atmosphere, conventional hot aienpvfluidised bed, freeze drying,
dessication and microwave. The effects of dryirtptéques on pellets are summarized in

Table 1.9.
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Table 1.9 Drying factors affecting pellet charaistess.

Processing Variable Characteristics

Drying techniques The influence of drying technigjiias an important effect on the pellet qualjty.
Different drying technigues cause varied drying @aburs within pellets thal
impact on the drying rates. This has a quantifiadffect on pellet porosity,
strength and compactibility, contributing to the viiro drug release rates of

pellets. Fluidised bed, microwave and freeze drymmeghods exhibit fast drying

—

rates, exhibiting the least shrinkage of the pglletith a higher porosity by

lower hardness. The slowest rate of drying, exaiblty open atmosphere, oven

—

and dessication techniques have the greatest sHtatkage but lower pellg
porosity. (Bashaiwoldu et al., 2004; Berggren & éiddorn, 2001a; Berggren &
Alderborn, 2001b; Berggren, 2003; Johansson etl@85; Vervaet et al., 1995;

Wilosnewski et al., 2010).

Moisture content Formulation variable (Section 4)8.

1.8.3.6Spray Congealing

The production of lipid microparticles by spray gealing was first described by Eldem
et al. (1991). Spray congealing is a rapid andarmfprocedure where a molten carrier,
of low melting point and narrow congealing rangeysed to disperse an active ingredient
to form a homogenous hot-melt mixture. The molignitl/sheet mixture is then sprayed
through a nozzle, where the energy of the liquid aim, in addition to nozzle geometry
causes the liquid to emerge as ligaments thatduttheak apart to form droplets (Figure
1.7). The droplets are directed into a cooled &@angber which allows the sprayed
material to solidify. Moisture sensitive drugs anthterials can be utilised in this
technique, as no solvent evaporating or drying gsses are involved, however the

substances must be heat stable.
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Sheet Ligament Drop

Figure 1.7 Morphological evolution of molten masmuring atomisation (adapted from

http://service.spray.com/web/register/view_lit.aza=B459C, date accessed 03/06/11)

Equipment for spray congealing comprises of two ponents, the cooling chamber and
the atomiser. The atomiser is placed inside théircpahamber and is used to break up
the molten bulk material into droplets by atomisatiThere are many different ways to
achieve atomisation, the most common methods agedcivith spray congealing are
pressure (single-fluid nozzle), pneumatic (twodlair-assisted nozzle), rotary and

ultrasonic.

For my research an air-assisted, external mixirezleowas utilised. This type of nozzle
provides good atomisation and possesses largegessga prevent clogging. It can also
atomise high-viscosity liquids and the construcfioavents backing up of liquid into the
air line. The drawback of this nozzle is that ateexal source of high pressure air is
required and their power requirements are highan tfor other atomisation methods

(Lefebvre, 1989).

29



The primary factor to successful spray congealthgdequate atomisation, this leads to
the production of pellets which are usually nonegugrand strong. Processing parameters

that can influence the resultant sprayed matereatescussed in Table 1.10.

Table 1.10 Spray congealing processing factorstifiig pelletisation.

Processing Characteristics

Variable
Typelsize of There are a number of types of nozzle for spraiesys, they have different sized apd
nozzle shaped orifices that can be used to produce diffexgray patterns and droplet sizes.

Larger nozzles produce larger particle sizes andssiisted nozzles produce a smaller

particle size than hydraulic nozzles (Passerial.e2010; Nuyttens et al., 2007).

[oN

Atomisation Changes in atomization pressure can alter the ifiaey of the molten liquid being fe|
pressure through the nozzle. Nozzle flow rate can effectpheticle size distribution (PSD) of
the sprayed material. Increasing the atomizatioesqure reduces particle size,

increases product yield. However, increasing thesguire increases the surface drea
required and decreases the spray angle, therefoptetl agglomeration can occur|if

insufficient chamber space is provided (Maschkal.eR007; Nuyttens et al., 2007).

Spray temperature  Altering the spray temperatune icdluence the viscosity, surface tension and
specific gravity of the molten lipid carrier whie¥ill impact on the overall PSD of the
sprayed material. Increasing the spray temperattifedecrease particle size and

increase in product yield. (Maschke et al., 2007).

Cooling rate When lipids are cooled they crystalli$ the cooling rate is not regulated then thiere
is a risk of the lipid crystallising into differemqolymorphic forms. Rapid cooling
rates, which are associated with spray congeatingld potentially lead to many
triglycerides crystallising into their unstable-forms or accelerating the

transformation of lipids, including GMS, to morealste polymorphs (Eldem et al.

1991; Phajongwiriyathorn, 2008; Sutananta et 894h).
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1.8.4 Factors affecting quality of pelletisation

High quality pellets must be uniform in sphericiyze and density, exhibit low friability

and are robust enough to withstand further prongsssuch as encapsulation. It is
important to evaluate a variety of factors inclgliphysicochemical properties of raw
materials for drugs and excipients, the compositiad ratio of components within the
formulation and processing parameters, influenthegrate of drug release. As a result,
complex, time-consuming pre-formulation studies r@guired to develop a formulation

with the desired drug release characteristics. Sfammaulation, processing and-vivo

aspects to consider prior to pellet productiondiseussed in Sections 1.8.4.1-1.8.4.7.

1.8.4.1 Drug Physicochemical Properties

The amount, particle size and solubility of the girbeing incorporated into the

formulation are the principle factors influencimgvitro dissolution and are applicable to
both wax matrix systems and other oral drug dejiwssstems (Sudha et al., 2010; Wells
& Walker., 1983). The drug physicochemical promertalso determine the amount of
excipients and granulation fluid required for sigsfal extrusion/spheronisation process.
No optimum formulation can be pre-determined basedthe drugs physicochemical

properties. Formulations must be developed on &gesic basis (Blanque et al., 1995;

Chatchawalsaisin et al., 2005; Mehta et al., 2@@u et al., 1996).
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1.8.4.2 Excipient Grade, Type, Source and Amount

The type, grade and supplier of an excipient cd@ctpellet characteristics, including
pellet roundness and size. Different types and eganf excipient may exhibit varied
physicochemical properties such as elastic andr $luea behaviour. These changes can
cause process-induced transformations effectingnuiga formation during wet
granulation and the structure of the granules &pevation rate is altered. However, high
quality pellets can still be produced if other fatation factors including amount of
granulation fluid and/or binders are optimized withthe formulation. Excipients
investigated include powder cellulose (PC), micystalline cellulose (MCC), lactose;
lactose monohydrate, chitosan, microcrystalline wgiyceryl monostearate and stearyl
alcohol (Blanque et al., 1995; Chatchawalsaisial €t2005; Chohan and Newton, 1996;
Dukic-Ott et al., 2009; Fechner et al., 2003; Josga et al., 2004; Passerini et al., 2003;

Santos et al., 2002; Zhou et al., 1996).

1.8.4.3 Viscosity and Surface Tension of Drug-Ebesip Mixture

During spray congealing, the viscosity of the folation at a given processing
temperature can effect not only the particle siz¢he resultant product but the nozzle
flow rate and spray pattern. At high viscositieed temperature had a larger impact on
reducing the molten feed mixture viscosity tharighér atomisation pressure. The lower
viscosity exhibited smaller micropellets and a turisk of nozzle clogging (Maschke
et al., 2007). Viscosity can be controlled by tiheoant of drug dispersed in the mixture,
water content and processing temperature (Eldeal.,e1991; Ghebre-Sellassie; 1994;

Lefebvre, 1989).
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Surface tension becomes more apparent when thatogepressure of the atomiser is
low and effects spray angle and droplet size. Higtiace tension can reduce the spray
angle of the material and increase the particle gmduced, lower surface tensions
enable the atomiser to be utilised at a lower dpeygressure. Surface tension can be
decreased by increasing the processing temper@®irebre-Sellassie, 1994; Lefebvre,

1989).

1.8.4.4 Amount of granulating fluid

The principle factor controlling the amount of liqurequired during extrusion
spheronisation is drug solubility. Granulation ldjus responsible for the wet mass’s
plasticity, granule growth, how it processes anentwally the rate of drug release from a
formulation. In classical granulation, there isieed relationship between extrudability
and moisture content. As the water content in tkieuder decreases, an increase in
friction and particle resistance occurs, increadilig) plate pressure and higher shear
forces. During spheronisation, moisture contenteegding optimum leads to pellet
agglomeration, while less than optimum generatessfand a large size distribution. The
effect of moisture content has been well docume(Beert et al., 1993a; Blanque et al.,
1995; Johansson et al., 1995; Fechner et al., 2B@Bjen et al., 1993; Hellén et al.,
1993a; Knight, 2004; Lustig-Gustafsson et al., 199®@hta et al., 2000; Schmidt &
Kleinebudde, 1999; Tomer & Newton, 1999, Vervaetakt 1995, Wan et al., 1993;

Wells & Walker, 1983).
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1.8.4.5 Composition of granulating fluid

The composition and quantity of granulating flu@hdmpact the behaviour of the wetted
material throughout the entire extrusion/spherdigagprocess. Generally, non-aqueous
solvents are often used if a drug is readily hygetl or thermolabile. During
granulation, mass friction can be modulated by switisig water for dilute acetic acid,
the increased friction may produce a large amotirnergy that could be transformed
into heat, altering the extrusion behaviour of thet mass (Steckel & Mindermann-
Nogly, 2004). Pellets that are composed from watdy and water/alcohol granulation
fluids can exhibit different drying behaviours. hg the drying, the varying rates of
contraction and interaction between the solid aeqaid can lead to differences in pellet
densification and porosity. For high quality pedléd be produced a minimum amount of
granulating fluid must be incorporated into liquiixtures as identified with pellets
containing Avicel and Theophylline. (Berggren, 20@8eu et al., 2005; Knight, 2004;

Millini & Schwartz, 1990; Santos et al., 2002; We#t Walker, 1983).

1.8.4.6 Processing factors

Processing factors for extrusion/spheronisation ggrdy congealing have already been

discussed, their locations are documented in Thile.
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Table 1.11 Processing variables influencing peslégton

Processing Variable Section
Mixing/granulating 1.8.3.2
Extrusion 1.8.33
Spheronisation 1.8.34
Drying 1.8.3.5
Spray congealing 1.8.3.6

1.8.4.7In-vivo variables

From a patient's perspective, orally administeredigd are considered the most
convenient route, as it is non-invasive and setfiadstration is simple. In addition, there
are a wide variety of dosage forms available thHéroboth systemic and local
gastrointestinal effects (Aulton, 2002). The chadle for oral drug delivery is the
gastrointestinal tract (GIT). Each of the three iorg comprise of a different
physiological environment and drug absorption cttaréstics must be considered to

ensure a successful delivery system design.

The residence time of the dosage form plays an ftapb role in successful drug
delivery. If a dosage form passes through the Gldrgo releasing the full dose there
will sub-therapeutic administration and the patievitl not fully benefit from the

treatment. To regulate Gl transit times and drugatwailability the gastric emptying rate
can be optimised depending on the drug deliveryirements. The rate of gastric
emptying is highly variable depending on food imtednd prolonged gastric emptying

rates can be achieved when oral drug administraa&as place during or after food.
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(Davis et al., 1986; Davis et al., 1987; Kenyorlet1995; O'Reilly et al., 1987; Yuen et

al., 1993).

For orally administered drugs, the small intesiséhe principle site of drug absorption
(Aulton., 2002). If the drug is unstable in therstxh it may be desirable for drug release
to be prolonged until the dosage form has readhedrall intestine, typically taking 3-4
hours. In some cases, complete drug absorption oawgstr in the small intestine as the
drug will become unstable entering the lower GITe do metabolism by microflora,
resulting in poor drug bioavailability (Qiu et aR009). Drug bioavailability can be

modulated not only by food intake but also by alea summarised in Table 1.12.

Table 1.12 Effect oln-vivo variables on drug bioavailability.

Processing Variable Characteristics

Type of dosage form Abrahamsson et al., (1996) detnated multiple unit systems are transported
at a more predictable rate through the Gl traat giagle-unit systems, making

the bioavailability of drugs from multiparticulafermulations more reliablé

than those from single-unit formulatians

Chemical and Enzymati¢ Drugs may bind to food or mucus and prevent fraedit through the Gl trac.

Degradation Additionally, the drug must be resistant to cheraad enzymatic degradatig

>

potentially decreasing the bioavailability via firsass metabolism. Current
approaches for acid-labile drugs are to coat tla dvsage form with enteric

polymers or co-administrating with anti-acids. Ttpct protein and peptid

D

formulations, prodrugs may be utilised (Aulton, 20Qiu et al., 2009).

pH of Gl tract region The pH of the Gl tract varies considerably from skemach to the colon. Poor

drug solubility throughout the Gl tract can leadotecipitation of the drug angd
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pH of Gl tract region poor bioavailability. Saltrfoation can be utilised in BCS class || compounds
to enhance the solubility and dissolution of a dthgn its free base/acid.
lonisable drug compounds can form salts but nedita) compounds will not
work and weak acid/base compounds may be diffi@ikble salts depend on a
minimum difference of 3 units between the pKa @& Halt-forming moiety of
the drug and that of the salt counterion. Thesasalsle drugs will have
enhanced dissolution until the pH exceeds the dilutimit of the salt.
However, precipitation inhibitors can be used tevent the salt forming its

free base or acid (Qiu et al., 2009).

Composition of food Foods are capable of influegcidrug bioavailability and inhibiting
biochemical barriers. For example, oleic acid arapgfruit juice can inhibit

P450 (CYP3A), a cytochrome that is present not antye liver but also in the

U

intestinal brush border, resulting in increasedab@lability in CYP3A

metabolised drugs (Qiu et al., 2009).

1.9 Classification of Solids

There are two main classes of solids these inclagstalline and amorphous. A
crystalline solid is a solid with repeated longgarorder of its atoms. An amorphous
solid is a solid with no long-range order of thesitions of atoms. They are distinguished

by their atomic arrangements and are discussedbeT..13.

37



Table 1.13 Differences between crystalline and @maus solids

Amorphous

Crystalline

Solids have no defined geometric shape

Solids halefined geometric shape

Wide melting point range

Have a sharp melting point

Amorphous solids are isotropic

Crystalline solids anisotropic

Molecular packing in an amorphous solid is

completely random as it features short-rar
molecular order but does not have long-range o
of molecular packing and subsequently has a Iq

packing energy than a crystal.

ndflolecular packing is symmetrical due to t
nggesence of both short-range and long-range o
radecrystal has a high packing energy.

wer

he

der.

Do not break at fixed cleavage planes

Break atifoleavage planes

Have better solubility, dissolution and sometime3rystals are more stable physically and chemic

better compressibility than the corresponding ety
due to its lower packing energy (Yu et al., 200
Amorphous tablets have a higher tensile strer
than crystalline forms due to the decreased par]
size which enables a larger surface area for bin

during compression (Gohel, 2005).

1¢nergy.
ngth

ficl

i

n

sthan amorphous forms due to its higher pack

ally

ing

1.9.1 Crystallisation

In wax, glycerides and solid state systems, crysation involves the conversion of

amorphous structures involving the formation of lau@and crystal growth from the

nuclei to produce a more stable crystalline stétthe fat bases. Crystalline solids can

exist in the form of polymorphs, solvates

3

or hydsat
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Crystallisation can be responsible for physicalnges in hydrophobic materials during
melting, cooling and storage, affecting physicocivamn and morphological

characteristics (Laine et al., 1988; Vicente et 2000). The rate of crystallization in
triglycerides is dependent on formulation factorsluding, the size of the molecule and
the amount of triglyceride material present in tbemulation and processing factors

including, mechanical treatment of the sample athtions in process cooling rate.

1.9.2 Polymorphism

Hydrophobic materials can exhibit two or more pkaa&h the same composition but
different crystalline structures. As a result, thg®lymorphic forms have different unit
cell structures and also different physical prapsrincluding packing, thermodynamic,
spectroscopic, kinetic, surface and mechanical etis (Grant, 1999). Metastable
changes occur due to external conditions at the tfrformation but revert back to their
more stable phase due to the favoured minimal tbéymamic energy. The chemical
structure of a wax is not altered, a spontaneoysigdl rearrangement of intermolecular
forces, based on the favoured thermodynamic stgbilithe more stable form, occurs via

solid-state, melt-mediated or solvent-mediated phassitions.

Triglycerides can exhibit polymorphism due to vaadas in thermal exposure during
solidification from a melt. This leads to differessortments of structural arrangements
involving the packing of hydrocarbons and oriemtatof the polar head groups along the
glycerol backbone. Gelucif®{mono-, di- and triglycerides), fatty suppositsti&MS

and Compritol have exhibited polymorphic changesndustorage leading to variations
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in melting point, softening time and drug releaste i(Freitas & Muller, 1999; Jenning &

Gohla, 2000; Phajongwiriyathorn, 2008; Yoshinolet®984). The transition rate can be

dependent on the storage temperature, storageatiohgrocessing factors. Polymorphic

forms are classified ag B~ andp in order of their increasing melting points (Tahl&4).

Table 1.14 Wax polymorphic classifications

Polymorphic

Classification

Characteristics

o

Corresponds to hexagonally packed unit cell stinectwhich is the most disorder
packing and has the highest Gibbs free energy saltiés the least stable form and
quickly transformed into a more stable form withnsgler packing[{™ or B form). In

many types of glycerides, theform is produced post-melt during cooling, thestay

morphology is amorphous-like, crystallising as sphiges and sheath-like crystallites

growing radially from a primary crystal core, thissults in a smooth surface of the

crystallised sample (Sato, 2001; Yajima et al.,2000shino et al., 1984).

B” polymorphic form has orthrombic packed unit aptlucture and exhibits intermedia
Gibbs free energy values. This form appears as bimky shapes and can furth
transform into the more stabfe form. Both B~ and B polymorphic forms irregula
structures on micropellet surfaces, the loss ahaath surface indicates transformati

into either of these forms.

S

te

L

on

B form is the most stable polymorphic form and Hesrhost dense packing triclinic uni

cell structure with the lowest Gibbs free energyuga. For waxes, the cryst

morphology for this polymorphic form is needle-liRéajima et al., 2002).

=

T

Fatty suppositories, for example, are made up nbua glycerides, each with a different

unit cell structure. Both unstable and stable palgghic forms can co-exist within the
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same wax (Yajima et al., 2002). The ratios of theslmorphic forms can alter with

time and transformations can be monotropic, enaopa or a combination of the two

(Yoshino et al., 1984).

1.9.3 Methods of polymorphic detection

Molecular structures of the different polymorphsi dae elucidated by the following

techniques (Table 1.15).

Table 1.15 Analytical techniques used to differaetibetween polymorphs

Analytical Technique

Characteristics

X ray powder diffraction (XRPD)

X ray diffractionafterns of GMS enabled identification pf
the amount ofa and p forms present in the sample (E
represents th@ form of the content). When E=0.44 peaks| of
botha andp forms were exhibited but when E>0.85 only the

B form was present (Yajima et al., 2002).

Differential Scanning Calorimetry (DSC)

GMS andp polymorphic forms could be distinguished py
the two melting endotherms obtained at &Z.@nd 71.8C
respectively (Yajima et al., 2002). Ageing of Gétas and
triglycerides could also be detected using DSCnrgat al.,

1988; Sutanata et al., 1994a).

Fourier transform infrared spectrosco

(FT-IR)

pin saturated monoacid triglycerides, p’- and B forms

exhibit an IR sprectrum comprising of a single baatd
720cm’, doublet at 719 and 727 &mand a single band at

717 cm'respectively (Garti & Sato, 1988).

Hot-Stage Microscopy (HSM)

A phase transition of Gelucire 43/01 was detectecdged

samples. HSM was utilised with polarised microscefnch
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Hot-Stage Microscopy (HSM)

indicated the presenteromelted portion of aged samp
even at 45C. The energy required for ageing increased

to crystallisation of the glycerides (Shimpi et 2004).

Dissolution

Increases and decreases in drug relesisecan often bg

correlated with transitions due to wax changes. hfase

transition of aged Gelucire 43/01 caused a sigmifi¢

increase in the drug release rate of diltiazem (BBimpi et

al., 2004). Sutanata et al. (1995) showed thatnggeif

le

due

D

Gelucire§ also increased drug release and was attributed to

changes in physical structure and chemical comipasit

Scanning electron microscopy (SEM)

Granules cornmgisf waxes, such as Gelucires, can exh

different surface morphologies between fresh aneéda

samples. Fresh samples have smooth granule sunfattes

no crystalline structures, whereas aged samples hawgh
surfaces with cracks and spaces (Shimpi et al4R0these
changes can be attributed to phase transformaindsmay

lead to changes in drug release profiles.

1.10Solid dispersions

ibit

g

D

A solid dispersion involves two or more componentdiere an active ingredient is

dispersed, as a solid, in an inert matrix utilisimglting, solvent or melting-solvent

methods (Chiou & Riegelman, 1971).

1.10.1 Applications of solid dispersions

Oral dosage forms are the most commonly developed delivery system due to their

simple administration. However, as a large propartof the new chemical entities
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intended for oral administration are poorly wateluble drugs the improvement of drug
oral bioavailability is of great importance (Vascefos et al., 2007). Solid dispersion
technology is the most effective strategy useddaress oral bioavailability, these types
of formulation can be utilised to achieve sustaimettase formulations, increased
dissolution rate, altered solid state propertiegoroved solubility and stability (Habib,

2001).

1.10.2 Solid dispersion classification

There are three modes of incorporating a drug iatesolid dispersion including
amorphous patrticles, crystalline particles and owdbr dispersion. A matrix can be
crystalline or amorphous. The dispersion properties controlled by the molecular

arrangements, influencing stability and dissolutsbthe solid dispersion (Figure 1.8).

=
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Molecularly Amorphous Crystalline
dispersed drug drug clusters drug particles

Figure 1.8 Schematic representation of differentd@soof incorporating a drug into a

solid dispersion (Jan van Drooge et al., 2006).

By manipulating the solid state of a solid dispamsimproved drug solubility and
bioavailability can be achieved. The mechanismsvbich these can be achieved include
forming solid or glass solutions which moleculadisperse the drug. Decreasing the

crystallinity of the drug into an amorphous stagmhancing drug wettability or
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dispersibility due to the carriers solubilisatioffeet, or the formation of a metastable

dispersion (Janssens & Mooter, 2009; Serajuddia9)lL9

Using these different mechanisms, six differenegypf solid dispersion can be obtained
using crystalline, amorphous and molecularly dispér drug incorporation. These
include eutectic mixtures, solid solutions, glas®lugons and suspensions,

compound/complex formation, amorphous precipitatescombinations (Table 1.16).

Table 1.16 Classification of solid dispersions

Type of Solid Dispersion Characteristics
Simple Eutectic Mixture A mixture of components either entirely solid ortiegly liquid. It
» Matrix: crystalline solidifies at a lower temperature than the comptser any other
« Drug: crystalline composition involving them, crystallisation of theomponents is

simultaneous at this low temperature. Usually preghdoy rapid cooling
of a co-melt. (Gordon et al., 1984; Lira et al. 020 Passerini et al|,

2002; Schmidt et al., 2000; Yong et al., 2004)

Solid Solutions A homogenous crystalline structure in which twonoore components

» Matrix: crystalline share a crystal lattice without changing the ovestalicture. This systen

=]

« Drug: molecularly dispersed| increases rates of dissolution more than a simgtiecéc mixture as the
drugs particle size has been reduced to its minindu to molecula
dispersion. Solid solutions are classified by aitiheir miscibility or by
solvate molecular distribution (Janssens & Moot2009; Kapsi &

Ayres, 2001; Leuner & Dressman, 2000).

Glass Solutions A glass solution is a homogeneous system in whidiaasy carrier
* Matrix: amorphous solubilises drug molecules in its matrix. A glassension refers tp

« Drug: crystalline/famorphous| drug molecules that are suspended in the glassyixnémorphous
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Glass Suspensions
* Matrix: amorphous

e Drug: molecularly dispersed

carriers include PVP and HPMC. Glasses do not fsagp melting
points and these systems have higher dissolutites lhan for solid
solutions. (Janssens & Mooter, 2009; Pattersoh,e2@07; van Drooge

et al., 2006).

Compound/complex formation
e Matrix:crystalline/amorphous

« Drug: molecularly dispersed

During solid dispersion preparation complexationcuss of two
components in a binary system. This can decreasavilability of the
drug because of formation of this insoluble comer is dependent o
complex solubility as seen in physical mixturesalving PVP 25,000

(Geneidi et al., 1976).

=]

Amorphous precipitations
« Matrix: crystalline

e Drug: amorphous

This solid dispersion is rarely encountered angiisilar to a simple

eutectic mixture. However the drug precipitates iouthe amorphous

form not the crystalline form in the inert carrieAn example is|

sulfathiazole in crystalline urea. (Ozkan et a00@).

D

1.10.3 Methods of preparing solid dispersions

Solid dispersions can be prepared utilising varteesniques (Table 1.17).

Table 1.17 Methods of preparing solid dispersions

Method

Characteristics

Fusion The carrier is heated to a temperature slightlyvabits melting point and the drug

(Hot-melt) homogenously incorporated into the matrix by agitatCooling results in solidification g

the dispersed drug within the matrix. Molecularpgision is dependent on the amount
supersaturation and rate of cooling. Matrix polysnean include PVP, PEG and GM
Scalable and industrial practical applications bé tfusion method include hot-me
extrusion and spray congealing (Sections 1.8.31a83.6). Direct hot-melt filling into har
gelatin capsules is also a favoured solid disperpi@paration technique, exhibiting bet
content uniformity, weight and handling than powéiérmethods. (Jan van Drooge et 4al.

2006; Leuner & Dressman, 2000, Lira et al., 200zki@n et al., 2000; Smith et al., 1990).

is

of
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Solvent

The carrier and active ingredient are d&sbin a suitable organic solvent. During solvent

evaporation (at higher temperature or vacuum), rsaperation occurs followed b

precipitation of the solid dispersion mixture. Ayihg process ensures evaporation of

v

all

solvent present in the coprecipitate. This metlsogblitable for thermolabile compounds hut

the temperature, evaporation rate and solvent ityfgence the physical properties of t

resultant solids. Solvents can include water, athachloroform, dichloromethane and
methanol. Industrial applications include sprayimlgy freeze drying and fluidised bed

systems, the latter for coating pellets with adsalispersion. (Betageri & Makarla, 1995;

Flippis et al., 1995; Janssens & Mooter, 2009; Halg 1996; Ozkan et al., 2000; Tang

Pikal, 2004; Vehring, 2008).

ne

&

Supercritical
fluid

method

The drug and carrier are mixed with a solvent tleaposed to C¢ resulting in the

precipitation of drug and matrix due to the lowgisolubility. There are three main process

concepts involving the precipitation from supercat solutions (RESS), saturated solutions

using SCF (GAS, SEDS) and gas-saturated solutP@s$E). (Jan van Drooge et al., 20

Karanth et al., 2006; Pasquali et al., 2008; Se&hBxuillante, 2002).

D6;

Electrostatic

spinning

Drug-matrix homogenous solution is pumped throughodfice and subjected to hig

voltages, inducing surface charges that overcomfaitension in a droplet to form and

then solidify fibres. After solvent evaporation tfileres can be further processed or mill

(Verreck et al., 2003).

>

ad.

1.10.4 Advantages and limitations of solid disp&rsi

Solid dispersion technology is a more attractiverapch to improving the drug solubility

than other techniques such as salt formation, sdation by co-solvents and particle

size reduction techniques. Salt formation is lihite acidic or basic drugs, solubilisation

involves liquid products being formed which areslgseferred by patients than solid

dosage forms and patrticle size reduction technigoesot sufficiently reduce the particle
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size to improve bioavailability, with drug powderdten having poor mechanical

properties.

Despite the advantages outlined for solid disparsiechnology there have been
limitations associated with this type of formulatiothat have prevented
commercialisation of this product. These drawbacktude physical instability of the
drug and carrier during processing, storage omagkeiading to phase separation, crystal
growth, polymorphism or conversion of amorphous ponents to crystalline influencing
solubility and drug release rates (Section 1.9)niacturing issues include the method
of preparation, decreased reproducibility of phgsiemical properties and scale-up. The
future of solid dispersion technology has improwsith the development of direct
capsule filling and the availability of surface iget and self-emulsifying carriers

(Serrajuddin et al., 1999).

1.11 Formulation excipients

1.11.1 Glyceryl monostearate (GMS)

Glyceryl monostearate, is a white to cream-coloureax-like solid that can take the
form of beads, flakes or powder. It has a fattywdand taste, a melting point between
54-64C, a HLB value of 3, is insoluble in water, solubleethanol and can be dispersed

in hot water.

GMS is a mixture of glyceryl esters of fatty acidsgmprising of 65% glyceryl
monostearate, 30% glyceryl monopalmitate and 5%egly monomyristate, making the

content of GMS over 90% monoglyceride.
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Figure 1.9 Chemical structure of glyceryl monosaea{GMS)

GMS has been used as non-ionic emulsifier, stabjlismollient and plasticizer in food,
pharmaceutical and cosmetic applications. It asta &ubricant for tablet manufacturing
and has been used to form sustained release megfsaim solid dosage forms (Rowe et

al., 2003).

1.11.2 Aluminium monostearate
Aluminium monostearate is a fine, bulky, odourlegste powder with a melting point of
~155-200°C and a molecular weight of 344.5.

O

Figure 1.10 Chemical structure of aluminium monasite
When heated it forms a plastic mass and has theegres of both organic and inorganic
matter. It is soluble in all types of organic salteand oils when heated (except castor

oil), to form permanent, transparent, viscous sohstor gels.

Aluminium monostearate is considered an Aluminiurarl®xylate which are used

primarily in textiles, gelling and pharmaceuticaldustries due to its thickening and
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gelling properties. It can be present in adhesigesamics, inks, lubricants, paints and

coatings, polishes, polymers and plastics (Low282).

1.12Drug monographs

1.12.1 Paracetamol

Paracetamol, also known as acetaminophen, is a whibff-white crystalline powder
with no smell and a bitter taste. It comprises dfeazene ring core, substituted by one

hydroxyl group and one nitrogen atom of an amidrigrin thepara (1,4) pattern (Figure

H
M TEHE
@ o
HO

Figure 1.11 Chemical structure of paracetamol

1.11).

Paracetamol has a melting point of 168°171log P (octanol/water) value of 0.5,
molecular weight of 151.2 g/mol and is slightlydak in water, freely soluble in alcohol

and insoluble in benzene, chloroform and ether.

Paracetamol is an analgesic and antipyretic drugnnoonly used to treat fever,
headaches and is present in most cold or flu rezsedi is usually administered as a
tablet, oral suspension or suppository and is alkalfor both adults and children (British

Pharmacopoeia, 2012).
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1.12.2 Ibuprofen
Ibuprofen is a white powder belonging to the projgalerivatives. It has a melting point
of 74-77C, log P value of 3.6, molecular weight of 206.2&hgl and is very slightly

soluble in water, but much more soluble in orgawilvents such as alcohols.

Ibuprofen contains a stereocenter in the position of the propionate moiety,
interconverting between two possible enantiomdssipiofen is marketed as racemic
mixtures but only one form is medicinally activés kchemical structure is16H150,
(Figure 1.12):
H CHs
CHs COzH
HsC

Figure 1.12 Chemical structure of ibuprofen

Ibuprofen is a nonsteroidal anti-inflammatory conmiiyoused to relieve symptoms of
arthritis, fever, skeletal and muscular pain. ltusually administered as tablets, oral

suspensions and due to its stability can be aveilala topical gel for sports injuries.

1.12.3 Minocycline HCI

Minocycline, also known as minocycline HCI, is dlge crystalline powder that has a
melting point of 217C where decomposition occurs, log P value of 1m8lecular
weight of 457.48 g/mol and is sparingly to slighsigluble in water, slightly soluble in

ethanol.
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Minocycline is known as a broad spectrum tetraogclntibiotic, named due to their four

hydrocarbon rings derivation. Its chemical struetisr GsH,7N3O; (Figure 1.13):

Figure 1.13 Chemical structure of minocycline HCI

Minocycline possesses bacteriostatic propertiesingaks primary use to treat acnhe and
other skin infections. It can be used similarlydimer tetracycline antibiotics to treat
infections of the respiratory tract, sinuses, ugnaact, intestines and gonorrhea and

chlamydia.

Sebomin MR is a Minocycline HCI 100mg capsule, usedreat acne. Once orally
administered the formulation exhibits a modifiedease over several hours. The
formulation is a hydrophobic matrix pellet drug idety system and manufactured

utilising extrusion/spheronisation technology.
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1.13 Aims and objectives
The aim of the research was to develop a modifededase hydrophobic matrix pellet
system utilising two manufacturing techniques: @sitsn/spheronisation and an agitated

hot-melt spray system. For this aim to be achidliedollowing objectives were defined:

To investigate the effect of formulation compositand processing conditions on

the in-vitro performance of a Sebomin formulation. To determatesther this

hydrophobic matrix delivery system could be uttisevith different patient

critical molecules.

* To investigate the effect of formulation compositend processing conditions on
the resultant sprayed wax material from an agitatgemelt spray system.

e To incorporate model drugs in a sprayed GMS salgeatsion and determining
their compatibility andn-vitro performance.

* To determine the effect of secondary excipientshenspray quality and in-vitro
performance.

e Comparing a modified release Sebomin product predidry two manufacturing

techniques.
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Chapter 2

Materials and Methods

2.1 Materials

Details of formulation materials and equipment uisethis study have been listed, along

with the manufacturers or suppliers details (sedi@es 2.1 — 2.2).

2.1.1 Formulation Excipients

Aluminium Chloride

Sigma-Aldrich Co. Ltd, UK

Aluminium hydroxide

Sigma-Aldrich Co. Ltd, UK

Aluminium monostearate

Sigma-Aldrich Co. Ltd, UK

Microcrystalline Cellulose (Avicel PH101

FMC Corgrussels, Belgium, Europe

Glyceryl Behenate (Compritol ATO 888)

GattefosseSSAaint-Priest Cedex, Fran

Glyceryl monostearate,

Imwitor 900K

Alpharma., Barnstaple, Devon, UK.

Polyvinylpyrrolidone (Kollidon 29/32)

ISP Technoleg, Inc., USA

Magnesium Stearate

Sigma-Aldrich Co. Ltd, UK

Polyvinylpyrrolidone,

MW approx 35,000

BDH Chemicals Ltd, Poole, UK.
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2.1.2 Model Drugs

Ibuprofen OBG Pharmaceuticals, Liverpool, UK.
Minocycline HCI Alpharma, Barnstaple, Devon, UK.
Paracetamol Sigma Chemical Co., St Louis, MO, USA.
Micronised Minocycline Alpharma, Barnstaple, Devon, UK.
particle size: <100micron (100%)

2.1.3 Solvents

Ethanol BDH, Poole, UK.
Hexane BDH, Poole, UK.
Iso-propyl alcohol (IPA) BDH, Poole, UK.

2.1.4 Consumables

40ul Aluminium crucibles Mettler Toledo Ltd, Leides UK.

70p1 Aluminium crucibles Mettler Toledo Ltd, Leicester, UK.

Aluminium foil Happy Shopper Ltd., Northants, UK.

Coverglass, round 13mm VWR International Ltd, Pobli.

Dissolution colour tubing, 3mm Copley Scientifidl-Nottingham, UK.

Dissolution filters Copley Scientific Ltd, Nottingim, UK.

Gilson pipette and tips, 5ml Gilson Medical Eleaios S.A.,
Villiers-le-Bel, France.

Greaseproof paper Fruit market, Glasgow, UK.

Hard gelatin capsules Capsugel, Bornem, Belgium.
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Magnetic stirrer bar

Fischer Scientific, LoughbagbuUK.

Spray Booth:
Plastic Dust Sheets

Plastic Conduit and connectors

B&Q, UK.

2.1.5 Gases

Carbon Dioxide

BOC Gases Ltd, Guildford, Surrey, UK

Helium

BOC Gases Ltd, Guildford, Surrey, UK

Nitrogen

BOC Gases Ltd, Guildford, Surrey, UK

2.2 Equipment

2.2.1Manufacturing

Balances (x2),

Sartorius AG 135

Sartorious AG, Goettingen, Germany

Mettler Toledo Ltd, Leicester, UK.

Extruder,

Roller Model 10/25

Caleva Process Solutions Ltd,

Sturminister Newton, UK.

High Shear Mixer/Granulator,

FP296

Kenwood Ltd., Watford, Hertfordshire

UK.

17

Hot Air Oven

No specification.

Magnetic Stirrer Bars

VWR International Ltd., PqdliK.

Magnetic Stirrer/ Hotplate,

513612

Bibby Scientific Limited., Staffordshire

UK.

Miller/Hand Blender,

Cookworks., Argos, UK.
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HM-918

Motorised overhead stirrer,

SS10, general purpose

Stuart Scientific, Surrey, UK.

Spheroniser,

Caleva Process Solutions Ltd,

Model 120 Sturminister Newton, UK.
Spray gun, Performance Power Tools, UK.
NLE550HVLP

Voltage Meter

Model 38XR

Meterman Tools, UK.

2.2.2Analytical

Absolute Digital Calipers

Mitutoyo (UK) Ltd, UK.

Automated Dissolution Apparatus (x2),
Copley dissolution bath, ST7

Erweka heater,

Watson Marlow peristaltic pump, 313S
UV/ visible spectrophotometer,

CE 3021 3000 Series

Copley Scientific, Nottingham, UK.
Erweka GmbH, Germany.
Watson Marlow, Cornwall, UK.

Ceclil Instruments Ltd, Cambridge, UK.

Brookfield Viscometer,

Brookfield Engineering Labories, Inc.,

Massachusetts, USA.

Differential Scanning Calorimetry,
DSC model 822

Sample robot, TS0801RO

Mettler Toledo Ltd, Leicester, UK.
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Fourier-transform infrared
spectrophotometer (FT-IR)

Model Bench 101: Genesis 1

Mattson Instruments, Madison, USA.

Mastersizer Hydro 2000SM

Malvern Instruments Ltdpr#¥iestershire

UK.

Peristaltic pump,

IPC ISM 931 V4.00

Ismatec SA., Analytical Laboratorig

Glattbrugg-Zurich.

[2)

pH 211 microprocessor pH meter

Hanna InstrumenisBs¢dfordshire, UK.

Polarised light microscope,
Polyvar

Hot-stage platform

Colour video camera,

TK-1280E

Reichert Jung, Germany.

Linkam Scientific Instruments Company

JvC

JVC Scanning electron microscope,

Jeol JSM 6400

Jeol, Herts, UK.

Sieves: brass,

Range of sizes 53-200th

Endecotts Ltd., London, UK.

Sputter coater, Polaron SC515

Enutech Ltd, Ashfdesht, UK.

Tap density volumeter

Model TDV

Copley Scientific, Nottingham, UK.

UV1 UV-vis spectrophotometer

Thermo Fisher Scient$taffordshire, UK.

Vibrating ball mill Model 441

Model 441

Griffin and George Ltd, UK.
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X-ray powder diffraction (XRPD)

Model Bruker-AXS D8

Bruker AXS GmBH, Karlsruhe, Germany.

2.2.3PC Software

Automated dissolution testing (x2),
Datastream CE2000 series,

Erweka,

Cecil Instruments Ltd, Cambridge, UK.

Erwekd’, Heusenstamm, Germany.

Jasco (FT-IR software)

Mattson Intruments, Madido8A

Leutron Vision PicPort and PicProdi
Demonstration Programme,

version 1.95.002

gy

Leutron Vision, Switzerland.

Malvern software (Mastersizer software)

Malverntiashents Ltd, Worchestershir

UK.

D

Minitab version 12

Minitab Ltd, Coventry, UK.

SEM software, Image Slave

Meeco-Dindema, Sydnegtralia

Stat-Ease Design Expert version 6.0.10

QD Congyl@ornwall, UK

Thermal analysis software, STAR

Mettler Toledo Ltd, Leicester, UK.

X-ray powder diffraction software, EV.

9.0.0.2

ASocabim, Germany.

58



2.3 Overview of the Generic Manufacturing Techniques

2.3.1 Wax fusion
Wax fusion is the incorporation of drug into anrinerax matrix. The production of
granules from this method requires two steps; h@megus powder dispersion and

milling which are outlined below:

2.3.1.1Homogeneous Powder Dispersion

Powder Dispersion Method

1 Weigh amount of wax powder required, transfeo iatcontainer and melt on|a

hot plate at a maintained temperature above themedbng point.

2 Weigh amount of drug required and gradually adthe molten wax. Mix well

with a stirring rod until a homogeneous mixturachieved.

3 Pour wax mixture onto a sheet of aluminium faidaallow to cool at room

temperature for 1hr.

2.3.1.2Mill and Sieving

Milling and Sieving method

1 Break up the dried bulk wax/drug mixture and elaxto a plastic container.

2 Mill the fragments, using a hand-blender for 88se

3 Pass the resulting wax granules through a 20@€omsieve.

4 Granules that are larger than 2000 microns aeettly transferred back into the

hand blender to be further milled.

5 The sieved granules are then collected, weighddaaalysed.
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2.3.2 Paracetamol Size Reduction

Ball milling technique

1 100g paracetamol powder was transferred intdeating ball-mill (model 441

with stainless steel ball bearings) and milledZ0mins.

2 The powder was then sieved for size fractionss l#san 500 microns.
Paracetamol greater than 500 microns were furthibedrfor 20mins until an

adequate fraction of the required sizes (53-250ang) was obtained.

(=)

3 Paracetamol within the desired size range wagatetl for incorporation int

formulation.

2.3.3 Extrusion/Spheronisation Techniques
Producing pellets utilising extrusion/spheronisatiequires four stages, the details of the
methodology for each are outlined below. This métia@s used for the production of

minocycline HCI and paracetamol pellets.

2.3.3.1 Granulation

A homogeneous wet powder mass containing powdepiexts and drug was prepared

using a granulator.
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Granulation Method

Prepare a 50ml quantity of 56% w/v ethanol/dedilwater solution for use &
granulating fluid.
o] Using a measuring cylinder, add 28ml of ethanolat&Oml

volumetric flask and make up to the mark with disti water.

AS

Prepare a 38 % w/v solution of Povidone K-29/32.

*  Weigh 2.25g of Povidone K-29/32 into a glass beaket dissolve with 6ml

of 56% wi/v ethanol distilled water solution. Stirtih completely dissolved.

Weigh 23g of Avicel PH101 and transfer into thghhspeed mixer/granulato
Add the milled product from 2.2.3 into the high s@amixer/granulator and df

mix for 5 minutes with the impellor at slow spe&&ipm).

=

Yy

Granulate the blend, with the impellor blade tows(35rpm) by adding th

Povidone K-29/32 solution and continue mixing fdotal of 5 minutes.

11

Add over approximately 2 minutes, with the impelon slow speed (35rpm

28ml of the granulating fluid and continue mixiray 20 minutes.

Add further granulation fluid, if required, unéilhomogeneous wet mass suitd

for extruding is formed (Note additional fluid uged

ble
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2.3.3.2 Extrusion

Extrusion method

1 Extrusion was performed on the homogeneous wes$smasulting from

granulation, to produce uniform rod-shaped paicle

2 Extrusion occurred at room temperature througitaaless steel screen (15¢m

diameter) with perforations (1mm diameter).

3 Resultant extrudate was collected for spheranisat

2.3.3.3 Spheronisation

Spheronisation method

1 The rod-shaped particles produced from extrugiere placed immediately into

the spheroniser in order to minimise moisture loss.

2 Spheronisation was carried out in a spheronigexdfwith a cross-hatched
frictional plate (120mm in diameter) at room tengiere for 2 mins.
Processing parameters:

Speed — Fixed Speed*

Temperature — Uncontrolled ambient

*Sawicki et al (2004) measured the fixed speedatdometer 1200-1300rpm

3 Resultant pellets were collected for drying ineémoven.
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2.3.3.4 Drying

Drying method

ey

1 The spheronised pellets were placed in the oveé50%C for approximately 4

hours until the weight of the pellets remains canst

2 The pellets were then weighed and transferrexldarguitable container ready for

analytical testing.

2.3.4 Hot-melt Spray System
Granules were produced by addition of drug andpent powders into an aluminium
spray container, heated until the wax had becom&emand atomised utilising an

agitated hot-melt spray system (Figure 2.1) asradlin the manufacturing steps below:

Figure 2.1 Agitated hot-melt spray system and spgaghamber
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Hot-melt spray method

Technical information:
Mains voltage: 230v

Power: 550W

Operating pressure 0.15 Bar
Tank Capacity: 1 litre

Nozzle: Butterfly nozzle, external mixing, 1mm size

Glyceryl monostearate was weighed into the spgray container. The contain
and spray gun were heated and maintained 4@ 80an air oven until the wa

has become molten.

X

Once molten, the wax solution was then agitatdiding a magnetic stirrer plate

and the powder mixtures/drug were gradually addéal the molten wax until

homogeneous formulation was obtained.

A

Prior to hot-melt spraying, carbon dioxide gaswsaed to cool the interior of tf
spray chamber and the spray gun and container igereved from the air ove

and assembled onto a heated magnetic stirrer plate.

ne

>

During hot-melt atomisation, the bulk molten waikture was transformed into

small droplets dispersed into a carbon dioxide aphere. The granules we

cooled in the gaseous chamber on descent andteadll&r analysis.

re

The resulting granules were then sieved and aggghiaccording to size ran
using sieves sizes between 75 and 1000 um (Sextibn2. 1) and collected f¢

analysis.

je

=
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2.4  Overview of the Analytical Techniques

2.4.1 Statistical design of experiments

Conventional experimental development and optinusahas been performed utilising
one factorat atime (OFAT) techniques. It involves varying one tacbr variable at a
time while keeping the remaining variables constartt assessing an effect of this single
factor on the product or process. These types wésiiigations are not statistically
efficient and are time consuming, requiring mor@sriand resources for the same
precision in estimating main process effects. lditawh, conclusions may not be accurate
as interactions between factors cannot be deted@nd optimal process settings can be
missed. In industry, multi-factor investigation® aften required where several factors
may influence the outcome of a process. Studiesiiing more than one factor have
been efficiently investigated utilising design ofperiments where multiple factors are
varied simultaneously (Blanque et al, 1995; Helkenylirussi, 1993b; Yajima et al,

1996).

Design of experiments is a systematic approach tsedetermine the relationships
between different variables of a process and theoowe of the process. This type of
statistical analysis can be used to identify tlotdis that are most influential on a process
(main effects) and interactions between these bimsa Each factor can be tested at a
number of quantitative or qualitative levels thabuld represent typical operating
specifications. The empirical knowledge gained whaalysis of variance is applied to
well-structured data matrices, even small data setables optimisation of processes in

many industries including pharmaceutics, enginggrifood, rubbers and plastics,
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reducing the time and money invested into expertalesptimisation and development

(Gardiner & Gettinby, 1998).

There are different types of experimental desigat tan be chosen to determine the
effect of factors, these include full factorialadtional factorial, full or fractional plus
centre point and central composite design. Fuliofga designs can be used to assess the
effect of a response on two or more controlleddiactHowever, when the number of
factors investigated exceeds four and above, tmebeu of experimental combinations
available in a full factorial becomes too high amdractional factorial design may be
chosen as a subset of the total tests (Agalloco a@lefbn, 2008). This allows the
performance of a process or product to be estimaid¢itin its design space (cube)

without having to measure the response of evernghvig within that design space.

In order to develop a design of experiments, therall’ objective of the investigation
must be determined, followed by the experimenteticis that control the outcome of the
process or product and the quantitative or qualédevels by which they will be tested.
Finally, identification of the analytical technicui¢response variables) used to measure
the outcome of the experimental factors and thescipion, both independently and in
combination for interactions. Once these parametbengee been determined a design
matrix can be created, based on the type of expetathdesign selected, the runs to be
performed are generated, undertaken and data @pBrformed in a statistical package

such as StatEase Design Expert or Minitab.
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Experimental design was utilised in this thesisagsess a number of processing and
formulation parameters including, voltage (air preg), nozzle size, wax type and
processing temperature in the development of aatagdi hot-melt spray system (Chapter

4).

2.4.2 Particle size analysis

In pharmaceutical formulation and analysis, thdiglarsize distribution of drug particles
in solid dosage forms can influence the productattaristics. Particle size distribution
has been shown to affect not only porosity and mowitbwability properties of the
dosage forms but also dissolution characteristitd drug bioavailabilities (Brittain,
1995). This leads to problems with efficacy, sti@pilsafety and manufacturing of these

products.

Particle size distributions can be obtained by retaof methods including microscopy,
sieving, electrical sensing zone methods and lsglattering. During this study, sieving

and light scattering were utilised and are disaligséections 2.4.2.1 and 2.4.2.2.

2.4.2.1 Sieve size distribution analysis

Particle size distribution of granules and pell@bkapter 3) were performed using sieves

of size 500, 850, 1000, 1800, 1400 and 1700umkstan descending size order).
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Particle size distribution of actives and sprayedamals (Chapter 4 to 7) were performed
using sieves of size 53, 72, 90, 150, 250, 5000106 (stacked in descending size

order).

Stacked sieves were placed on a sieve shaker (Mgelel?; Endecott) for 10mins. The
quantity of material was weighed, recorded and usegtaphically represent the particle

size distribution of the batch.

2.4.2.2 Light scattering size distribution analysis

The Malvern Mastersizer 2000SM operates by ther ldg&action principle, by using
two lasers of different wavelength to measure plaror droplet size distributions in the
range of 20nm to 2mm. The patrticles pass throulgisexr beam which causes the light to
be scattered at an angle that corresponds to ttielps size. Large particles scatter the
light at narrow angles with high intensity, wheresmsaller particles scatter the light at
wider angles with a low intensity. A detector refeelly reads the individual diffraction
patterns and calculates a particle size distributising one of two mathematical optical

models, the Fraunhofer Approximation or the Mie diye

A methodology was developed for the particle sizalysis of the sprayed GMS material

using the Mastersizer software. Each sample wasunea three times to calculate an

average diameter. Sample and instrument preparateautlined in Table 2.1.
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Table 2.1 Mastersizer sample and instrument prépara

Sample Preparation

1 | Sprayed material was dispersed in a suitableesisggn medium of isopropy

17

alcohol (IPA). *GMS is slightly soluble in IPA aahiing solubilisation with the
addition of heat (Shah &Pathak, 2010). Due to ragagnple preparation and

analysis times, low solubility was not anticipatedmpact the sample size.

2 | Ultrasonic treatment was performed on the diggkersaterial for 1 minute.

I nstrument Preparation

3 | Instrument was switched on one hour prior to darapalysis.

4 | Dispersion unit was rinsed three times with thspgnsion medium with stirring

increased to 3000rpm.

5 | Prior to sample analysis, the dispersion unit iiled with the suspension

medium, with increased speed to 1800rpm and theklan performed.

6 | When completed, the dispersed sample was pipettedh dispersion unit until g
suitable absorbance of 12-16% was reached (greegeyaand the measurement

started.

2.4.3 Measurements of Powder Properties

Characterisation of powder flowability involves eehining particle size (Section 2.4.2),
shape, packing geometry and cohesive propertigsntag have an effect on particle-
particle interactions within the powder particld$ese measurements can be used to

improve or maintain the quality of the manufactgriprocesses, such as blending,
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tableting and encapsulation, and predict flow ctiaréstics of bulk powder material and

the resulting product uniformity.

2.4.3.1 Angle of Repose

The angle of repose is defined as the angle ofrdeesurface of a pile of powder to the
horizontal plane. Powders with excellent flow pntigs will have a value of near 25
whereas poor flow properties have an angle of me#fe There are several methods of
determining the angle of repose, in this reseahsh fixed height cone method was
utilised (Figure 2.2).

Apparatus Method

Fixed height
\ / cone

Figure 2.2. lllustration of the fixed height conetmod (Adapted from Aulton, 2002)

2.4.3.2 Bulk tapped density

Bulk tapped density is an indirect measurementhef gowders packing geometry and
flowability. There are several ways in which bullendity measurements can be
determined. In this research, a tap device wats&bp after the predetermined number

of taps (10 taps) and the volume recorded (FigBe 2
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Figure 2.3 lllustration of a mechanical tappingideMAdapted from Aulton, 2002)

The tapping was repeated to 100 taps where theneho longer changed and at that

point the final tap density was determined andudated (Equations 2.1).

Bulk Density = M/V (kg [Equation 2.1]
[Where, M = Mass; V = Volume]
Initial bulk density measurements were calculatsthg the same equation prior to

tapping.

The Hausner ratio can be used to determine the ressipility of a powder (Equation
2.2).
Hausner ratio £/D, [Equation 2.2]

[Where, D = Final tap density; = Initial bulk density]
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A Hausner ratio less than 1.25 indicates good ffoaperties whereas powders with
values greater than 1.25 indicate greater compmmesdiut exhibit poor flow
characteristics. The Hausner ratio can also baexppl characterising the flow properties

of granules and pellets.

Similarly, the packing fraction can indicate théepcity of the material (Equation 2.3).

Packing fraction DD [Equation 2.3]

[Where, D = Final tap density; P= Initial bulk density]

Particles that are more spherical have a packeién of approximately 0.63 whereas
particles that have a ‘disc-like’ appearance hawghdr values of approximately 0.83

(Aulton, 2002).

2.4.4. Fourier-transform infrared (FT-IR) spectrophotorgetr

The main objective of FT-IR is to identify chemidahctional groups in a sample. IR
spectra are highly characteristic of the moleculabéing fingerprint identification and
quantitative determination of drug substances favide range of solids, liquids and

gases.

Infra-red (IR) is of longer wavelength than UV awmdible wavelengths, spanning a
region of the electromagnetic spectrum 10-1308¢#8-1000pum). When IR is absorbed
the energy is converted into vibrational and rotsi excitation of electrons within

atoms and molecules.
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FT-IR involves passing electromagnetic radiatiorotigh a sample, the vibrational or
rotational energy interacts with the bonds of thengle molecule causing bending or
stretching. The wavelength/wavenumber that intsragth the bond is specific and

functional groups have characteristic bandwidthBrofbsorption (Table 2.2).

Table 2.2 Characteristic bandwidths of IR absorptio

Functional Groups Bandwidths (cm®)
C=C (Benzene Ring) <1000
C=0 1600-1800
C=N, G=C 2000-2250
C-H 2800-3200
O-H or N-H 3200-3500

IR absorption spectra information is provided agraph where the x-axis comprises of
the wavenumber or wavelength and the y-axis compri$ the absorption intensity or %
transmittance ). Transmittance provides a better contrast betwsszng and weak

bands and is calculated using Equation 2.4:
Alogio(1 /T) = —logoeT = —logadl / lo [Equation 2.4]

[WhereA = AbsorbanceT] = Transmittance, = ratio of radiant power transmitted by the

sample o = to the radiant power incident on the sample]
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FT-IR instruments generally comprise of three meamponents; a radiation source,
interferometer and a detector. The interferomeieides the radiation beam; half is
directed to the fixed mirror and the other halfth® moving mirror. An optical path
difference of the beams is created momentarilyréflection from these mirrors results in
the beams recombining. Changes in the positiohefhioving mirror to the fixed mirror
produces interference signals which contain inftaspectral information from passing
through the sample, this is focused on the detestdra spectrum can be extracted using

the ‘Fourier transform’ (Figure 2.3).

e  Fixed mirror
% o/2
= Beam .
Source £ splitter  « '
OHIIIIIIIIIIIIIIIHIIIIiDEHIIIIJIIIIli|IIlII|I|11IEH||Iii||I!
Sample
N Moving mirror
@ Detector
Waveform
contains frequency
information

Figure 2.3 Michelson interferometer used in FT-#@dpted from Watson, 2005)

Various sampling accessories, such as attenuatatl reflectance (ATR), have been
developed to use in conjunction with FT-IR to owne conventional sample preparation
issues. Poor sample reproducibility, complex prafpan methods (KCI discs) and
changes that impact the drug structure of the samwelre hindering the quality of the
measurements that could be obtained. ATR occurs \ahmdiation beam passes from a

high refractive index to a lower refractive ind&o generate an evanescent wave the
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sample is situated closely to a high refractivestalyarea and the radiation beam passed
onto the crystal area and internally refracted ugtothe crystal with single or multiple
reflections (Figure 2.4). The intensity of the eetions is reduced by infrared absorption

of the sample.

Sample

Zinc selenide
crystal

Monochromatic light

Incident Reflected

Figure 2.4 Multiple reflection ATR (adapted from Wfan, 2005)

An ATR accessory was utilised with FT-IR in thisidy, sample preparation is outlined

in Table 2.3.
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Table 2.3 Sample preparation and instrumentatioAT&R analysis.

Sample Preparation

1 | Powder sample was placed onto the small cryséa gust enough to cover the

crystal area).

[ nstrument Preparation

2 | Instrument is switched on prior to sample analyahd the ATR accessory

mounted in the spectrometer's sample compartment.

3 | A background scan between 650crand 3750cm was undertaken prior to

running each sample.

4 | Once sample has been loaded, the pressure @wsiteoned over the crystal area

and force is applied to the sample (20N).

[72)

5 | The sample was analysed between 65b@nd 3750cm, the spectrum wa

collected and the crystal area cleaned with metHanthe next sample.

2.4.5 Differential scanning calorimetry (DSC)
There are two main types of differential scanniatpemetry (DSC) systems: heat-flux
and power-compensation. Studies were performed aitieat-flux DSC822e (Mettler

Toledo, Leicester, UK).

DSC enables the measurement of heat flow in andfsample and reference material
versus time or temperature. Sample material iseplagto an aluminium crucible and the
lid sealed (may be pierced if required), usuallyeampty crucible of similar weight is

used as a reference pan. The prepared cruciblgslaared within the sample chamber,
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where the symmetrical sample and reference compattmare simultaneously heated
using the same temperature programme (Figure A6the thermocouple junction,
multiple thermocouples are arranged between thedoesice, sample and reference. The
voltage developed by the pair is a direct meastitteothermal difference between the
sample and reference. A flow of nitrogen gas istdisthed to remove any volatiles

within the furnace and to aid in heat transfer.

Thermoelectric disc

Silver ring (constantan)
Gas purge inlet
Lid
Sample chamber
Reference L Sanrawgle
pan \ —_— B S— P
g e
Chromel
wafer
Thermocouple N
junction \J Alumel

wire

Heating block

Chromel wire

Figure 2.5 Heat Flux DSC (adapted from Ford & Timsi1989)

Thermal differencesAT) that occur between the sample and referenceriaateare
converted and recorded, by the Stdrermal analysis software, as heat flosg/(l)
measurements versus time or temperature illustrated thermogram (Figure 2.6). The
area under the DSC peaks on a thermogram can Initgtigely integrated into heat of

reaction values (units include cal/s.g or J/s.g) @andirectly proportional to the heat
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absorbed or released by the sample. These diffesandheat flow are the thermal effects
exhibited when a sample absorbs or releases heata agesult of melting,

crystallisation/nucleation, chemical reactions ypobrphic changes or glass transitions.

t+ve

Area = Heat of Fusion

fusion

— \
Endothermic Glass AH;
A transition

Starting
N transient \ End
T T - }" - /Transient
—/_/ e

Isothermal Isothermal

Power (cal s™)
|

)
|

Crystallization

-ve — Exothermic

ve ; 1 1 L LY vy 1 |
Melting Temperature (K) —=
point and (and time)

range

Figure 2.6 Schematic DSC Thermogram (Aulton, 2002)

DSC is an invaluable instrument that is commonlgdugithin the pharmaceutical field.
Its primary function is for the identification armlrity of substances, although it has
many additional functions including the determioatiof heat capacities and heats of
fusion, the preparation of phase diagrams in ifi@ng polymorphs and identification of
decomposition kinetics of solids. In this researd$SC was used to determine
compatibility between formulation components ané #tability of GMS. The DSC

methods and sample preparation are outlined ineT24l.
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Table 2.4 DSC sample preparation and Instrumeinpaters.

Sample Preparation

1 | Place an empty aluminium crucible and lid on thedance and weigh by

difference. Place the required amount of samptetim pan and record weight.

2 | Transfer the pan into the sample press and dwckdtis appropriately placed, turn

the press hand wheel twice to seal.

3 | The sample is then placed on the sample statipe afstrument ready for analysis.

[

4 | A reference standard is prepared identically \thh absence of any sample. The

reference standard is used during all analysis.

I nstrument Preparation

-

1 | The refrigeration unit is switched on next to D8C, followed by the Nitroge

gas to the appropriate flow rate.

2 | Once the software has started and run througmiti@ checks the instrument |s

ready for use.

3 | A suitable method may be selected for analysisthe samples loaded.

The programme selected for a sample is dependenthenmelting point of the

components, those used in my analysis are outim&dble 2.5.
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Table 2.5 DSC methods used for drug sample analysis

Samples DSC method (Temperature range)
GMS only 10 to 86C
Paracetamol only 20 to 206C
lbuprofen only 15 to 95C

Samples comprising of GMS were analysed using nasthanging between 10-85 and
a heating rate of £&/min were used for all programs. Resulting therrapgs were also

normalised against the sample weight.

2.4.6 X-Ray Pattern Diffraction (XRPD)

X-rays are short-wave electromagnetic radiationgiragn over 0.01-1nm and appear
within the electromagnetic spectrum between gamaysa and ultraviolet. This makes X-
rays in the order of 1nm readily available andh& $ame size magnitude as an atom. As
a result, X-ray is particularly useful in solid tgtachemistry for the fingerprint
characterisation of crystalline materials and ideation of atomic arrangements of

matter.

When X-rays fall on a samples surface, secondagmbeare scattered due to the
interaction with each atom of the sample. Thesdteseal beams spread out from the
atoms spherically (forming cones) and the intensitythe interference between these
secondary x-ray beams can be related to the iatesplspacing in the crystalline sample.

Each crystalline sample diffracts the x-rays ddfaty according to the atomic
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arrangement of the crystal lattice. This enablasni@ue diffraction fingerprint to be
obtained for the sample by a mathematical relatignknown as Bragg’s law (Equation
2.5) which considers the intensity of the x-rayeiférence at a wavelength)(as a

function of the diffraction angled}.

. = 2d sind [Equation 2.5]

[where n = order of reflection; d = interplanar cpg causing the diffraction]

Monochromatic x-ray beams in the order of 1 Angntr(ilﬁ'& = 10 m) are used to
determine the atomic, molecular and ionic distaneghin a crystal lattice by the
operating principles of Figure 2.7. The diffractipattern obtained from the sample is
described by thé angle and can be further interpreted by compatimggdiffraction
‘fingerprint’ to standard reference patterns. Cailste compounds exhibit sharp peak
diffraction patterns whereas amorphous compoundscharacterised by more diffuse

peaks or the absence of them.
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Dete%

RS

X-ray

Figure 2.7 Principle of x-ray powder diffractometfgdapted from Jenkins & Snyder,

1996).

Table 2.6 Sample and Instrumentation preparation.

Sample Preparation

The samples were placed on a multi-well plate sttpdoon a 7.5micron Kapton film and
data collection ranged from 3 to 359 & a step size of 0.0178 2nd 1s per step using

Cu Ka; radiation A = 1.54056 A).

| nstrumentation

The XRPD used was a Bruker-AXS D8 Advance X-ray gemdiffractometer with foi

=]

transmission geometry (Figure 2.7) and was equippidd a Bruker Vantec positio

sensitive detector where the data was plotted ubmé& VA programme.
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2.4.7 Microscopy

A Polyvar microscope (Figure 2.8) coupled with acRert-Jung control unit, a hot-stage
platform and a JVC camera were linked to a comptitethe Pic Port Imaging software.
This enabled live sample pictures to be capturedguloth bright-field and polarised
light microscopy whilst undergoing a controlled f@Tature programme or simply

monitoring the morphology with time.

Camera —[

) Beam splitter
Eyepieces

\Z 1 UV and Tungsten Lamps

v

o

Incident light
module

1

Interference
module

Objectives /
Transmitted Iight/ e
condenser /

Polarised filte

Figure 2.8 Components of a Polyvar Polarised Mmoops (Modified from

http://www.materials.co.uk/optical.htrdate accessed 04/06/11)
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2.4.7.1 Light Microscopy

There are several types of light microscopy incigdbright-field, dark-field, polarised,
fluorescence, phase contrast and differential fietence contrast. Bright-field and
polarised light microscopy were adequate microsctgrhniques in these studies for the

characterisation of samples and shall be discussed.

A compound microscope is utilised in light microggpit comprises of more than one
refractive lens, one in the eyepiece and one indbjective. The degree of sample
magnification is controlled by the selected objeetand can typically range between
‘x10" and X100’ magnification. Visible light is &ansmitted through or reflected from a
sample, when it is passed through each refracting it enables a magnified real image

to be viewed by the eye or camera (Figure 2.9).
Eyepiece

Objective _
First image

U\l/l P

|
| e S To the eye
|

Final image
(Virtual)

Figure 2.9 Formation of a magnified real image bgoampound microscope (adapted

from Rawlins, 1992)

84



Bright-field microscopy is the simplest form of higmicroscopy. Once the sample is
mounted onto a microscopic slide, white light ilimates the sample from underneath the
stage and the magnified image can be visualised &oove. However, absence of colour
or contrast of the sample material results in a poage of insufficient resolution and is

most suitable for coloured or stained samples.

2.4.7.2 Polarised Light Microscopy

Polarised light microscopy differs from bright-flelmicroscopy as the microscope
contains two disk accessories; the polariser istkxt below the condenser and the
analyser is positioned near the eyepiece. Natight Is passed through the polarised
filter, filtering the multi-directional light vibrigons into a single direction of plane-

polarised light (Figure 2.10).

Polarising Film

”T/ Plane polarised light
vibration direction

I
l

Natural light

7

Figure 2.10 Polarisation of light (after Robinserd &radbury, 1992)

Plane polarised light is used to analyse structtinas exhibit birefringence, such as
crystalline materials. An object that exhibits birggence has multiple refractive indices

and is also referred to as an anisotropic matekialanisotropic substance will therefore
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appear illuminated against a dark background wHeoed in the light path of crossed
polars. Although the birefringence of a particutaystalline material is constant, a
thicker crystal will appear brighter than a thinceystal as the optical path difference is

being observed and this is affected by the thickméshe material.

2.4.7.3 Hot Stage Microscopy

Hot-stage microscopy, also referred to as thermarascopy, involves the visual
characterisation of a small amount of the sampldswit undergoes a temperature
controlled programme, involving heating and/or aogl It is a rapid technique that
provides a large amount of information including/ dhermal transitions, the degree of
crystallinity and changes in the crystal structanel growth rates of the sample material.
Visual analysis can also aid in the interpretatbnesults obtained from thermal analysis
techniques including DSC and TG/sDTA. Hot-stagerascopy is widely utilised in the

plastics, pharmaceutical, forensic, food and chahinzustries.

Selected hot-melt or granule samples, producedigiaut the PhD, were characterised
by mounting on the hot-stage platform and subjetiesl heating programme of 25°80
at C/min. The morphology and melting points of the poments and sample mixtures

were documented.
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2.4.7.4  Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a method weasbtain high resolution images
of solid material surfaces. The degree of magrtibcais controlled by the ratio of
sample area scanned to the area of the TV screkoaanrange from x10’ to ‘x300 000’
magnification. Unlike a conventional light micropep where refractive lenses and
lightwaves are used to magnify the sample imagstreins are focused onto the sample

via magnetic lenses which scan the sample surfeaeseries of gridlines.

An incident electron beam, produced by an elecgon, is scanned across the sample
surface and the emitted electrons (secondary etexjtrfrom the sample surface are
attracted to a low charged positive grid. The etexd pass through the grid to a
positively charged disc, as the electrons strilkedisc it is translated and amplified into a
signal then generated as an image on a TV scrdas. ilhage can then be used to
identify the surface structure and be further asedy qualitatively or quantitatively, in

conjunction with the computer software (ImageSlave)

Samples were mounted onto 10mm aluminium stubs avithrbon dot. A splutter coater
was then used to splutter a thin conducting goigerleonto the samples to prevent
charging effects in the SEM by promoting electrefiection and to also protect the

sample from the high-energy beam which may haveadachthe sample surface.
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2.4.8 UV/visible spectrophotometry

Radiation within the UV/visible spectral region, 900nm, is passed through a
chemical solution. Electrons within the moleculausture become excited and occupy a
higher electronic state and absorb energy passiraugh the chemical solution. This

absorption of energy within the visible range dienfluences the perceived colour of

the chemical solution.

Development of quantitative methods for colour deteation was necessary to
eliminate the variability in which individuals camsually perceive and evaluate colour.
UV/visible spectrometry is quantitatively undertaki® determine the concentrations of
chemical solution in accordance with the Beer-Lamhew. The Beer-Lambert Law
states that the absorbance of a solution is dyr@etportional to the concentration of the
absorbing species in the solution and the pathter(@quation 2.6). This linear
relationship applies to dilute solutions but ath@g concentrations the relationship can
become non-linear.

A =log I/l = abc [Equation 2.6]
[Where A = absorbance; a = A(1%, 1cm); ¢ = coneiutn (g/100ml); b = pathlength

(cms)]

A UVlvisible spectrophotometer comprises of threimelements outlined in Table 2.7

and illustrated in Figure 2.11.
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Table 2.7 Summary of UV/Visible Instrumentation

UV/Visible Spectrophotometer

Two light sources; a deuterium lamp for the UV oeg(190 to 350nm) and a tungsten

lamp for the visible region (350 to 900nm).

Monochromator; disperses the light into constituevdvelengths, the appropriate

wavelength is passed into the sample through .aliting scanning the monochromator

is rotated to allow the selected wavelength rapgeass through the sample slit.

Optics; split the light beam to pass through theas in both the reference and sample

compartments.
Monochromator
Slit Slit Detector

|2/,
Sample
in quartz

Deuterium and cell

quartz halogen

lamps

Figure 2.11 Schematic diagram of a UV/visible spmueter (Adapted from Watson,

2005).

2.4.8.1 Generation of a calibration curve

The validity of the Beers law can be checked biear plot of Absorbance (A) against

concentration (c). Table 2.8 outlines the procedarebtain absorbance (A) values for

generating a calibration curve.
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Table 2.8 Generation of a calibration curve

Preparation of stock and standard solutions

1 A stock solution of the drug in a soluble aquemeslia is prepared.

2 The stock solution is diluted into five standamdutions and scanned withjn

a predetermined wavelength range to determin&riax.

3 The absorbance (A) of the standard solutionsre@sured at the fixédnax

of the drug solution.

4 Absorbance values are plotted against drug corateEm to produce a

calibration curve. The equation of the calibratmnve is derived from th

D

gradient of the fitted regression line.

2.4.8.2In-vitro Dissolution Studies

Dissolution studies involve determining the ratelnfg release into solution from a tablet
or capsule dosage form. These studies are impomamstablishing the therapeutic
efficacy of dosage forms by assessing batch vdit\abor comparisons between
formulation release characteristics during develepimCorrelations can also be assessed
between in-vitro dissolution andin-vivo data, although caution is advised when
interpreting this data due to the physiology of @Gletract and the complexity of lipid

digestion for dosage forms of this nature.

There are various methods described for measuhagdte of drug release including,

beaker method, flask-stirrer method, rotating baskethod, paddle method and the

rotating and static disc method (Aulton, 2002). iDgrthis research, the paddle method
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was used, also known in the pharmacopoeias as USRolll XXIII Apparatus 2 method
(Figure 2.12). In this system the cylindrical védsas a spherical bottom which allows

the sample to sink prior to agitation commencirgythie rotating paddle.

Figure 2.12 Paddle dissolution apparatus
Utilising this dissolution system and the paranstartlined in Table 2.9, release profiles
were successfully obtained to characterise vanaliet and granule formulations during
this research. The dissolution profiles were deriftrem the absorbance values of the
sample media and converted into a graphical reptasen of the percentage drug
release against time using equations from the sporeing calibration curves.
Comparisons between each formulation series wendumed utilising statistical tests

summarised in Section 2.5.1.
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Table 2.9 Sample and instrument preparation

Dissolution Equipment and Settings

=

o

-

=

1 Paddle speed of 50rpm.

2 Peristaltic pump at 30rpm.

3 6 x 1000ml of dissolution media maintained atG3Z%0.5.

4 Drug release was typically assessed performelefioveen 4 to 8 hours.

5 Samples were measured in a 1cm3 quartz cell WWVaspectrophotomete
operated at an appropridtéor the drug substance being analysed.

Dissolution Media

6 Distilled water was used as a dissolution media paracetamol an
minocycline HCI formulations and the samples aredyat 249nm an
348nm, respectively. 900ml was incorporated intthedissolution vessel.

7 Phosphate buffer (pH 7.2)* was used as a digsaluhedia for ibuprofer
formulations and analysed at 319nm. 900ml was pwated into eac
dissolution vessel.

*pH 7.2 was utilised to maintain sink conditionsri(Bh Pharmacopoeia
2012).
Sample Preparation

8 6 x samples weighed and dissolution blanked poioun commencing.

9 Samples added to dissolution pots with aqueowkanand dissolution
system initiated.

10 A 5ml filtered sample of dissolution media wampved at predetermined

intervals, measured and replaced into the samelsgup
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2.5 Statistical Analysis

Statistical analysis throughout this study was grenkd using Fit Factors and Two-Way
ANOVA methods. Direct comparisons of dissolutiotease data could be undertaken
using fit-factors (Section 2.5.1), whilst experinterdesign and comparisons of particle

size distributions utilised ANOVA techniques (Seati2.5.2).

2.5.1 Fit Factors

Fit factors is a mathematical model designed spadliy to analyse dissolution release
profiles. This statistical test allows the compamisof each time point between two
dissolution profiles, one profile is assigned aerefce profile and the other the test
profile (Moore & Flanner, 1996). This method is theeferred method of analysis for
dissolution profiles by the Centre for Drug Evaloatand Research (FDA) and the

European Agency for the Evaluation of MedicinalRrcts (EMEA).

There are two elements to fit factors analysis;difierence factor, £ and the similarity
factor, . The difference factor, 1F (Equation 2.3) measures the percentage error
between two curves over all time points (Costa &&,02001). When the reference and

test samples are equal theviglue is 0.

F=Y"=1(R—T) x 100 [Equation 2.3]

> e Ry
[Where n = the number of time points, R = Percefdrence sample dissolved,

T = Percent test sample dissolved, t = specific puiat]
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The similarity factor, | (Equation 2.4) is a function of the mean differes and does
not take into consideration differences in dissotutvithin the test and reference batches
(Costa & Lobo, 2001). The test and reference sasrguie considered similar when the F

value is between 50 and 100.
F,=50x log [ 1 + (1/MYe1" (R — T)?1°°x 100 [Equation 2.4]
[Where n = the number of time points, R = Percefdrence sample dissolved,

T = Percent test sample dissolved, t = specific poiat]

2.5.2 ANOVA

ANOVA, also known as analysis of variance, is d téghe statistical significance of the
differences among the mean scores of two or marepgron one or more variables. For
the two-way ANOVA analysis, the same number oficggpés can be used in each group
but data with only one replicate can be analyseédgu#&NOVA but no interaction
between the variables can be determined. The assumsmpf ANOVA analysis include

the data to be normally distributed, have the ssameple size and have equal variances.

The performance of the two-way ANOVA produces resuwising a sum of squares
decomposition. The total sum of squares is a measuthe variability for all the data in
the set. The analysis of variance separates vhtyabithin groups and between groups,
if the variability between the groups is largerrthbere is a significant difference. This
result is expressed as a p-value, if it is less ttiee specified value p<0.05 (5%

significance level) there is a statistically sigraht difference between the two variables.
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4. Preparation and Characterisation of Pellets Utilisng

Extrusion/Spheronisation

3.1 Introduction

Sebomin MR capsules are a modified release prothmbrporating minocycline
hydrochloride, they belong to the tetracycline laiotics groups and are used to treat

acne.

An objective of the PhD research was to assespdifermance of an ‘in-house’ generic
formulation of minocycline for equivalence to themmmercial Sebomih MR generic
product. The ability to develop a sustained reldgskrophobic matrix delivery platform
was also to be evaluated by modulating the exisforgnulation components and
manufacturing process. No product design space praviously defined during

traditional formulation development.

The formulation development was empirical and ledthe manufacturing process
becoming fixed early in pharmaceutical developmeith product testing only being
undertaken post manufacture of the clinical or camumal batches. As a result, there was
limited knowledge of the commercial attributes rieggh to achieve successful scale up
and support continuous improvement of the genemclyct quality for Sebomfh MR

utilising extrusion/spheronisation (Dickinson et 2008).

Quality by design (QbD) was introduced to the prereutical industry as a systematic

approach to pharmaceutical development of both aea generic drug products. ICH
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regulatory guidelines Q8, Q9 and Q10 outline thel@mentation of QbD by utilising
design of experiments, risk assessment and prausaytical technology to define a
design space of acceptable product quality (ICHexised Tripartite Guideline, 2009;
Lionberger et al., 2008). By understanding proddesign, critical formulation and
manufacturing parameters could be identified arar timpact on product performance
quantified. This enables development of product \&i pre-defined quality leading to

continuous process improvements and product ogtiis

Under QbD, dissolution is an important tool in asseg the impact of parameters on
product performance (Dickinson et al., 2008). Assult, the drug release characteristics
of Sebomin MR 100mg capsules were evaluated andaliléy to manufacture and
reproduce the product quality utilising extrusigsronisation at bench scale was
assessed. Once the process had been transfefnedsa-from Actavis, to reproduce the
Sebomin MR formulation, paracetamol would be usedm inexpensive marker. Both
APIs are hydrophilic in nature and remain undissdivn the molten GMS, melting

beyond 86C.

To develop a sustained release hydrophobic matiletpdrug delivery system for
commercial use, process analytical technology (P#&&}p utilised to facilitate QbD.
Formulation and manufacturing parameters that cpoténtially impact product safety,
efficacy and quality were identified. The high rislariables included formulation

composition, pellet particle size analysis, sphesation time, milling time, wax fusion
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parameters and granulation liquid composition. €hesiables were modulated and their

drug release performance evaluated to establisprttict design space.

3.2 Methods

Hydrophobic pellet production was achieved utilisiextrusion/spheronisation and the
effects of five formulation variables; milling angranulation fluid composition, wax
content, spheronisation time, pellet size distrdutand their effects on in vitro

dissolution were investigated.

« All granule formulations were prepared from glydenonostearate and Minocycline
HCI (Sections 3.2.1 & 3.2.2) or Paracetamol (Sesti8.2.2, 3.2.3, 3.2.4 & 3.2.5),
utilising wax fusion.

e The wax granules produced were incorporated intolletse utilising
extrusion/spheronisation technologies.

* In vitro release profiles of the resulting granudesl pellets were determined utilising

an automated dissolution apparatus (Section 2)4.8.2

Details of pellet manufacture and the analyticathods are summarised in Sections

3.2.1-3.2.5. Further information is available aaftrenced in Chapter 2.

3.2.1 Investigation of Milling and Wax Fusion

Drug release was observed for the granules andtpgltoduced by different milling and

wax fusion processes. All granule formulations picetl in this investigation consisted
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of 15%w/w GMS and 85%w/w minocycline HCI. Pelleteres produced from the same

granules. The alterations in the wax fusion/millprgcesses are detailed in Table 3.1.

Table 3.1 A summary of parameters investigatetiéenntax fusion and milling processes.

Process Variables altered within the process
Wax Fusion e Cool GMS/Minocycline HCI mixture on foil with noigting.
(Section 2.3.1.1) « Continuous stirring of GMS/Minocycline HCI mixtusgith homogenizef

whilst cooling until 40°C.

Milling * Mill GMS/Minocycline HCI mixture with a hand-blendeand obtain g
(Section 2.3.1.2) suitable particle size through a sieve.

e Manually pushed through a 2000 micron sieve, utifjsa palette knife.

The release profiles of the resultant ‘in-houseiegee minocycline granules and pellets
were compared with Sebomin MR (Actavis UK Ltd) grEnand pellet release profiles.
These granules, supplied from Actavis, were producem the bulk blend by passing

through a 2000 micron oscillating mill.

3.2.2 Investigation of Granulation Liquid Composition

Drug release was observed for both paracetamolnaindcycline pellet formulations
with varying granulation fluid compositions. Theagulation fluid comprised of an
ethanol and distilled water mixture. Two types cdrglation liquid were utilised in this

study as detailed in Table 3.2.
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Table 3.2 In-house Sebomin, paracetamol and corgpatSebomifi MR) pellets

produced utilising different compositions of graatidn liquid, batch size 65g.

Granulation Fluid Formulation

(ethanol:water)

56% w/v ethanol A. In-house generic minocycline

B. Paracetamol-equivalent

C. Actavis Sebomif MR

56%v/v ethanol D. In-house generic minocycline

E. Paracetamol-equivalent

The release profiles of the resultant, ‘In-houseneyic formulation of minocycline and

paracetamol-equivalent pellets were compared vétiosir MR pellet release profiles.

3.2.3 Investigation of Wax Content in Paracetamol &llets
Production of granules and pellets (pellets produoem the granules) with varying wax
content (5-90% w/w) were performed and the effemtsin vitro drug release was

observed (Table 3.3).
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Table 3.3 Granule and pellet formulations with wagyPCM:GMS compositions

Formulation Concentration (%w/w)
Glyceryl monostearate Paracetamol

A 0 100
B 5 95
C 10 90
D 25 75
E 30 70
F 40 60
G 50 50
H 60 40
| 70 30
J 80 20
K 90 10

3.2.4 Investigation of Spheronisation Time of Paratamol Pellets

Production pellets with varying spheronisation sn2-14mins) were performed and the
effects on in vitro drug release was observed @&h#). All granule formulations
utilised in this investigation consisted of PCM:GNIE®:90 w/w), at a fixed speed and

ambient temperature.
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Table 3.4 Paracetamol pellet formulations manufactat different spheronisation times

Pellet Formulation Spheronisation Time (mins)
A 2
B 4
C 6
D 8
E 10
F 12
G 14

3.2.5 Investigation of Particle Size Distribution bParacetamol Pellets

Production of granules and pellets from the grauweéth varying particle size
distributions (0.5mm-1.4mm) was achieved by usiragb sieves to separate the resulting
pellets into these fractions (Table 3.5). The dffdceach pellet size fraction on in vitro
drug release was observed. All granule formulationghis investigation consisted of

60% w/w of glyceryl monostearate and 40% w/w pataoel.

Table 3.5 Particle sizes of paracetamol granuldseiliets investigated

Formulation Particle Size
A <500um
B 500-850pum
C 850-1000pm
D 1.00-1.18mm
E 1.18-1.40mm
F 1.40-1.70mm
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3.3 Results and Discussion

3.3.1 Investigation of Milling and Wax Fusion

3.3.1.1 Minocycline Granules

The resultant granule release profiles obtainethagipulating the milling and wax

fusion process parameters are illustrated in Fi§ute
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R 40 cooling (hand milled)

C

8 ——Hand milled and _

= 20 uncontrolled cooling
Actavis Sebomin MR
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Figure 3.1 Mean release profiles of granules wittying wax fusion/milling processes +

SD (n=6)

From Figure 3.1, no significant difference was obsd between any of the in vitro
release profiles obtained for the granules with atateéd milling/wax fusion processes (f
values > 50, f value < 10). The granules exhibit immediate redepasoperties for

minocycline formulations manufactured both ‘in-heuand from Actavis.
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3.3.1.2 Minocycline Pellets

Minocycline pellets were produced utilising extarsispheronisation whilst manipulating

the milling and wax fusion process parameters durminocycline:GMS granule

formation. The resultant pellet release profilesfrthis investigation are illustrated in

Figure 3.2.
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Figure 3.2 Mean release profiles of pellets withywray wax fusion/milling processes +

SD (n=6).

From Figure 3.2, the in vitro release profiles dligts were significantly different

between pellets that were hand milled and peltes were not hand milled i.e manually

pushed through a 2000 micron sieve\&lues < 50, f value > 10). Pellets formulated

from hand milled granules have a significantly eased drug release rate than pellets

formulated from granules that had undergone no hailihg (Mullin, 1996). Hand-
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milled formulations exhibited immediate release relsteristics with greater than 75%

drug release in 45 minutes (British Pharmacop@§a?).

No significant difference was observed betweenré¢tease profiles of the pellets that had
been milled and cooled on foil and the pellets twate continuously stirred when
cooling until approximately 40°C when complete dification had been achieved; (f
values > 50, fvalue < 10). This indicates that the cooling i@&téhe formulation from 65
to 40°C did not affect the drug release rate in ithemediate post-manufacture time
period. However, to determine long term producbiitg thermal analysis would need to

be undertaken utilising techniques such as FT-IRPR or DSC (see Chapter 7).

Despite the decreasing trend between the pelletsird 3.2), there was no significant
difference (§ values > 50, fvalue < 10) between release profiles of the Ast&ebomin
MR pellets formulated from granules passed throadd®00 micron oscillating mill and
the pellets formulated from granules manually pdstmeough a 2000 micron hand held
sieve. This not only indicated the industrial psseould be reproduced in house, in a
small scale, but that both formulations achieve iffextl drug release properties. Actavis
Sebomin MR exhibited 56.3% mean drug release amdntiihouse generic minocycline
pellets exhibited 69.5% mean drug release, witfinminutes (British Pharmacopoeia,

2012).

The milling process appears to be a critical patamia the production of minocycline

pellets impacting product quality. The mechanisgmsicantly impacting the dissolution
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performance could be attributed to differencesha particle size distribution of the

resultant product, investigated in figure 3.3.
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M Pushed through sieve
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Figure 3.3 Particle size distribution of pelletoguced by varying wax fusion/milling

process.

The patrticle size distribution (Figure 3.3) for bgpellet batches produced via hand
milling indicates the majority of the particles avehin the sub-1000 micron size range.
Whereas the majority of the pellets produced bywges manually pushed through the
2000 micron sieve are within the 2000-1000 micrange. The prolonged drug release
exhibited by the pellets manually pushed througtese appear to be controlled by the
same mechanism as the Actavis pellets, the pasizke distribution of the products are
similar and are significantly larger than the hanitled products. These findings

correlated to the release performance exhibitddyime 3.2.
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Pellets produced from hand milled granules exhds$ control on the particle size of the

granules produced (figure 3.3), resulting in a greproportion of pellets in the sub-1000

micron range. Milling techniques incorporating @@0micron sieve produce a greater
proportion of granules with a larger size rang®dpcing a larger proportion of pellets

within a 1000-2000 micron size range. The resuljagitets composed of a smaller

particle size granule will have a faster drug re¢eeate than those composed of larger
particle sizes (Aulton, 2002; Qiu et al., 2009)cdérelation between milling and particle

size distribution has also been identified withlimg time and type of mill utilised

(Mullin, 1996; Phajongwiriyathorn, 2008).

3.3.2 Effect of granulation liquid composition

The pellets produced from both minocycline and gatamol granules were prepared
utilising different ratios of ethanol and water mires, to determine whether the different
granulation liquid compositions have a significaffect on the drug release rate of the

resulting pellets (Section 1.2.2).
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Figure 3.4 Mean release profiles of in-house antavis Sebomifi and paracetamol

pellets with varying ethanol:water mixtures + SB>-¢h

The paracetamol equivalent formulation was incaafedt into figure 3.4 to assess its
suitability as a marker during development work.eTéirug release profile for the
paracetamol equivalent formulation is similar t@ tommercial Sebomin product and

therefore acceptable for use during pre-formulasictivities.

From Figure 3.4, there is a significant differemcéehe release profilesy(7alues < 50, 4f
value > 10), for both types of drugs, when the mthaater composition of the
granulation liquid is altered from 56%w/v to 56%\0¥ ethanol. The release profiles of
all the pellets produced using 56%v/v ethanol:watdution are extremely similar,(f

values > 50, f value < 10) and also replicate the drug releasdil@rof the Actavis
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Sebomin MR product. This indicates the compositbthe granulation fluid is a critical
parameter in the manufacturing process impactingpraauct quality. Optimisation of
this parameter enables the Actavis SebSnfarmulation to be reproduced successfully

when produced utilising the scaled down equipment.
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Figure 3.5Particle size distribution of minocycline and paataenol pellets with varying

ethanol:water mixtures (n=3).

The particle size distributions obtained for mingoy and paracetamol pellets produced
from varying alcohol mixes (Figure 3.5) both indeahe same correlation. Pellets
produced from a granulation liquid containing mathanol (56%v/v) have a higher

proportion of pellets greater than 2mm. Whereasetseproduced from a granulation
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liquid with less ethanol than water (56%w/v) havgraater size fraction of pellets less

than 1mm.

The increase of particle size distribution is atited to the increase in ethanol content.
The GMS wax matrix is practically insoluble in etlof whereas minocycline HCI or
paracetamol present on the surface of the wax tgaeadily dissolve in ethanol. As the
content of ethanol increases in the PVP-ethanoémsdlution, the drug on the surface of
the wax matrix dissolves to form viscous liquid g&r This decreases the pore volume
occupied by air eventually producing a funicularoapillary state where more liquid
bridges can be formed increasing the contact stirdmea between the granule particles
and enhances bonding capabilities. This promotesradce of smaller granule particles
to form larger particles (Qiu et al., 2009; Wells\&alker, 1983). On drying, the PVP
binder present in the granulation fluid will hargdes the granulating fluid evaporates, to

form solid bridges that bind the granule partiglesiton, 2002).

The increased ethanol content may increase theogrop of pellets greater than 1mm in
size but the binder viscosity would be the rateatlmg factor for continued particle

growth, as a minimum binder viscosity is requiredféorm granules for a given size
(Keningley et al., 1997). To further increase tlagtiple size of the resultant pellets the
binder viscosity would need to further increasertler consideration to increase the
particle size would involve managing the rate oédikage during granulation. Larger
particles exhibit steady movement during granutatibaking them more prone to

breakage than smaller granules. Therefore, to ptexewide particle size distribution
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being achieved, equilibrium between granule groaidl breakage would be required

(Knight, 2004; Reynolds et al., 2005).

The minocycline and paracetamol hydrophobic matebets shown in Figure 3.4 are not
classified as sustained release formulations astithe point exhibited at 25% drug

release was not expressed in hours but minutedoAtulations released less than 75%
within 45 minutes eliminating immediate releaserdif@e classifying the drug release
characteristics of the minocycline and paracetapatlets as modified release (British

Pharmacopoeia, 2012).

3.3.3 Effect of glyceryl monostearate concentration
3.3.3.1 Granules
Modification of paracetamol release was achieved/dnying the GMS content of the

granules (Figure 3.5).
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Figure 3.5 Mean Release Profiles of granules wilyimng GMS: PCM contents + SD

(n=6).

From Figure 3.5, all formulations exhibited at le@6% drug release within 1.5 hours
(Table 3.6). As the GMS content increased from %8@/w the drug release rate
gradually decreased. A significant difference whseoved (f values < 50,:fvalue > 10)

between the paracetamol powder release profile thed paracetamol:GMS release
profiles obtained for formulations consisting of laast 30% w/w GMS or more. No
significant difference was identified between theigl release profiles for granules

comprising of 40-90%w/w GMS, using fit factorg Yalues > 50,,;fvalue < 10).

Granules comprising of 90%w/w GMS did not followetdecrease in drug release rate

anticipated but actually showed similar drug redeaharacteristics as for granules
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comprising of 40%w/w GMS, confirmed by fit factdffs values > 50, sfvalue < 10). A

primary consideration for compromising the antibgohdissolution rate is the granule
PSD, this would significantly impact on the druteese rate via Noyes-Whitney. Further
characterisation of PSD of granules and pelletsewandertaken in section 3.3.5.1.
Alternatively, an interaction between the APl ant& may impact the anticipated
dissolution rate (Giordano et al., 2002; Tomassdtal., 2005), however no interaction
between paracetamol and GMS has been reportec ilitehature. Further investigation
of the thermal properties of paracetamol-GMS binarixtures were characterised in

Section 5.3.1.

The mechanism of drug release cannot be corretlateliguchian release kinetics for the
granules or pellets (figure 3.5 and 3.6) indicatimg release is not primarily via diffusion
and may involve two drug release mechanisms. Ruithesstigation into the surface
characteristics via SEM would be required to assigiefining the mechanisms of release
and why the high drug loading of GMS (90%w/w) intpadifference behaviour than

anticipated.

Due to the hydrophilic nature of paracetamol atighburst release can be observed for
all formulations due to liberation of the surfageiglfrom the granule. Once the surface
drug has been released the drug release rate bgcslme and steady. As GMS

concentration within the formulation increases, thaent of initial release decreases
suggesting less drug exposure on the granule sudiad the extragranular porosity

decreases (Quadir et al., 2003). From an intragmamperspective, an increase in the
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GMS content increases the distance between the detetledrug particles and the
dissolution media. This leads to a decreased oathé dissolution media to penetrate the

granule and decreases the rate of drug diffusiomiine matrix (Tiwari et al., 2003).

Formulations A-F and K (Figure 3.5) are characegtiby the BP specifications as a
conventional immediate release dosage forms asaat V5% of the active was released
in 45 minutes. Formulations G-J are characterisednadified release formulations

(British Pharmacopoeia, 2012).

3.3.3.2 Pellets

Modification of the drug release was achieved byywa the GMS content of the

granules and further processing into pellets (Fedu6).
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Figure 3.6 Mean Release Profiles of paracetamoh fpellets with varying GMS: PCM

contents + SD (n=6).

From Figure 3.6, all formulations exhibited at k¥28% drug release within 1.5 hours. As
the pellet GMS content increased from 5-90% w/w tinag release rate gradually
decreased. A significant difference was observetivden the paracetamol powder
release profile and formulations consisting ofeaisk 10% w/w GMS or more;(falues <
50, f; value > 10). No significant difference in drudesese rate was observed between

pellets comprising of 10-90%w/w GMS; (falues > 50,,fvalue < 10).

Formulations A-D and K (Figure 3.6) are characestidy the BP specifications as a

conventional immediate release dosage form asst #% of the active is released in 45

minutes. Therefore, statistically significant difaces between drug release profiles,
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using fit factors, cannot be interpreted to meaat the formulation is no longer an
immediate release dosage form, as indicated byugarcontaining 10%w/w, 20%w/w

and 30%w/w GMS.

3.3.3.3 TowVvalues of GMS:PCM granules and pellets
For each dissolution run, six release profiles var&ined. The standard deviation of the
T-09 vValues obtained from each of these six dissolupimfiles was determined (Table

3.6).

Table 3.6 Toy values and Standard deviations obtained from #léetpand granule

release profiles (n=6).

GMS Content (% w/w) Granules Pellets
T70062SD (Mins) T700£SD (MINs)
30 42.6%11 39.52.7
40 35.3£9.9 53.+4.9
50 36.3t13.7 63.35.9
60 42.0+8.8 67.26.3
70 66.1+23.5 76.23.0
80 83.#17.6 47.%#7.8
90 41.0£17.6 51.%2.4

For granules and pellets, calculating the standdesiation and Jo values for
formulations containing less than 30%w/w was natsgade as these formulations had
released over 70% of the drug from the matrix syskeefore the first UV reading at

10mins (Table 3.6). However, a significant diffezercan be observed between the,T
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values for the pellets and granules containingeastl 30%w/w upwards (p<0.05, Two-
Way ANOVA). For granules containing up to 70%w/w GMIqis reached faster than
the Ty Of pellets with the same composition of GMS, iadicg the

extrusion/spheronisation process must be contriputo the additional retardation of

drug release from pellets.

In Table 3.6, the SD for pellets was significaridwer than the SD for granules (p<0.05,
Two-Way ANOVA), indicating that the six drug releagrofiles obtain for the pellets had
less variation between the drug release profilekimgapellets more reproducible than
granules. The pellet SD was lower because thetpal® more uniform, spherical and
compact than the granules, which are characteasedegular in shape and size and less
compact. It is more difficult for the dissolutionedia to penetrate the pellets than the
granules due to the reduction in the diffusionahpays within the matrix (Mehta et al.,

2000; Mehta et al., 2002).

As illustrated by Peh and Yuen (1995) and Phajongathorn (2008), modification of
drug release can be achieved by varying the GM$enomwf the pellets. However, the
manipulation of GMS concentration in a binary mmgtwith paracetamol is not sufficient
enough to achieve sustained drug release. As i$tetifne point, taken for 20-30% drug
release is not expressed in hours for any of taawe or pellet formulations (Section
1.4). However, as indicated by Phajongwiriyathd2@08) sustained release profiles can
be achieved when an additional excipient is incaaeal, such as a tertiary mixture of

GMS, paracetamol and DCP.
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The extrusion/spheronisation process can alsoiligedtto decrease the drug release rate
(Section 3.3.1.2) and offer reproducibility of timevitro drug release due to the uniform
compaction of the pellets. However, this was stdufficient in achieving sustained drug
release in a binary mixture of GMS and paracetafaither processing and formulation

variables would need to be modified for a sustanired) release rate to be obtained.

3.3.4 Effect of spheronisation time

3.3.4.1 In vitro Release Profiles

The effect of varying spheronisation time on thegdrelease of paracetamol from pellets

is shown in Figure 3.7.
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Figure 3.7 Mean Release Profiles of paracetamoimfrpellets with varying

spheronisation times = SD (n=6).
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From Figure 3.7, increasing the spheronisation tiren 2 to 6 minutes significantly

decreases the drug release ratevéflues < 50, ,f value > 10). When extrudate is
spheronised for 2 minutes the pellets exhibited ediste drug release characteristics,
when the extrudate is spheronised for at leastrut@s modified release characteristics
were achieved. When the spheronisation time wasased from 6 to 14 mins, there was
no further decrease in the drug release and asult stained drug release was not
achievable by varying the spheronisation time aloflee relationship between the

spheronisation time and the meag.Jare graphically represented in Figure 3.8.
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Figure 3.8 Spheronisation time against meap,for paracetamol pellets + SD (n=6)

Figure 3.8 clearly indicates there is a significstefp change of the;dy values when the

spheronisation time increases from 4 minutes toigutas and corresponds to similar
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findings by Mehta et al., (2002). Spheronising kanger than 4 minutes significantly
increases the time taken for 70% of the drug toebeased from the matrix pellets into
the dissolution media, decreasing the drug relestee However, this increase in th@d
value does not further increase when the pellegsspheronised beyond 6 minutes, no
significant difference is found between 6 minutesld minutes 7oy values (p>0.05,

Two-Way ANOVA).

3.3.4.2 Visual Examination of Pellets
Prior to spheronisation, extrudates appeared ilaegn size and shape (not shown).
Pellets were visually examined and compared afteying the spheronisation time

(Figure 3.9).
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Figure 3.9 Digital photographs of paracetamol pellets producedh varying
spheronisation times A) 2 mins, B) 4 mins, C) 6snid) 8 mins, E) 10 mins, F) 12 mins

and G) 14 mins (See Section 3.2.4 for process/ftation parameters).

During spheronisation, the rotational and centafuigprces exhibited on the extrudates
led to more spherical-shaped pellets being produdsdthe spheronisation time was

increased from 2 to 6 mins, the pellet appearamoarie more rounded and uniform.
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Once the spheronisation time reached or exceedmith$, pellets adhered together to
form larger dumb-bell and oval shaped agglomerd&e#iet agglomeration continued to
become more pronounced as the spheronisation tamsemnreased beyond 6 mins, with
2 or 3 pellets visibly agglomerating together. $amifindings were illustrated by Lee

(2003) and Mehta et al., (2000).

In a study by Mehta et al., (2002), densificatidntlee pellets was the predominant
mechanism that contributed to decreasing the delegse profiles. Longer spheronisation
time produces more compact pellets due to the ase exposure to the rotational and
centrifugal forces exhibited. Increased pellet daaion makes it more difficult for the

dissolution media to penetrate the pellet formatatand sustains drug release. After a
defined period of time, the pellets may not be ableompact/densify further and the
drug release rate will correlate with the level dgnsification and not decrease any

further.

An optimal spheronisation time can be achievedafgrellet formulation. In this case,
spheronising pellets for longer than 6 mins isproductive as the release characteristics
do not significantly decrease further and the pobdmay undergo agglomeration or
adhere to the spheronising chamber causing prodigase characteristics to become less
reproducible (Mehta et al., 2000; Vervaet et a@95). Shorter spheronisation times
would also be preferred to enable rapid produatibpellets that would be cost effective
in the pharmaceutical industry. In addition, thelfophobic materials and API would not

be at risk of any phase transitions that may oframn additional processing stresses.
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3.3.5 Effect of pellet particle size
3.3.5.1 Granules

The effect of paracetamol:GMS (40:60) granule pltsize on the release rate is shown

in Figure 3.10.
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Figure 3.10 Mean release profiles of paracetamoSZ#D:60) granules with varying

size distribution = SD (n=6).

From Figure 3.10, as the particle size increases fess than 5Q0n up to 1mm there is
a significant decrease in the in vitro release (&tevalues < 50, ;f value > 10), as
anticipated by Noyes-Whitney (Qui et al., 2010) vehthe primary mechanism of drug

release from the granules is diffusion (Siepmared.e2006).

Increasing the granule size above @®0increases the diffusional pathway within the

granule sufficiently for modified release to be i@gled (British Pharmacopoeia, 2012).
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However, further increasing the granule size abbnen did not further prolong the
release capabilities of the granules. This inddhe release kinetics for granules 850-
140Qum cannot be based on diffusion only (Siepmann.eR@D6). Consideration of the
granule shape, surface characteristics and porasityd require further investigation as
these may contribute to the granule release pediocs (Aulton, 2002). Sustained release

characteristics could not be achieved with any gieafraction up to 1.4mm in size.

3.3.5.1 Pellets
The effect of paracetamol:GMS (40:60) pellet péatisize on the drug release rate is

shown in Figure 3.11.
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Figure 3.11 Mean release profiles of paracetamoSGH¥0:60) pellets with varying size

distribution + SD (n=6).
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Figure 3.11 shows pellets smaller than @hChave a significantly increased drug release
rate compared to the larger pellet size distrimgi¢, values < 50,fvalue > 10). The

release rates of the pellets smaller thanu@b@re more reproducible than the granules
(figure 3.10) and may be due to the spheronisaiioness, reducing surface irregularities

and matrix densification (Vervaet et al., 1995).

As observed with the granules (figure 3.10), insieg the pellet size greater than 860
achieved modified release (British Pharmacopoedd2p However, further increasing
the pellet size above 1mm did slightly prolong tleéease capabilities of the pellets
(Mehta et al., 2002). This indicates the releasetics for pellets 850-14Qfn cannot be
based on diffusion only (Siepmann et al., 2006)nsideration of the pellet surface
porosity would require further investigation asstimay contribute to the pellet release

performance (Aulton, 2002).

The release classifications were the same for gathules and pellets of the same size.
The continued decrease in the dissolution ratéefpellets greater than 1.18mm in size
indicated the pellet manufacturing process may rdmrie to the further decrease in

release rate. However, despite the pellets being me@mpact and uniform in shape than

granules they do not significantly contribute te tielease properties.

Both granules and pellets could not achieve sustiaorug release by modulating the

particle size alone but it was demonstrated thig¢tpgize can influence the rate of drug
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release from an immediate release rate to a mddidease rate for both types of

formulations (Aulton, 2002; Qui et al., 2010).

As the granules/pellets became larger the ratditignistep in significantly decreasing
drug release rates may be associated with the lgfaeliet porosity or the manufacturing
process (Abdel-Hamid et al., 2011), especially imgll as this is common in the
production of both granules and pellets (Heng et 2006). Thermal analysis of the

product should be assessed to determine the gpaifithe granules and pellets.

3.4 Conclusions

To define the product design space, successfusfeamf the extrusion/spheronisation
process enabled SebofiiMR to be reproduced in house. This enabled Qbbeo

successfully implemented and critical parametersdutated. Release profiles of
minocycline HCl and paracetamol wax matrix granudesl pellets were utilised to
evaluate product performance and the potential Idpueent of a sustained release
product was also evaluated. Investigated formufatend processing parameters
demonstrated an ability for formulation modulatiammd optimisation to be achieved for

either an immediate drug release or modified delgase capability.

The extrusion/spheronisation process improved deaperformance by significantly
decreasing the drug release rate when formulatexd pellets. Pellets with desirable
modified release characteristics were producedataced batch to batch variability was

achieved when compared to drug release profilgsasfules.
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‘In-house’ generic minocycline pellets were develdpitilising bench scale equipment
and exhibit the same release profiles as Actaviso®&® MR pellets, despite the
extruder screen sizes not being the same. In hthesextruder screen was 1mm and
during scale-up in Actavis a 1.5mm screen is uskHterefore with this particular
formulation the type and size of the extruder stredthin the limits tested do not
significantly impact on reproducing the drug rekegwofile in house or at Actavis,

despite the literature (Harrison et al., 1987; dugpal., 1997; Vervaet et al., 1995).

The milling process involved in producing granudesl pellets was demonstrated to have
a significant impact on product quality. Many paedens associated with milling have
been identified to have a significant impact on pineducts performance characteristics
including milling time and type of mill equipmenM(llin, 1996; Phajongwiriyathorn,
2008). Pellets formulated from hand milled granuiese a significantly increased drug
release rate than pellets formulated from granthlas had undergone no hand milling.
An increase in milling time or the use of a cruddling system can produce additional
heat and stress on wax/drug granules that may teagolymorphic transition of

formulation components (Zhang et al., 2004).

During wax fusion, modulation of the cooling rate the wax:drug mixture, from 65 to
40°C, did not appear to effect the drug release imtthe immediate post-manufacture
time period. However as with the milling parameténere is evidence to support that the

cooling rate can promote transitional changes ir based systems and FT-IR, XRPD or
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DSC would require to be undertaken over severaks/geidentify if there is a long term

effect (Phajongwiriyathorn, 2008).

Modulation of the granulation liquid compositiorretitly impacted on product quality.
An increase in the ethanol content significantlgrdased the drug release rate for both
minocycline and paracetamol hydrophobic matrix gisll This decrease in release rate
correlated with an increase in the particle siztritiution. Significant differences in the
drug release rate and subsequent increase of ttielepgize could be dependent on the
liquid saturation level of the granules (Gallanélet 2005; Mehta et al., 2002; Wan et al.,
1993). Therefore the volume of granulation fluidatthieve complete liquid saturation of
the granules should be determined and the effeitteoéthanol content on the wax-based

system investigated.

Modification of GMS concentration of paracetamol ligls produced by
extrusion/spheronisation was not sufficient to aehisustained drug release. However,
by incorporating an additional excipient with thé16 and paracetamol could achieve

sustained drug release from this wax matrix sygfEmomsen et al., 1994).

Increasing the spheronisation time of the pelletistb a decrease in the drug release rate.
The rotational and centrifugal forces exhibitedtba extrudates led to more densified
spherical-shaped pellets being produced. Howevere densification of the pellets was

optimised there was no further decrease in the drlgase rate suggesting that
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densification is the primary mechanism controllthgse changes (Juppo et al., 1997; Qui

et al., 2010).

It is important to determine the optimum time fophseronisation as prolonged
spheronisation time may cause agglomeration oetse(Mehta et al., 2000; Wan et al.,
1993). The spheronisation residence time can adsee la significant effect on the
moisture content of pellets (Hellén et al., 1993h§ effect of moisture content on the
wax-matrix pellets would need to be further invgsted. Additionally, in wax-based
pellets transitional changes may occur due to exbesat and stress on the formulation
materials. This further processing could change dheg or excipient characteristics
impacting on the overall drug release profile &f groduct. Thermal analysis studies can
be undertaken to determine the compatibility of tieemulation components on
formulation and processing parameters (Aulton, 200atson, 2005; Freitas & Muller,
1999; Jenning & Gohla, 2000; PhajongwiriyathorlQ&0Yoshino et al., 1981; Qui et al.,

2010).

Pellet size was indicated to effect the rate ofdhey release from the pellets (Qui et al.,
2010). However, pellet surface and porosity charétics would need to be further

characterised to confirm this observation and tateconsideration that even though the
granules are the same nominal sieve size it doesnean their surface area size and

shapes are the same (Aulton, 2002).
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Utilising a QbD approach, the optimal design sgacehe Sebomin MR formulation was
successfully established. From utilising the samgrdphobic matrix pellet system and
manufacturing processes it was concluded the opfedormance for this product was
modified release. By modulating both manufactupngcess parameters and formulation
variables of minocycline HCI pellets and paracetap®ilets, the delivery system could
not achieve sustained drug release characterisiiose. optimal design space for a
modified release hydrophobic matrix pellet systeiiising the current formulation and

extrusion/spheronisation is outlined in Table 3.7.

Table 3.7 Defined design space to achieve a moddifidease SebonfinMR or

paracetamol formulation utilising extrusion sphesation.

Composition Optimal Parameters Formulation Drug Load*
Variable
GMS Content 40-90%w/w Paracetamol Pellet§0-10%w/w
Granulation Fluid 56%w/v SebonfitMR 85%w/w
Pellet particle size 850-1400um Paracetamol Pelletd0%w/w
Process Variable Optimal Parameters Formulation Drg Load*

Scale up - Oscillating mill
Milling Bench Scale - manually feed Sebomiff MR 85%w/w

through sieve

Spheronisation 4-14mins Paracetamol Pelletsl 0%w/w

Extruder screen 1-1.5mm SebomiMR 85%w/w

*During wax fusion
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Immediate release characteristics could also beewasth, when utilising extrusion
spheronisation, by modulating the spheronisatiore timilling technique, pellet particle
size and GMS content but the optimal design spa@hieve this product performance

is more restricted (Table 3.8).

Table 3.8 Defined design space to achieve an imatedielease SebonfinMR or

paracetamol formulation utilising extrusion sphesation.

Composition Optimal Parameters Formulation Drug Load*
Variable
GMS Content 0-30%w/w Paracetamol Pelletsl00-70%w/w
Pellet particle size <850um Paracetamol Pellets 40%w/w
Process Variable Optimal Parameters Formulation Drg Load*
Milling Bench Scale — Hand mill SebonfiMR 85%w/w
Spheronisation 2mins Paracetamol Pellets 10%w/w

*During wax fusion

In conclusion, to achieve sustained release cleistits a new formulation and/or
manufacturing process would be required. In Chaptehe development of a hot-melt
spray system is undertaken utilising experimen&gigh for process characterisation.
Once this is achieved product performance can besaed utilising QbD and the ability

to achieve sustained release characteristics.
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5. Development and Characterisation of an Agitated

Hot-Melt Spray System

4.1 Introduction

As demonstrated in Chapter 3, extrusion/spheradnisatan successfully produce wax
matrix pellets and successfully scaled down to aepce the modified drug release
characteristics of Sebomin MRModulation of the various formulation and prodegs

parameters enabled retardation of the pellet delease but this manufacturing technique
could not be utilised to produce wax matrix pelldtat satisfy the sustained release

specification outlined in the British Pharmacopd@@12).

Another disadvantage of this manufacturing methmblves the production of hot-melt
wax granules, where cooled solidified wax melt mustergo a milling process that can
be difficult to reproduce. Publications of millingrocess variables, including type of
milling equipment and milling duration, have demwated mechanical and thermal
stress may alter the dissolution performance of ®@dyxct (Mullin, 1996;

Phajongwiriyathorn, 2008). Therefore, the developmend investigation of an

alternative manufacturing technique was undertakeavoid the problems associated

with extrusion spheronisation identified in sect®B.4.

The main objective in this chapter was to develog@ eharacterise an agitated hot-melt
method for the production of GMS granules. Varitarsnulation and process parameters
were investigated in a design of experiments. Iditeah to the design of experiments,

sprayed granules were characterised based on t&rgMS hydrophobic matrix system
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to determine whether the hot-melt spray systemrafasst, reproducible and the stability
of the sprayed GMS granules evaluated. Sprayingnglrwas not considered for this

study as solvents or water were not utilised inlygrophobic system.

4.2 Methods

A hot-melt approach was utilised in the developn@niroducing wax granules from an
air-assisted spray technique (Section 2.3.4). rRnefiry formulation development
comprised of glyceryl monostearate only, in order determine granule quality,
reproducibility and stability. Formulation manufact and analytical techniques are

summarised in Section 4.2.

4.2.1 Characterisation of sprayed GMS granules

GMS sprayed granules were produced utilising anheit- spray technique at 80°C
(Section 2.3.4). The resultant GMS granules undetvparticle size (Section 2.4.2.1),
DSC (Section 2.4.5.2), XRPD (Section 2.4.6) and SEdction 2.4.7.4) analyses. All
batches used for DSC analysis were stored at 4328nd 45°C and monitored for 108

days.

4.2.2 The effect of adjustable spray gun components

A number of ‘one variable’ experiments were undestato determine whether certain
manufacturing factors had an effect on the resltimaracteristics of GMS wax granules.
The batch size processed was kept constant at ®bg. manufacturing factors

investigated are summarised in Table 4.2.
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Table 4.2 Manufacturing variables investigated indpiction of a 65g batch of GMS

granules.
Manufacturing Factor Variables
Adjustment Screw Closed Mid-way Open
(controls spray rate) (2.49m/s)* (2.57m/s)* (2.57m/s)*
Adjustment Knob Closed Mid-way Open
(controls air flow rate) (1.20m/s)* (2.99m/s)* (2.06m/s)*
Butterfly Nozzle Vertical Circular Horizontal
(controls spray pattern Pattern Pattern Pattern

*Flow rates determined via an anemometer utilisspgayed water to represent low

viscosity liquids. The spray gun was operated av28ith a 1mm nozzle.

All GMS granule formulations were produced utilgithe agitated hot-melt spray system
operated at 80°C (Section 2.3.4). The resultant @kéBules were analysed by particle

size analysis (Section 2.4.2.1).

4.2.3 The evaluation of formulation and manufactunmg variables in the production
of wax granules utilising experimental design

Statistical experimental design (Section 2.4.1) waidised to characterise various
formulation and manufacture parameters associatéd the development of wax
granules utilising an agitated hot-melt spray syst®esign of experiments was the

chosen method of characterisation as it enablagvéer of variables to be investigated
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simultaneously utilising a systematic structure.also enables determination of any

interactions that may occur between these variabtesh would not be detected utilising

a conventional ‘trial and error’ approach.

Utilising a two factorial design of experimentsufospray formulation variables were

investigated (Table 4.2).

Table 4.2 Factors investigated in the fractioaatdrial experimental design.
Factors Low Level Centre Point High Level
A. Spraying
temperature above 10 20 30
wax melting point {C)
Witepsol Glyceryl
B. Wax Type (Glycerides C10-C18: Hydrogenated Monostearate
Castor Oil 95:5%w/w) Castor Ol (Imwitor 900K)
1) ) 3)
C. Voltage (v)
(Modulates air 170 200 230
pressure of spray gun (1.99m/s)* (2.15m/s)* (2.33m/s)*
D. Nozzle size (mm) 1 2 3

*Flow rates determined via an anemometer utilisspgayed water to represent low

viscosity liquids and fitted with a 1mm nozzle.
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The following experiments were conducted in a randed order provided by the

computer package (Table 4.3).

Table 4.3 Experimental design order of experiments.

Factors
Run A B C D
1 10 3 170 3
2 10 1 170 1
3 30 3 230 3
4 30 1 230 1
5 20 2 200 2
6 20 2 200 2
7 30 3 170 1
8 10 1 230 3
9 20 2 200 2
10 30 1 170 3
11 20 2 200 2
12 10 3 230 1
13 20 3 200 2
14 20 3 200 2
15 20 1 200 2
16 20 2 200 2
17 20 2 200 2
18 20 2 200 2

Four response factors were chosen to charactémsestsultant granules, these included
particle size determination utilising sieve anaysind laser diffraction (Mastersizer)
techniques (Section 2.4.2.2), bulk tap density t{{§ec2.4.2.3) and angle of repose
(Section 2.4.2.4). Stat-edSedesign expert computer software enabled ANOVA

statistical determination.
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4.3 Results and Discussion

4.3.1 Characterisation of sprayed GMS granules

The PSD of sprayed GMS granules are shown in Figure
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Figure 4.1 Particle size distribution of sprayed GMS granjtes3)

The particle size distribution of the sprayed gtasyFigure 4.1) was Gaussian in nature

with the prevalent particle size being within tHE0500um size range.

DSC was used to characterise the melting pointstalisation and polymorphic

transformation of the sprayed GMS. The DSC profitdssprayed GMS granules

monitored are shown in Figure 4.2-4.4.
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Figure 4.2 Effect of storage at°€ on DSC profiles of sprayed GMS granules (scate ba

= heat flow [10 watts per gram]).

From figure 4.2, there were no significant chanmethe DSC profiles of the sprayed
GMS after prolonged storage afC4 The endotherms have a broad melting range,
between 5% and 68C, for the sprayed GMS. As GMS comprises of a néxtaf
monoglycerides, diglycerides, triglycerides andglahain Gg fatty acids, it melts over a

range of temperatures associated with these comfmne
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Figure 4.3 Effect of storage at room temperature on DSC |@®fof sprayed GMS

granules (scale bar = heat flow [10 watts per gyam]

In Figure 4.3, prolonged ambient storage of thagml GMS has led to a slight upward

trend in the peak melting temperature followed y@adening of the endotherm melting

range. This thermal change correlates to the cemwenf the GMS from the unstahie

polymorphic form to the stablg polymorphic form of GMS (Cornish, 1968; Yajima et

al., 2002).
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Figure 4.4 Effect of storage at 37°C on DSC profiles of spcazMS granules (scale bar

= heat flow (10 watts per gram)).

At 37°C storage (figure 4.4), the GMS endotherm furtheyadens and significantly
shifts to a higher temperature with prolonged geraf the sprayed GMS. This suggests
higher temperature storage accelerates the thetmaalges ongoing in the sprayed GMS
compared to the lower storage temperatures. Byl@8ythe thermal changes appear to be
ongoing and not complete as the endotherm melegngpérature is still increasing. A
similar trend was observed for monoacid triglycesicand tristearin during ageing or

melting (Garti et al., 1982; Whittam & Rosano, 1875

As indicated previously, the thermal changes oleskmay relate to the transformation of

sprayed GMS from the unstable-form to a more stablep-form of GMS
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(Phajongwiriyathorn, 2008; Yajima et al, 2002). 3beaccelerated stability results
indicate the transformation of the GMS from thdorm to the p-form may not be

complete, the final ratio ¢f-form GMS is unknown.

To further confirm the thermal changes exhibitedsection 4.3.1, scanning electron

micrographs of the sprayed GMS granules were uakient (figure 4.5).

() (b)

(€) (d)
Figure. 4.5 SEM images of GMS sprayed granules Zost manufacture at a
magnification of (a) x250 and (b) x2000. SEM imagés$sMS sprayed granules 30hrs

post manufacture at a magnification of (c) x250 @t)dk2000.

Sprayed GMS granules (Figure 4.5) were smooth phdrgal and exhibited better flow

properties post-spraying than the GMS powder. Pdgiurs manufacture, they appeared
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as non-aggregated, compact microparticles withracks observed (Figure 4.5a-b). The
smooth homogeneous surface corresponds to-fbem of GMS observed by Garti and

Sato (1988). The surface of the sprayed GMS grar@@ehours post manufacture, is not
as smooth as the surface of the GMS granules 2shpost-manufacture, where the
surface has a slightly rougher texture (Shimpilgt2004). Suggesting there may be a
transition occurring from ther-form to p-form of GMS, XRPD was undertaken as

evidence to support this observation in Figure 4.7.

X-ray powder diffraction (XRPD) was used to deterenithe crystalline state of GMS
both as a raw material and as a hot-melt and sgrayeture and are shown in Figures

4.6 and 4.7.

Patterns were collected from the same samples alddon the instrument between data

collections this eliminated changing diffractinglmmes from causing differences in the

diffractogram.
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Figure 4.6.Diffractograms of hot-melt GMS over 24hrs
From Figure 4.6, GMS raw powder has two distincakzeat B angles of ~19.5°
(0.46nm) and 23.5° (0.38nm) which corresponds &ptiorm of GMS identified by
Yajima et al (2002). However, for hot-melt GMS thas only one distinct peak ab 2
angles of ~21.5° (0.41nm) corresponding to dHerm of GMS (Garti & Sato, 1988;
Yajima et al, 2002). This indicates that meltingl amooling of GMS has a significant
effect on the crystal packing within the GMS lagtitn addition, after 24 hours the peak
intensity of the hot-melt GMS decreases, indicatthgre maybe a further physical

transformation of GMS (Phajongwiriyathorn, 2008).
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GMS Raw Powder
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Sprayed GMS (30hrs)
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Figure 4.7 Diffractograms of sprayed GMS over 30 hours

From Figure 4.7, the sprayed GMS exhibits one niigtinctive peak at @ angles of
~21.5° (0.41nm) indicating the-form of GMS but also has two shoulder peaks
corresponding to th@-form of GMS. This suggests that the sprayed GMBimtses
primarily of thea-form of GMS but has begun to exhibit polymorphi@nges indicating
that GMS is reverting back into the more stapimrm. This transition becomes even
more pronounced after 30hrs and is characteriseal dgcrease in the primary peak and

an increase in the shoulder peak intensities.
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4.3.2 The Effect of adjustable spray gun components
4.3.2.1 Effect of the Adjustment Screw (Flow rate)

The PSD of sprayed GMS granules are shown in Fig#e
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Figure 4.8 Particle size distribution of sprayed GMS granulelsen adjusting the

guantity being sprayed (n=3)

From Figure 4.8, there is no significant differen@way ANOVA; p>0.05) in the
particle size distribution of GMS granules when #ugustment screw position is altered
on the spray gun. This indicates the quantity oftemowax being atomised from the

spray gun does not have an impact on the resgtantile distribution size.

144



4.3.2.2 Effect of the Adjustment Knob (Air pressure

The PSD of sprayed GMS granules are shown in Figi®e
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Figure 4.9 Particle size distribution of sprayed GMS granuldgen adjusting the spray

gun flow rate (n=3)

From Figure 4.9, there is no significant differen@way ANOVA; p>0.05) in the
particle size distribution of GMS granules when #austment knob position is altered
on the spray gun. This indicates that increasindeareasing the flow directed through

the spray gun does not have an impact on the aegtanules size.
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4.3.2.3 Effect of the Butterfly Nozzle (Spray patbe

The PSD of sprayed GMS granules are shown in Figu@.
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Figure 4.10 Particle size distribution of sprayed GMS granwdeen altering the spray

pattern (n=3)

From Figure 4.10, there is no significant differen@-way ANOVA; p>0.05) in the
particle size distribution of GMS granules when theterfly nozzle is altered on the
spray gun. This indicates that the spray patteoseh on the spray gun does not have a

significant impact on the resultant granules size.
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4.3.3 The evaluation of formulation and manufactumg variables in the production
of wax granules utilising experimental design
The experimental factors and responses and thespmnding results for the factorial

design are illustrated in Table 4.4.

Table 4.4Experimental design output

Mastersizer Bulk Tap
Sieve Mastersizer Span Value Density
Run| A B C D | Analysis d(0.5) £SD (n=1) (200
Mean PS (um) taps)
(Hm) (n=1)
1 10 3 170 3 437.5 459.6 2.3 0.59
2 10 1 170 1 280 252.0 2.0 0.62
3 30 3 230 3 265 256.5 1.4 0.66
4 30 1 230 1 250 234.8 2.3 0.64
5 20 2 200 2 300 324.0 2.2 0.74
6 20 2 200 2 3125 230.0 1.4 0.71
7 30 3 170 1 260 246.3 1.0 0.67
8 10 1 230 3 180 162.8 2.2 0.53
9 20 2 200 2 300 372.3 2.6 0.70
10 | 30 1 170 3 291 294.7 1.6 0.65
11 | 20 2 200 2 300 236.3 1.3 0.68
12 | 10 3 230 1 250 258.5 0.9 0.66
13 | 20 3 200 2 315 378.9 25 0.7
14 | 20 3 200 2 300 372.3 2.3 0.7
15 | 20 1 200 2 333 230.0 1.5 0.7
16 | 20 2 200 2 300 242.2 2.6 0.71
17 | 20 2 200 2 260 238.1 1.5 0.71
18 | 20 2 200 2 350 359.7 2.4 0.71

The results from the experimental design are dssdibelow.
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The PSD of sprayed wax granules are shown in Figure
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Figure 4.11Particle size distribution of all sprayed granfgienulations produced for the

design of experiments (n=1).

From Figure 4.11, there appears to be no significhffierence in the particle size
distribution of the various batches of sprayed ghas (Two-way ANOVA; p>0.05). The

distribution is not Guassian in nature, indicatihg data is not normally distributed. The
data has a comb distribution indicating the bageamay be too narrow and is slightly

skewed to the left. The most prevalent size fractso250-500pum which correlates with

the preliminary sprayed GMS study (Figure 4.1).
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Three populations of particle size distribution ateserved in figure 4.11. The effect
could be attributed to the spray gun nozzle designa direct correlation has been
documented between nozzle type and the resultatitlpasize (Nuyttens et al., 2007;
Spray systems Co, 2009). Due to the nature of spoagealing the optimal nozzle
design should also be temperature controlled tontaiai the temperature at the nozzle
orifice to improve the particle size uniformity (Bteke et al., 2007). An air-assisted
external mixing butterfly nozzle (figure 4.12) réeps further characterisation to
determine its robustness and reproducibility ontihga The ‘butterfly’ shape may

promote greater heat loss rates due to its langéace area and the continuous flow of
air at the nozzle orifice may also reduce the rmzi#mperature, impacting the
temperature at which atomisation is taking plades Thay be contributing to the various

PSD populations obtained during the DOE.

Butterfly Nozzle

Figure 4.12 lllustration of an air-assisted extemixing nozzle.

Potential issues with particle shape were elimohdig GMS SEM images (figure 4.5)
confirming the sprayed material to be spherical aotl irregular in shape. However,
sieve openings can be unequal in size and agaionged shaking would impact on

amount of particles passing through. Complete rsgrtif a given size range is rarely
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achieved which is why it is important to standaedike sieving procedure due to the

Weibull distribution (Allen, 1997; Aslan et al., 98).

The angle of repose was also calculated for thedBulations (Figure 4.12).
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Figure 4.13 Scatter plot illustrating the angle of repose ttoe granules manufactured

during the design of experiments
No significant difference was determined from tlesults of figure 4.13 (Two-way
ANOVA,; p>0.05), indicating the factors investigatedthe design of experiments did not

affect the flow properties of the resultant GMSryrias.

Utilising the experimental response data in figli#g the following graphical diagnostics

were obtained in figure 4.14
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Figure 4.14Validation of model for sieve analysis responsgda studentised residuals
versus predicted values (a); outlier T plot (byelage plot (c); box-cox plot for power

transforms (d).

From Figure 4.14a, there is an even spread of stiseée residuals representing a
constant error. The outlier T plot (Figure 4.13k)bnstrates that there were no outliers
as all the values were within the range -3.50 5@ 3Figure 4.14c represents the degree of
leverage associated with each run. As none of éte plints are close to 1 the model is
not influenced by any individual runs. The box-qugt (Figure 4.14d) indicates that no
transformation is required to improve statisticalgsis, as the range from the minimum

to the maximum confidence interval is not gredtant3 (Stat-ease).
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Figure 4.15 Half normal (a) and normal (b) percentage proligbiplots for sieve

analysis

The half normal probability plot (Figure 4.15a) aibed for the sieve analysis response
factor indicates two experimental factors signifitta impact on the resulting particle
size of the sprayed wax granules. These factotadacthe voltage (C) and nozzle size
(D). In addition, interactions where also identifibetween factors BC and BD (figure
4.16-4.17). The analysis of variance data for tbgponse factor; average PSD (sieve

analysis) is represented in Table 4.5.

The normal probability plot (Figure 4.15b) demoat#s that the sieve analysis data
follows a straight line. This indicates that no abmalities were found within the data set

and the residual values were normally distributeédrfliner & Gettinby, 1998).
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Table 4.5ANOVA results for response factor: Sieve analysean value

Analysis of variance table

Source Sum of DF Mean F-value P-value

Squares Square
Model 39417.38| 5 7883.48 | 14.09 0.0003 Significant
B 2227.78 |1 2227.78 | 3.98 0.0739 Not Significant
C 13081.53| 1 13081.53 | 23.38 0.0007 Significant
D 9296.22 |1 9296.22 | 16.62 0.0022 Significant
BC 741153 |1 741153 |13.25 0.0045 Significant
BD 7906.53 |1 7906.53 | 14.13 0.0037 Significant
Curvature | 267242 |1 2672.42 | 4.78 0.0537 Not significant
Residual 5594.97 | 10 559.50
Lack of Fit | 1399.13 | 4 349.78 0.50 0.7382 Not significant
Pure Error | 4195.83 | 6 699.31
Cor Total | 47864.76| 16

From Table 4.5, the model is statistically sigrafit and the lack of fit is not significant
relative to the pure error which indicates the AN®OModel fits the data and is suitable
for statistical analysis. Voltage (C), nozzle digengD) and interactions between wax
type-voltage (BC) and wax type-nozzle diameter (BD@ the statistically significant
factors that impact upon the mean particle sizén@fresulting sprayed GMS granules (p-

value < 0.05).

The voltage directly controls the speed the air fatates and draws air into the spray
system, impacting the air flow rate (table 4.2)eTiesults confirm there is a direct
correlation between the air flow rate and the teswilsprayed particle size. Due to the
interaction with the wax type the extent of the rap@will be dependent on the type of

wax system utilised. Further work would need taibdertaken to define the mechanisms
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contributing in the different wax types. Initialwiew of the formulation parameters

would include viscosity, surface tension and wamposition.

No significant curvature was identified, indicatirtige response at the centre point
correlates to the average responses of all fattouas. This indicates a linear
relationship exists between the mean centre poititadi other mean factor points within
the experimental design. No model/data set adjugBrere required due to nonlinearity

(O'Brien & Wang, 1996).

From figure 4.15a, the increase of the temperabeteveen 10-3W above the waxes

melting temperature (factor A) had no significaffeet on the response factors for the
sprayed wax granules produced. Increasing the textyse of a liquid can decrease the
viscosity and surface tension, high surface tensiod viscosity can reduce the spray
angle of the material and increase the particle gioduced (Juslin et al., 1995; Lefebvre,
1989; Maschke et al., 2007). However, in this instathe viscosity and surface tension
of the waxes must be low as increasing the temreralid not significantly decrease the

particle size of the sprayed material.

The wax type also has no significant effect on pagticle size when modulated
independently to other factors (Table 4.5). Thisynaéso relate to a non-significant
difference between the wax viscosities and surtaosions at these temperatures. The
waxes would behave in a similar manner during spgagind yield similar particle size

distributions.
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The interaction effect of BC and BD on the averpg¢icle size distribution (PSD) is

illustrated in Figure 4.16.
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Figure 4.16 Effect of experimental factors on theva analysis response factor: voltage

and wax type interaction plot.

The 3D surface plot of the interaction identifiedtweeen wax type and voltage has a
linear relationship with the mean patrticle sizetw sprayed waxes (figure 4.16). When
modulating only the wax type incorporated into sipeay system there was no significant
effect on the resultant particle size. Howeverthié wax type and the voltage were
simultaneously modulated in the spray system tlseaesignificant effect on the resultant

particle size of the sprayed wax.
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It appears as the voltage of the spray systemadsedsed the average particle size of the
sprayed wax increases, although the extent to wihiishincreased is also dependent on
the type of wax being sprayed. The voltage directigtrols the speed the air fan rotates
and draws air into the spray system, impactingdindlow rate. An increase in the air
flow rate would build pressure at the spray nozmdening, enabling a greater rate of
atomization and production of a finer spray witbnaaller average particle size (llic et al.,
2009; Lefebvre, 1989; Tajber et al., 2009; ZhangY&uan, 2010). Extremely low
voltages would cause a slow flow rate and a ‘selirtty’ effect would be observed with

larger particles produced.

Molten wax solutions may behave differently undarying pressures and are dependent

on physical properties of the wax and chemical amsitpn (Cusimano & Becker, 2006;

llic et al., 2009).
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Figure 4.17 Effect of experimental factors on theve analysis response factor: nozzle

diameter and wax type interaction plot.

In Figure 4.17, the average PSD appears to incieesatiee nozzle size of the spray system
is increased, although the extent of this increasegain dependent on the type of wax
being sprayed. The smaller the nozzle size thetgyréfae pressure at the nozzle opening
during atomization of the molten wax, as a resufl energy causes the bulk liquid to be
further broken up into finer particles and leadsatemaller average PSD (Lefebvre,

1989).

Varying molten wax solutions have been demonstratdderature to have a significant
effect on the resultant sprayed patrticles, as aglihozzle size (Cusimano & Becker,
1968; John & Becker, 1968Jhe mean diameters and volume-surface diametetiseof

sprayed material yielded were affected and a dirapact on the dissolution rates of
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sprayed material incorporating drug was reportee tuthe physical properties of the

wax and the wax chemical composition.

Three of the experimental responses did not fitoaehthat would satisfy the ANOVA,

these responses included the Mastersizer d(0.&jh gplue and bulk tap density (Table

4.6-4.8).
Table 4.6 ANOVA results for response factor: Mastersizer.8)(0
Analysis of Variance table
Mean
Source Sum of squaredDF F-value | p-value
square
Model 0.00 0
Curvature 85.87 1 85.87 0.015 0.903NNot significant
Residual 83961.78 15  5597.45%
Lack of Fit 71046.31 9 7894.03 3.667 0.063Mqot significant
Pure Error 12915.47 4 2152.58
Cor Total 84047.65 16

From Table 4.6, the model source has no calculabgbs indicating the ANOVA model

does not fit the Mastersizer d(0.5) data, therefatistical analysis of the experimental

variables for this response factor was not possible

Table 4.7 ANOVA results for response factor: Mastersizemspalue

Analysis of Variance table

Source Sum of squareDF Mean F-value | p-value
square
Model 0.00 0
Curvature 0.11 1 0.11 0.931 0.3498\ot significant
Residual 1.75 15 0.12
Lack of Fit 1.32 9 0.15 2.035 0.1999Not significant
Pure Error 0.43 6 0.07
Cor Total 1.86 16
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From Table 4.7, the model source has no calculabgbs indicating the ANOVA model
does not fit the Mastersizer span value data, thexestatistical analysis of the

experimental variables for this response factor mapossible.

Table 4.8 ANOVA results for response factor: bulk tap depsit

Analysis of Variance table
Mean
Source Sum of squareDF F-value | p-value

square
Model 0.00 0
Curvature 0.01 1 0.01 7.513 0.0152 Significant
Residual 0.03 15 0.00
Lack of Fit 0.03 9 0.00 9.564 0.0062 Significant
Pure Error 0.00 6 0.00
Cor Total 0.04 16

From Table 4.8, the model source has no calculabgbs indicating the ANOVA model
does not fit the bulk tap density data, therefdegigtical analysis of the experimental

variables for this response factor was not possible

Table 4.9Experimental design output for centre point expents

Sieve  Mastersizer Mastersizer Bulk Tap
Run| A B C D Analysis d(0.5) Span Value Density
Mean PS (um) (n=1) (100 taps)
(um) (n=1)
5 20 2 200 2 300 324 2.218 0.74
9 20 2 200 2 300 242.2 2.569 0.7
11 |20 2 200 2 300 281.2 1.317 0.68
16 |20 2 200 2 300 242.2 2.569 0.71
17 |20 2 200 2 260 238.1 1.472 0.71
18 | 20 2 200 2 350 359.7 2.355 0.71
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By looking at the centre point data from the desgexperiments (Table 4.9), the d(0.5)
and span value results obtained using laser difbraetry (Mastersizer) have high
variability and no matter how many more experimératd been carried out no statistical
model would have satisfied this data. The Mastersif0.5) could differentiate between
the various size fractions utilising isopropyl dlobas the dispersion media, however the
d(0.5) values were significantly higher than me&sves analysis result obtained by
manual sieving. This initially suggests the Masgens experimental protocol was not
adequate in analysing the particle size of the ygglagranules and an alternative

dispersion system may need to be developed.

When developing the method to utilise a light sraig technique, an important
parameter used in the calculation of the partide @Mie theory) is the refractive index
of the particle and dispersion medium. If the disme medium is not optimised for the
particles being analysed or an estimated refradgtidex was utilised for the wax, the
estimated optical properties may not be truly repngative of the sample, in accordance
with Stokes equation (Roach, 2003; Smith & Mullig®00). However, the effect of the
optical properties on the particle size distribatior particles greater than 100um has
been shown to be negligible (Wedd, 2003). Fromrégli11, approximately 30% of the
sprayed material is below 100 pm which could sigaiitly impact the mean values

calculated.

Particle size analysis via laser diffraction hatidher limitation as both the Mie and

Fraunhofer theory assumes the particle is sphencaature. The SEM results (Section
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4.3.1) confirmed sprayed GMS material to be splérit nature but the slight solubility
of GMS in IPA may have impacted on this assumptiisually assessing the GMS
samples post analysis would identify whether thigda shape has been impacted due to
the chosen dispersion medium. Non-spherical pagibhve been documented to produce
inaccurate results utilising laser particle sizieghniques (Roach, 2003; Xu & Guida,
2003). Other possible limitations for the inconsdtlaser diffraction analyses include
secondary scattering, the particle surface notgoa@ptimal or different degrees of
aggregation being exhibited under test conditi@ispf which increase in error when

measuring particles smaller than 50 um, (ISO 13B321899).

The bulk tap density results do not vary much betwleatches for any of the experiments
undertaken in the experimental design. This indgahat the shape of the particles
formed is reproducible and this response is fagtdependent explaining the non-

significance of the models with which the data Weed.

4.4 Conclusions

An agitated hot-melt spray system can be used aduyme spheroid and smooth GMS
granules. The thermal properties of the GMS grandkanged on storage, XRPD
confirmed this was due to a polymorphic transforamabf the GMS from unstable-
form to the stabl@-form with time. The surface physical charactecsivere also altered
in association with the polymorphic transformatishich was dependent on the storage
time and conditions. Complete conversion to the emstable polymorph was not

achieved during the time period investigated a$ lpalymorphs were detectable in the
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thermogram, the recrystallisation rate was incréagader accelerated temperature

conditions (Windberg et al., 2009).

DSC, XRPD and SEM were useful techniques in detgqgtiolymorphic transformations
within the sprayed GMS granules (Garti & Sato, 1988ne et al., 1988; Sutanata et al.,
1994c; Yajima et al., 2002). Both hot-melt and gpthGMS samples show evidence of
polymorphic transformation and suggest, when moadofor over 24hrs, that the
polymorphic form will revert back to its more stalff-form of GMS with more time
(Grant, 1999). Both sprayed and hot-melt GMS foatiohs appeared to be a mixture of
the a- and B-form of GMS polymorphs with the-form still the most predominant
polymorph present in the mixture 30 hours post-rfecture (Yoshino et al., 1984). In
my samples, complete transformation of GMS to farm is unknown however,
sprayed GMS continued to exhibited transformatiamf the a-form to thep-form of

GMS after 108 days.

When monitored up to 24 hours post-manufactureaygar GMS appeared to exhibit a
faster transition rate from the-form to the p-form compared to the hot-melt GMS
formulation. Variation in the annealing temperatofeboth manufacturing techniques
could contribute to this occurrence (Phajongwitigah, 2008; Yajima et al., 2002).
During wax fusion, the molten wax is cooled from°@0to room temperature when
transferred directly into the hard gelatin capsul@sring hot-melt spraying the cooling

rate is faster and the granules solidified quiackee to the large surface area of granules
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being produced from atomisation and exposure ofgtla@ules to carbon dioxide post-

spraying on descent.

For wax-based matrix systems, polymorphic transgticcan impact the dissolution
properties of the wax. For example, phase tramsfiehanges in physical structure or
chemical composition can increase the drug relestee(Shimpi et al., 2004; Sutanata et
al., 1994a; Sutanata et al., 1994b) whereas dexteades of drug release from wax
matrix formulations have been observed upon agefnipe formulation during storage
(Freitas & Muller, 1999; Jenning & Gohla, 2000; fpimgwiriyathorn, 2008; Yoshino et
al., 1981). To prevent these occurrences, fassitian to the most stable polymorphic
form of the wax component is considered advantagjémuprolonged storage of the final

product.

In the case of GMS, thp-form of GMS is considered more stable as it hdsgher

melting point, higher density and is a poorer faagrénd wetting agent than theform.

Therefore it would be anticipated that aged GM$nidations would have a slower drug
release rate than fresh GMS formulations. Optimahdformation conditions can be
determined by heat treatment development to tramstbe GMS to its most stable form
(Phajongwiriyathorn, 2008; Yajima et al.,, 2002). &ddition, the type of drug
incorporated can have an effect on the physicoatedngroperties of a GMS based

matrix formulation and shall be investigated in Qiea 5.
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Stress testing can be undertaken, increasing thpet@ture in 1T increments above
40°C to determine whether the rate of polymorphicditaon further increases. However,
consideration to the melting point of GMS would feeded as the melting point is at
60°C. A further study could involve storing sprayed St 56C/75RH at TO, T3 and T6
months (Stability testing of active pharmaceuticaigredients and finished
pharmaceutical products, 2009). Spraying other gglges for use as a hydrophobic
matrix could be undertaken to characterise theirystallisation behavior, the literature
indicates chain-length may have a significant impan the rate of polymorphic
transformation. Tristearin, with a long fatty acithain, is able to achieve complete
transformation to the stablg-form within 48hours in accelerated storage coodgi
(Windberg et al., 2009). A greater understandinthefsolid-state behavior of glycerides
both during storage and processing via a hot-naiays system enables predictable

dosage forms to be developed and minimises undésicaanges.

Initial investigations of the hot-melt spray systamolved a one factor at a time (OFAT)
approach to determine any effect of modulating abpistable parameters of the spray
gun on the atomisation process and the resultatitlpasize distribution. The adjustable

components would impact the air pressure, liqud/fand the alignment of the spray.

From the study, the modulation of spray gun pararsdtad no significant effect on the
particle size and was considered an unusual olismmvd he literature documents the
correlation between spray system variables suclprassure and liquid flow rate

impacting on the quality of atomisation and itseeffon the particle size distribution of
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the spray (llic et al., 2009; Lefebvre, 1989; Tajbeal., 2009; Zhang & Youan, 2010). It
may be the variation between the spray gun settivags not sufficient for a significant
difference in comparison to the publications. Alegively these factors may not be of
significance modulated independently. As a resalt,design of experiments was
developed to investigate the remaining parameteds determine whether interactions

between factors may have a significant effect enptérticle size of the sprayed GMS.

Design of experiments proved to be a useful todetermining the importance of factors
on the manufacturing process and resultant sprgyaadules. The experimental design
enabled relationships between response factorsamables to be established, as well as
interactions to be determined. The significant widlial factors affecting the spray
system included the voltage and nozzle diameteerdntions were observed between

factors including the wax type-voltage and wax typezle diameter.

The identification of factor interactions highliglat the importance of experimental
design in the formulation development. In OFAT axpents, wax type would have been
dismissed as not significant in the modulation lué particle size, however, when in
combination with other factors it has a significeampact and requires consideration for

formulation optimisation.

Viscosity and surface tension have been identiftesignificantly impact on the particle

size. However, these variables do not need to Imsidered for a single component

molten wax system, as the viscosities are low. @enstion of viscosity and surface
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tension will be needed during the development odyged delivery systems comprising of
two or more materials, as some excipients can émidiquids and directly impact product
performance (Attwood & Florence, 2008). High vistpdiquids can have a narrower
spray angle when compared to water or lower visgdgjuids (Maschke et al., 2007;

Nuyttens et al., 2007).

Not all response factors chosen for the desigrxpéements were successful due to the
large variation with the data set or due to faotolependence. The experimental design
also highlighted the lack of correlation betweee thser diffractometry method and
sieving method in sizing the sprayed granules. Bgadlticle sizing methods could
differentiate between various size fraction buthhv@riablility of the d(0.5) values were
observed from the experimental data. The determimatare correct in accordance with
the procedures but limitations of each method usedhalyse the sprayed material results

in different particle size distributions being abtd.

A confirmatory technigue that could be utilised idgrthe development of particle size
analysis includes image analysis (Arasan et al P64 a microscopic method. However,
both these methods depend on a reliable dispetsahmique and are time consuming in

comparison to laser diffraction and sieving teche)

This indicated the importance of further method edepment for the Mastersizer to

improve the accuracy of the particle size measunésn@n inaccurate analytical method

for particle size analysis has serious implicatiahge to the direct correlation to
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dissolution via the Nernst-Brunner and Levich modiion of Noyes-Whitney (Passerini
et al., 2010; Sheng et al., 2008). A validated MalvMastersizer method would be
extremely useful not only for formulation and arsyoptimisation but during routine
maintenance of the spray nozzle performance botbeach scale and commercial

manufacture (Nuyttens et al., 2007) and finisheatlpct testing.

The mean yield of sprayed GMS granules obtainedhé&dmelt spray system was 80%.
Through continuous improvement a more efficient awbnomic process could be
developed to improve the total yield. For exampies, spray chamber could be placed
above the spray system with a heated jacket tolemalntrolled and consistent heating.
A gravitational feed system could be developed th® spray gun to minimise residue

waste in the spray chamber.

Potentially the rate-limiting steps for the hot-tr&bray system would be the small batch
size achievable with the current spray chamberadioeve scale up of a hot-melt spray
system the sprayed product characteristics at beralle would need to be replicated at a
commercial scale. Additionally, an intermediatels@nd commercial scale spray system
would be desirable with similar equipment composesmhich correspond to regulatory

requirements.
Critical parameters include nozzle type, fluid floate, atomisation pressure on spray

pattern uniformity, drop size and velocity (Spragtems C8, 2009). The type and size

of nozzle being used would be the primary consid@raas there are a variety of nozzle
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sizes and styles that may function in different svéyasserini et al., 2010; Nuyttens et al.,
2007). The nozzle size simply can not be scale@sthis would alter the PSD of the
sprayed material, impacting on product quality aodsistency. Several of the same size
air-assisted external mixing nozzles would haveaanounted and aligned via a heated
fluid line. The alignment of the nozzles must als® parallel to optimise spraying
capacity. Spray drying and spray congealing tecleschave overcome such issues and
are scaled up successfully (Maschke et al., 208gsétini et al., 2010; Nuyttens et al.,

2007).

Other products could also be developed utilising tiot-melt spray system and
commercially produced on a larger scale. Formmatonsiderations to achieve this
would include viscosity, surface tension and speaifravity characterisation of the
materials and whether they are heat stable (Ch&ptdn addition, the type of organic
solvents, metals, corrosive and abrasive matetizé may be incorporated in the
formulation and passed through the hot-melt spyajesn may require specially designed

nozzles.

During this PhD research, only GMS sprayed granwks® investigated for polymorphic
transitions. Sprayed GMS granules could be furthereloped into tablets, capsules,
pellets with the addition of APl and possible fenthexcipients. This opportunity to
further characterise the sprayed material and wh@terits physicochemical properties is
reported in Chapters 5 and 6. For future work, ithvestigation of other sprayed wax

matrix systems could be investigated (Chapter 8).
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5. Characterisation and Compatibility of Water Solule and

Insoluble Model Drugs Incorporated into Sprayed Matrial

5.1 Introduction

The effect of various formulation processing fastonpacting upon the performance of
the agitated hot-melt spray system was determine@hapter 4 and indicated that the
system was robust and capable of producing highitquaMS pellets. However, an

important parameter that also needed to be imagstigwas the effect of different types
of drugs on the resultant properties of the spray®tb pellets and the compatibility of
the different formulation components. Additionallyye ability of the hot-melt spray

system to achieve sustained release sprayed nhaisimay a GMS-based wax matrix

system must also be determined.

The main objective of this study was the productma characteristion of a sustained-
release hydrophobic matrix pellet drug deliveryteys achieved utilising a hot-melt
agitated spray system. Incorporation of paracetamdlibuprofen (lod values 0.33 and
3.6 respectively) into the sprayed material enabledstigation of relatively hydrophilic
and hydrophobic model drugs within the GMS matripstem, characterising their
behaviour during atomisation and the effect on imovdrug release from the final

sprayed products.
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5.2 Methods

During method development, the APl PSD was evatuatee to the 1mm nozzle
diameter of the spray gun and the PSD of GMS gesn(fection 4), all actives utilised
with this spray system were required to be lesa &@0 microns. From figure 5.1, the
particle size distribution of paracetamol powdeticated that the drug particles were too
large, with 84.2% between 500-1000 microns, assaltra size reduction technique was
performed. Ibuprofen powder in contrast did notures size reduction as the PSD was

significantly smaller than that of paracetamol.
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Figure 5.1 Particle size distribution of paracetamol and riofgn powders (n=3)

Formulation manufacture and analytical techniguessammarised in Section 5.2. All

batches were stored at room temperature and medifor 24 hours.
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5.2.1 Investigation of a Sprayed Paracetamol Solidispersion

5.2.1.1 Characterisation of a size reduction tegmion paracetamol raw powder.

Size reduction of paracetamol powder was undertéieball milling (Section 2.3.2). A

comparison between unmilled and ball-milled pamcei powder was analysed by
particle size analysis (Section 2.4.2.1), DSC (8ec.4.5.2) and FT-IR (Section

2.4.3.1).

5.2.1.2 Characterisation of a sprayed ball-millatapetamol GMS formulation

GMS sprayed material with 90% GMS and 10% paracetamere produced at 80°C
(Section 2.3.4). Prior to spraying, a two phaseaiticsuspension is produced between the
GMS and paracetamol due to the drug physicochemicglerties (melting point, 170°C;

log P values 0.34), as a result agitation of the spyatesn was required.

Sprayed material was produced comprising of varpacetamol particle size fractions

ranging between 53-250 microns (Table 5.1).

Table 5.1 GMS sprayed granule formulations contgnivarious size fraction of

paracetamol.
Formulation Paracetamol Particle Size (microns)
A 150-250
B 90-150
C 75-90
D 53-75
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The resultant material was analysed utilising tiéoWwing analytical techniques (Table

5.2).

Table 5.2 Analytical techniques utilised in the relederisation of GMS sprayed material

comprising of ball-milled paracetamol.

Analytical Technique Method Information
PSD Section 2.4.2.1
DSC Section 2.4.5.2
Dissolution Section 2.4.4
HSM Section 2.4.7.3

5.2.2 Investigation of a sprayed ibuprofen GMS formlation
A size reduction technique was not required fopiofen powder as fractionation of the
powder particles enabled sufficient ibuprofen gées within the desired range of 50-250

microns to be collected (Section 2.4.2.1).

5.2.2.1 Effect of ibuprofen concentration on spth¢gMS material

Sprayed material incorporating GMS and ibuproferrewproduced at 80°C (Section
2.3.4). Prior to spraying, a one phase liquid tsafuis formed between the GMS and
ibuprofen due to the drug physicochemical propertieelting point, 70°C; lo value
3.7). Agitation of the system was not required las utilised to standardise the

methodology as used in Section 2.3.4 for the ptaawa sprayed material.
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Six formulations of varying ibuprofen concentrasomere produced (10, 25, 35, 45, 50,

75, 100 %w/w) and analysed by DSC (Section 2.4&n#)HSM (Section 2.4.7.2).

5.2.2.2 Effect of initial ibuprofen particle size

GMS sprayed granules with 90% GMS and 10% ibuprofeme produced at 80°C

(Section 2.3.4) using ibuprofen of varying partisiee fractions (Table 5.3).

Table 5.3 GMS sprayed formulations containing uasisize fraction of ibuprofen.

Formulation Ibuprofen Particle Size Fraction (microns)
lbu A 150-250
Ibu B 90-150
Ibu C 53-90

The resultant formulations were analysed utilisuagious analytical techniques (Table

5.4).

Table 5.4 Analytical techniques utilised in the relecderisation of GMS sprayed material

comprising of ibuprofen

Analytical Technique Method Information
PSD Section 2.4.2.1
DSC Section 2.4.5.2
Dissolution Section 2.4.4
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Analytical Technique Method Information
HSM Section 2.4.7.3
Scanning Electron Microscopy Section 2.4.7.4
Polarised Microscopy Section 2.4.7.2
XRPD Section 2.4.6

5.3 Results and Discussion

5.3.1 Investigation of a Sprayed Paracetamol GMS Famulation
5.3.1.1 Characterisation of ball milling on pararetl raw powder particle size.

The results of the ball-milled and unmilled paracesl are shown in Figure 5.2
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Fig. 5.2 Particle size distribution of milled and unmillpdracetamol powder
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From Figure 5.2, the amount of paracetamol powdiat ts less than 500 microns
increased when the paracetamol was ball-milleds Thdicates that ball-milling was

successful in reducing particle size of paracetamol

The DSC profiles of the unmilled and milled paracetl powders are shown in Figure

5.3.

T ] T ] T T T T T ]|-60 T ]|-80 T °|C

40 60 80 100 120 140

Fig. 5.3DSC profiles of paracetamol powders (A) Unmill&) Ball milled (scale bar =

heat flow (10 watts per gram)).

DSC analysis (Figure 5.3) indicated no significahifts in the endotherms for the two

paracetamol powders and thermal stability of thdél-rodled paracetamol. Milled

paracetamol was characterised with a melting pofn171°C (figure 5.3) and would
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correlate to polymorph form | (Giordano et al., 2Pp0Confirmation of the polymorphic

form could be undertaken via XRPD.

The FT-IR spectra of unmilled and ball-milled patanol are shown in Figure 5.4.
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Figure 5.4 FT-IR spectra of unmilled and ball-ndllgaracetamol.

The FT-IR spectra of the unmilled and ball-milleatgcetamol exhibited no changes pre-

and post-milling. This further confirms the thermatability of the ball-milled

paracetamol.
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5.3.1.2Effect of initial paracetamol particle size onaprd GMS material
The results of the effect on ball-milled paracethparticle size on GMS material are

shown in Figure 5.5.
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Figure 5.5 Particle size distribution of sprayed SWkhaterial with varying paracetamol

particle size fractions (n=3).

For all four batches of sprayed paracetamol madtéreamajority of the resultant material
were within the 250-5Q00n size range (Figure 5.5). Statistical comparisbthe PSD

obtained for the four paracetamol batches indicttete was no significant difference in
the PSD (Two-way ANOVA; p>0.05). Therefore, the @lePSD of the sprayed material

was independent of drug particle size.
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The DSC profiles of the paracetamol-GMS sprayeahges incorporating various drug

particle size fractions are shown in Figure 5.6.

T T T T 1

180 °C

100 120 140 160

Fig. 5.6 DSC profiles of individual components and spralgathry paracetamol mixtures
incorporating varying initial paracetamol particiee fractions (A) Paracetamol powder,
(B) GMS powder, (C) PCM 150-250um, (D) PCM 90-15Qu&E) PCM 75-90um and

(F) PCM 53-75um (scale bar = heat flow (10 wattsgram)).

DSC analysis (Figure 5.6) indicated no significahifts in the endotherms for the GMS
component in the four different binary mixtures oning paracetamol of different
particle size fractions. This indicated thermalbgity of the GMS component in the
binary mixtures. The paracetamol form present ia thixtures would need to be

confirmed via XRPD.
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The release profile of paracetamol of varying dmem the GMS matrix is shown in

Figure 5.7.
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Figure. 5.7 Mean release profiles of sprayed paracetamol GBndlations with

varying paracetamol particle size (n=6)

Mean drug release profiles for paracetamol sprawyatérial (Figure 5.7) indicate that as
the particle size of the active ingredient withire tmaterial decreases below 90um the
rate of drug release significantly decreasess@lue < 50). The decrease in dissolution
rate may be due to smaller particles having a reffective barrier/coverage with GMS
than larger particles of paracetamol. This enahl#scker layer of GMS to surround the
smaller individual drug particles and due to therophobic nature of the wax a more

effective diffusional barrier is produced decregsihe drug release rate (Dredan et al.,
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1996; Gandhi et al., 1999). This suggests the delegpse mechanism of paracetamol

from the GMS sprayed matrix is primarily controlleg diffusion at small particle sizes.

The drug release profiles obtained for 10:90 %w/MSsparacetamol sprayed mixtures
do not exhibit immediate release or sustained selgaoperties (refer to section 1.4) but
are characteristic of modified release (refer t@iea 1.4). The dissolution profiles from
were fitted to the Korsmeyer-Peppas, zero orderkigdchi models (Section 1.1.1.3).

The correlation coefficients of the different mattadical models are included in Table

5.5.

Table 5.5 Correlation coefficients of the differenathematical models applied to the

paracetamol sprayed granules.

PCM sprayed| Korsmeyer-Peppas model Zero order model Higuchiehod
granules re N Ky r? Ko Z Ki
A 0.721 1.3691 1.977 0.5315 0.13y 0.729 4.15
B 0.6785 1.6093 1.072 0.5306 0.14%7 0.6721 5.%4
C 0.8079 | 1.9474 0.380 0.7018 0.1765 0.8554 5.04
D 0.8033 | 2.5051 0.080 0.753 0.198 0.8847 5.5

From the three models, the model that best repiegbe mechanism of drug release
from the sprayed GMS granules is the Higuchi motleé correlation coefficient for this
model is closest to the value of 1, indicating tim&t primary mechanism of drug release

is diffusion. However, as the patrticle size of ffeacetamol sprayed granules increases
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the correlation coefficient value decreases andtates that another mechanism of drug

release may be contributing.

The results of the effect on ball-milled paracethpasticle size on GMS material are

shown in Figure 5.8.

Fig. 5.8Hot stage polarising photomicrographs at@6f paracetamol-GMS sprayed
granules (A) 0-90um ball-milled paracetamol and $B)150um ball-milled paracetamol

at a x25 magnification.
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The photomicrographs (Figure 5.8) illustrated theaged paracetamol material at 65°C
when the GMS had become molten and the ball-mplagcetamol suspended within the
wax. The microscopic images indicated that the viddial ball-milled paracetamol
particles are crystalline in nature. In additidmere appears to be larger areas of molten
GMS in the image when the particle size fractioconporated into the granules is less
than 90um (A). The paracetamol particles greaten ®0um (B) have a smaller area of

molten GMS present between the paracetamol pasticle

This observation may correspond to the in vitreask results (Figure 5.7) and confirms
an increased diffusional GMS barrier has formeduado the smaller paracetamol
particles and has led to a decreased dissolutterifra size fraction of less than 90um is

used.

5.3.2 Investigation of a sprayed ibuprofen GMS formlation
5.3.2.1 Effect of ibuprofen concentration on spth@MS material
The DSC profiles for the ibuprofen-GMS sprayed gtes produced with different

ibuprofen concentrations are shown in Figure 5.9.
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Fig. 5.9 DSC profiles of ibuprofen-GMS sprayed material hwitarying ibuprofen
concentrations, (A) 100%w/w, (B) 75%w/w, (C) 50%w/{®>) 45%w/w, (E) 35%w/w

and (F) 25%w/w (scale bar = heat flow (5 wattsgram)).

From figure 5.9, the absence of the drug peakenlbliprofen-GMS granules containing
up to 35%w/w ibuprofen indicates potential ibuprofolubilisation during melting or a

strong interaction with the GMS and the ibuproferesent either in an amorphous form
or as a solid solution within the GMS matrix (Kapsial., 2001; Passerini et al., 2001).
The new thermal peaks at 52 andG4ndicates the melting of the ibuprofen-GMS solid
solution (Passerini et al., 2002). The slight upiMaend in the endothermic peak for the
25%w/w ibuprofen mixture (5€), was possibly due to the larger quantity of piesit

present in the mixture than for 35%w/w ibuproferxtmie (Passerini et al., 2002).
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For ibuprofen-GMS granules containing 45%w/w ikfpn and above, two endotherms
can be observed which suggests the presence of ibafirofen crystals and the
GMS/Ibuprofen solid solution, indicating possibigation of the solid solution (Lira et

al., 2007). XRPD or hyper- DSC could be utilisedietermine additional information.

The results of the microscopy for the ibuprofen-GBf8ayed granules produced with

different ibuprofen concentrations are in Figurg0s.

25%w/w Ibuprofen

50%w/w Ibuprofen
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75%wi/w Ibuprofen

Fig. 5.10 Hot-Stage Microscopy of sprayed ibuprofen-GMS wmigs produced with

different ibuprofen concentrations at x10 magnifma

In the 25%w/w mixture of ibuprofen-GMS, no ibupmofecrystals were observed
suggesting that the ibuprofen had completely digsbin the GMS matrix and formed a
solid solution. Therefore, absence of the drug #retan (Figure 5.9) is due to formation

of a solid solution and not amorphisation (Passetial., 2001).

HSM revealed for mixtures comprising of 50%w/w afsbow/w ibuprofen that not all
the ibuprofen crystals could be dissolved in thétedeGMS at the same temperature that
is was achieved for the 25%w/w ibuprofen-GMS migtukt a temperature of ~85 the
ibuprofen dissolves in the GMS to form a solid $iolu until the GMS becomes fully

saturated with ibuprofen.

For the mixtures with at least 50%wi/w, the volunfieGdS has decreased than for the
25%w/w ibuprofen mixture and at %5 no further ibuprofen can be dissolved in the

GMS. However, when the temperature is increasedables a supersaturated solution of
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GMS-ibuprofen to be created and by’G8and 68C (50%w/w and 75%w/w ibuprofen-
GMS mixtures, respectively) all ibuprofen is dissm in the GMS. These HSM
observations correspond to the DSC findings andpteeence of two peaks for both of

these binary Ibuprofen-GMS mixtures.

5.3.2.2 Effect of initial ibuprofen particle siza esprayed GMS material
The results of the particle size distribution floe tbuprofen-GMS (10:90%w/w) sprayed

mixture incorporating various drug particle sizactions are in Figure 5.11.
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Fig. 5.11 Particle size distribution of sprayed GMS matermath varying ibuprofen

particle size fractions (n=3)

For all three batches of sprayed GMS material thgnty of the resultant particles were

within the 250-500um size range (Figure 5.11). iSteédl comparison of the PSD
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obtained for the three ibuprofen batches indicétede was no significant difference in
the PSD (Two-way ANOVA; p>0.05). Therefore, the @lePSD of the sprayed material
is independent of initial ibuprofen drug particlees This is anticipated as the ibuprofen

forms a solid solution with GMS and is moleculatlgpersed.

The DSC profiles of 10:90%w/w ibuprofen-GMS sprayediterial incorporating various
drug particle size fractions at 2hrs and 24hrs pwstufacture are shown in Figure 5.12-

5.13, respectively.

DSC analysis (Figure 5.12) indicated that the emelohs shifted left for the three
different binary mixtures containing ibuprofen dfferent particle size distributions in
comparison with the raw GMS and ibuprofen powdeithwndividual endotherms
exhibiting a significant decrease in drug/excipieneélting endotherms, indicating a

strong drug-wax interaction (Mura et al., 1998).
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Fig. 5.12 Effect of ibuprofen particle size on the DSC pesfiof 10:90%w/w sprayed
ibuprofen-GMS mixtures, 2hrs post manufacture. (Byprofen powder, (B) GMS
powder, (C) IBFN 150-250um, (D) IBFN 90-150um aB&g [BFN 53-90um (scale bar =

heat flow (10 watts per gram)).

Granules, 2hrs post manufacture (Figure 5.12), csegb of ibuprofen powder with
particle sizes of 53-90um, 90-150um or 150-250urikéted endotherms at &2
(single), 48C (one broad endotherm with a slight shoulder)way endotherms at 48
and 57C, respectively. This is an unusual observatiorihasibuprofen is molecularly
dispersed in the GMS for all formulations and tfenme should exhibit similar thermal

properties.
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The single endotherm at ~%7 indicates the formation of solid solution betwetbe
ibuprofen and GMS. The endotherm is exhibited atightly higher temperature than
observed in figure 5.7 due to the increased vol@h&MS present (Passerini et al.,

2002).

The endotherm exhibited at approximately@&annot be representative of crystalline
ibuprofen as this would be expressed at a highepéeature as illustrated in Figure 5.9
and no known ibuprofen polymorphs have been diseavéPotthast et al., 2005).
However, GMS can form different polymorphsform andp-form, and exhibit different
melting points (Yajima et al., 2002). In Chapterit4was identified that sprayed GMS
was forming both the-form andp-form of GMS. Therefore, it is possible to suggbstt
the two endotherms at %47 and 57C are both solid solutions formed between the
ibuprofen and GMS and that each endotherm repesedifferent GMS polymorphic
form. To confirm which endotherm indicates which GMbolymorph solid solution

would have to be confirmed by XRPD (Section 5.3.2.2

From initial review, the results from figure 5.1®licate the initial ibuprofen particle size
has a significant effect on the formation of onetwo endotherms, despite a solid
solution being formed. These results are unusudinaay be spontaneous but should be
evaluated further to determine if the initial peldisize of a drug could impact the rate of
crystallisation in a solid solution, there is cunttg no literature available to support this.
Alternatively, the single endotherm may be a reitecof the melting point of the mixed

material of the sprayed GMS post 2 hours and tbeldBrs that are present in the larger
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ibuprofen particles may be some undissolved ibgrofrystals that are acting as a
nucleation point. These observations would indid¢ate agitation speed or time is not
optimised for larger ibuprofen particles and woukuire further analysis utilising

XRPD and HSM (refer to 5.3.2.2).

A~

. A

: [ )
D\ \
“\__ \
Wg§—1

10 20 30 40 50 60 70 g0

°C

Fig. 5.13 Effect of ibuprofen particle size on the DSC pesfiof sprayed 10:90%w/w
ibuprofen-GMS solid solutions, 24hrs post manufextfA) lbuprofen only, (B) GMS
only, (C) IBFN 150-250um, (D) IBFN 90-150pum and (BFN 53-90um (scale bar =

heat flow (5 watts per gram)).

Sprayed binary mixtures 24hrs post manufactureu(gic.13), comprised of ibuprofen

powder with particle sizes of 53-90um, 90-150pum I1&0-250pum exhibited two

endotherms at 48 and 57C, respectively. This suggests that 24hrs post-faature all
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the 10:90%w/w ibuprofen-GMS sprayed mixtures hawelar thermal properties, unlike

the samples 2hrs post-manufacture (Figure 5.12).

The change 24 post-manufacture, indicates sprayedybmixtures containing ibuprofen
smaller than 150um have also undergone a transifiois may indicate either twvo GMS
polymorphs are present within the solid solutiotd@ et al., 1991; Sutananta et al.,
1994a) or the undissolved ibuprofen crystals haamigly crystallised out of the solid
solution with time (lervolino et al., 2001; Kambét al., 2004; Oladiran & Batchelor,
2007; Sutananta et al., 1994c). Whether the tiansis complete or would continue
beyond 24 hours post manufacture is unknown anddmagquire further studies to be
undertaken. For further clarification of the abaMeservations analysis utilising XRPD

and HSM would be required (refer to 5.3.2.2).

In order to clarify the findings described in Sen8 5.3.2-5.3.3, X-ray powder diffraction
(XRPD) was used to determine the crystalline stafabuprofen and GMS both as raw

materials and within binary sprayed mixtures.

The XRPD obtained for the ibuprofen raw powder (F&gg5.20) confirms the drug is a
racemic mixture, the crystalline nature of the disigharacterised by the numerous sharp
and intense peaks aé angles of ~12.4°, 13°, 14° 14.5° 18.7°, 19.99°land 20.3°

(Dudognon et al., 2008; Stahly et al., 1997).
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Figure 5.14 XRPD of raw ibuprofen powder

The comparison of X-ray diffractograms of 10:90%witauprofen-GMS mixtures

containing different ibuprofen particle sizes afg@ocessing into hot-melt sprayed

granules at 8 are shown in Figure 5.15.
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Figure 5.15 Ibuprofen-GMS sprayed granules comginvarious particle sizes of
ibuprofen, 24hrs post manufacture. (A) GMS powddy,0(B) 53-90um IBFN, (C) 90-

150pum IBFN, (D) 150-250um IBFN and (E) Ibuproferwgler only

From figure 5.15, the XRPD of the sprayed binarxtores show similar features to the
diffraction patterns obtained for the raw powdef$&GMS and ibuprofen. In all sprayed
mixtures the characteristic peaks of the drug aesent indicating that the ibuprofen
within the mixtures is crystalline, peak intensityy be attenuated due to the lower drug

content in the mixtures than the raw powder ditiac sample (Passerini et al., 2002).
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Every ibuprofen-GMS mixture has three broad peakshoulders at2angles of ~19.5°,
21° and 23.5° characteristic to both theandp-form of GMS (Yajima et al., 2002) and

indicates that both polymorphs are present in tae-grug granules.

This confirms 24 hours post-manufacture, the twdo#imerms exhibited in Figure 5.13
are representative of ibuprofen and GMS mixturesg, mixture comprising of the-form

of GMS and ibuprofen and the second endotherm asimgrof thep-form of GMS and

ibuprofen.
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Figure 5.16 10/90 %w/w lbuprofen-GMS sprayed matercontaining 53-90m

ibuprofen monitored over 24hrs.

In Figure 5.16, 2 hours post-manufacture the spralgaprofen-GMS mixture exhibits

one main distinctive peak aé 2ngles of ~21.5° (0.41nm) indicating tisdorm of GMS

but also has two shoulder peaks correspondinget@-thrm of GMS. This suggests that
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the sprayed GMS comprises primarily of irdorm of GMS but has begun to exhibit

polymorphic changes indicating that GMS is revegrtaack into the more stalfieform.

The diffractograms for the smallest ibuprofen méetisize fraction (0-9dm) changed

after time. After 24hrs manufacture, the GMS polypinic transition became even more
pronounced with an increase in the ~19.5° and 228Rs (stablg-form) and a decrease
in the 21.5° primary peak intensities-form). In addition, all peak intensities
significantly increased and the background slightdduced being consistent with

crystallisation of ibuprofen within the sample heldthe diffractometer.
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Figure 5.17 10:90 %w/w Ibuprofen-GMS sprayed mateigontaining 90-15@m

ibuprofen monitored over 24hrs.
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From figure 5.17, all peak intensities increased e background slightly reduced. The
observed increase was not as significant as fofigiuee 5.16 but is still consistent with
some crystallisation of ibuprofen within the samgield on the diffractometer.
Additionally, once the sample was held 24 hoursain temperature, a slight intensity
reduction of the main GMS peak (~21 degrees) indicthe GMS transition is ongoing

in the mixture from the-form of GMS to the-form of GMS.
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Figure 5.18 10:90 %w/w Ibuprofen-GMS sprayed mateontaining 150-250m

ibuprofen monitored over 24hrs.

From figure 5.18, there were no significant changethe diffraction peaks arising from
the presence of crystalline ibuprofen. Howevereach sample after 24 hours at room
temperature, the intensity of the main GMS pea&pgiroximately 21 degrees is slightly

reduced. Indicating there is a GMS transition ongowithin the sprayed mixture from
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the a-form of GMS to the-form of GMS and the amount of theform is decreasing

from 2 hours post-manufacture.

From the XRPD and DSC results, the further cryisttilon of ibuprofen, 24 hours post-
manufacture, confirms the possibility that notta# ibuprofen is in a solid solution. The
remaining undissolved ibuprofen crystals in the GM&ture are acting as a nucleation
point and as a result, further crystallisationfgrofen is occurring with time. From the
XRPD results the rate of ibuprofen crystallisatiithin the sprayed samples appears to
be linked with the initial ibuprofen particle siagcorporated with the GMS. The larger
the initial ibuprofen particle size the faster tibeprofen crystallisation occurs. These
observations could be visually confirmed by undeng a microscopy investigation

(section 5.3.2.2.4 — 5.3.2.2.6).

Polarised light microscopy and HSM were used siamdously in order to visually
determine the nature of the physical changes agsdcwith the ibuprofen-GMS sprayed
mixtures. Microscopic images were taken betweentéhgerature range of 50 to 75°C

(Figure 5.19).
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Figure 5.19 HSM images of ibuprofen-GMS sprayed emalt (10:90 %w/w) at x10

magnification.
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From figure 5.19, only th@-form GMS is present in the GMS and ibuprofen powde
admixed as it has not be hot-melt sprayed, thisoiffirmed as the GMS is melting at
59C. If thea-form was present the melting temperature of theSGkbuld be lower at
approximately 47C (Yajima et al., 2002). When the ibuprofen-GMSageed material is
compared to the admixed material, the GMS is alsdtimg at 59C indicating the
presence of thg-form GMS within these mixtures. The presence efdtiorm of GMS
would be observed if some of the GMS began to ratlthe lower temperature of
approximately 47C and although for the IBFN 90-150um GMS granulesrd is
evidence of some GMS melting at a lower temperaf#eC) it is difficult to determine

from the HSM when both polymorphs are present énsidime mixture.

HSM (Figure 5.19) revealed that ibuprofen powdes lthan 90um is not visible in the
molten GMS by 67C and has formed a solid solution with the ibupnof€his was also

observed for the admixed material and 90-150umrifep:GMS sprayed material, the
majority of ibuprofen was no longer visible priar teaching the drugs melting point

(69°C) indicating the drug has dissolved in the GM$%ton a solid solution.

The sprayed material manufactured using ibuprgewder from the 150-250um size
range remained visible in the molten wax untifG1which is beyond the drugs melting
point. For ibuprofen particles greater than 90 oomplete solution may not have been
formed with the molten GMS prior to the drug stagtio melt. This may account for the

trend observed in the theromogram at 2hrs post faatuue.
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Ibuprofen particles larger than 90um would requ@réonger stirring time to enable a
complete solid solution to be achieved. If a proipar of undissolved ibuprofen
encapsulated in the GMS is molecularly dispersetkua metastable state, both a solid
solution and solid dispersion would co-exist. Fanatastable molecular dispersion, the
proportion may act as a crystallisation centre pmtmg crystal growth. Partial
recrystallisation of the drug in the matrix will lodserved as the molecules crystallise

under storage (Dubernet et al., 1991), as illustrat the DSC and XRPD results.

The relationship between initial drug particle sarel the formation of a solid solution or
a solid dispersion could lead to interactions timaty be detrimental to the dissolution

performance of the systems. A dissolution study wadertaken in section 5.3.2.2.

As observed in figure 5.10, high drug loading canse the GMS to become saturated
and ibuprofen can no longer be dissolved in the GiMI8ss a supersaturated solution can
be formed. Formation of a completely saturatedtsmiwcould not be determined visually
as the ibuprofen would melt at °@ If the molecularly dispersed ibuprofen excedus t
saturation value of the polymer, a proportion ofliseolved ibuprofen encapsulated in
the GMS may be molecularly dispersed under a naddhesttate. This would also result
in partial recrystallisation of the drug in the mpatwill be observed as the molecules

crystallise under storage (Dubernet et al., 1991).
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The scanning electron micrographs of the ibuprd®®hS sprayed granules incorporating
various drug particle size fractions at 2hrs antir@4post manufacture are shown in

Figure 5.20-5.21, respectively.

Visual inspection indicated the resulting sprayeatarial were spheroid with a smooth
surface, granules appeared compact while uniforsize and shape. However, some of
the sprayed material appeared to have smaller cipla¢particles (10-20um) adhered to

their surface and were observed on all sprayedbatc
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(3a) (3d)

Figure 5.20 SEM images of ibuprofen-GMS sprayedgies (10:90 %w/w), 2hrs post
manufacture (1) 53-90n ibuprofen, (2) 90-150m ibuprofen, (3) 150-250n ibuprofen

at a magnification of (a) x140, (b) x500, (c) x24t (d) x2000.

From Figure 5.20, at higher magnification ibuprobepstals could be seen on the granule
surface of the sprayed granules incorporating ibfgor particles 150-25%0n (3d).
However, granules incorporating ibuprofen smalleant 15gm (1b and 2b) did not
exhibit any ibuprofen crystals on its surface 2post manufacture. In addition, for all
sprayed ibuprofen-GMS granules the surface can baracterised as smooth,
homogenous with some small, cracked crystallinealnsithat is characteristic of the

form of GMS (Garti & Sato, 1988).
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Figure 5.21 SEM images of ibuprofen-GMS sprayedenmat (10:90 %w/w) 24hrs post
manufacture (1) 53-90n ibuprofen, (2) 90-150m ibuprofen, (3) 150-250n ibuprofen

at a magnification of (a) x250 and (b) x2000.
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When sprayed material was visually assessed 24bst mpanufacture (Figure 5.21),
ibuprofen crystals could be seen on the surfacalldhe sprayed granules (1b, 2b and
3b). Indicating that ibuprofen particles smallearthLl5@um crystallise out of the sprayed

granules 24hrs post manufacture.

The surface characteristics appear smooth whictelede to the presence of thdorm
of GMS, even though th@form of GMS is also present in the solid soluttbe a-form
is the most prevalent 24hours post-manufacturenjporage of the samples, it may be
expected for the GMS surface characteristics t@imecrougher in appearance (Garti &

Sato, 1988; Eldem et al., 1991; Phajongwiriyath@08; Sutananta et al., 1994a).

Polarised microscopy was used to monitor 10:90%iblyprofen-GMS sprayed material

comprising of 0-90um ibuprofen. The resultant phatwograph was obtained at room

temperature, 2 hrs and 48hrs post manufacturegur&is.22-5.23.
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Figure. 5.22 Polarised photomicrograph of material formed freprayed ibuprofen-
GMS mixture, comprising of 53-90um ibuprofen, 2hpsst manufacture at x10

magnification.

Figure. 5.23 Polarised photomicrograph of material formed freprayed ibuprofen-
GMS mixture, comprising of 53-90um ibuprofen, 48lpest manufacture at x25

magnification.

From figure 5.22-5.23, the polarised photomicrograipdicates crystallisation of
ibuprofen from the sprayed ibuprofen-GMS granulet@rs post-manufacture (Figure
5.22) which was not present 2hrs post manufactigue 5.23). This visually confirms

when incorporating ibuprofen particles smaller t®&pm the ibuprofen becomes a solid
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solution with the GMS and takes longer to cryssallout of the solid solution than for

ibuprofen of a larger particle size that may natéhformed a complete solid solution.

The effect of initial distribution of ibuprofen gane size on the resultant drug dissolution

rate from sprayed GMS material is shown in figu@45
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Fig. 5.24 Mean Release Profiles of sprayed 10:90%w/w ibgmdbMS sprayed

mixtures with varying ibuprofen particle size friacis (n=6)

No significant difference (f2 value > 50) was obvser between the dissolution release
profiles for the three granule formulations mantdeed incorporating ibuprofen of

different particle sizes into a GMS mixture (Figube24). This suggests that the initial
ibuprofen particle size and rate of ibuprofen ailigtation does not influence the drug

release rate for the sprayed mixtures.
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Conclusions

Granules of uniform size and shape can be sucdlgssfotained from GMS solid
dispersions and solid solutions utilising the agilahot-melt spray system. The initial
particle size of both the hydrophobic and hydraphdirugs incorporated into the GMS

sprayed granules did not significantly effect ti8DRof the resultant sprayed granules.

The drug release profiles obtained for 10:90 %wMSsibuprofen sprayed mixtures do
not exhibit immediate release or sustained relgasperties but are characteristic of

modified release (refer to section 1.4).

The use of screening techniques such as DSC, HFWDXand SEM were successfully
employed to assess the thermal properties of tpgraéen and paracetamol GMS sprayed
mixtures. They enabled the identification of GMSypworphic activity and the presence

or absence of drug crystallisation within eachhef $prayed mixtures.

Both a- andp-polymorphic forms of GMS appear to be presentlitha Ibuprofen-GMS

sprayed materials. The results appeared to caereldh the findings in Chapter 4 where
GMS polymorphic forms were also present in the yplaGMS granules in the absence
of drug. This indicates the presence of these poltphic transitions is independent of

initial drug particle size and drug loading.

During the investigation of the paractamol-GMS gpthmaterial, the incorporation of

ball-milled paracetamol powder less than 90um speayed solid dispersion of GMS-
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paracetamol, impacted on the dissolution performmarfdhe GMS granules. A decrease
in the rate of drug release was observed due tdotingation of a more effective GMS
diffusional barrier. The rate-limiting step for druelease from the GMS matrix appears
to be under control of diffusion in this instandéis was further confirmed by the
compatibility of the Higuchian release model to tiesolution data. The thermal stability
of paracetamol was not affected when the partieke distribution was reduced utilising a

ball-milling technique, or during the atomisatiogess for hot-melt spraying.

For sprayed ibuprofen-GMS solutions, the drug Iogdof the drug proved to be
important parameters for process development ofhibtemelt spray system. For the
ibuprofen-GMS sprayed material, the initial drugrtjpée size appeared to directly
influence the formation of a solid solution, despiholecular dispersion of ibuprofen
further investigation is required. The formation aofcomplete solid solution or partial
solid solution was shown to influence the rate btiprofen crystallisation post
manufacture. This did not appear to have a dettiaheeffect on the {J release

characteristics of the product. The ongoing stgbiif the mixture would need to be

investigated to determine any long term effects.

For higher drug loadings than 10%w/w ibuprofen, ofaoturing parameters including
duration of stirring time and pressure would nemdeé optimised to allowing sufficient
time for a solution or saturated solution to beieotd. The formation of a partial solid
solution and solid dispersion co-existing wouldoatesult in ibuprofen crystallisation

from the GMS during storage.
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6. Investigation of Excipients in Hot-Melt Sprayed

Hydrophobic Systems

6.1 Introduction

Aims and Objectives

Chapter 5 enabled the characterisation of the sgrdynary mixtures incorporating
different APIs. To further investigate the hot-mgtray technique and resulting sprayed
material, the effects of additional excipients wigneestigated. Commercial formulations
rarely comprise of two components and as a reswibus excipients maybe incorporated
into the solid solutions and dispersions to impl#ferent properties. The effects of these

excipients on physicochemical properties were itigated in this chapter.
Micronised paracetamol was utilised to ensure theige size was reduced below

1000um, to enable the drug to pass through thel@adzthe hot-melt spray system

during formulation manufacture.

210



6.2 Methods

6.2.1 Investigation of Inorganic Salts addition andncorporation with ibuprofen and
paracetamol sprayed GMS granules

Three types of inorganic salts were incorporated iipuprofen and paracetamol sprayed
GMS granules. The inorganic salts included alunmmithydroxide, aluminium

monostearate and magnesium stearate.

Paracetamol and ibuprofen formulations with the positions defined in Table 6.1 were

manufactured using a hot-melt spray system at pdesture of 8tC.

Table 6.1 Composition of the sprayed GMS granules.

Formulation API composition GMS Composition IMS Composition
(Yow/w) (Yow/w) (Yow/w)

1 Paracetamol (10) GMS (82.5) Al monostearate (|7.5)
2 Paracetamol (10) GMS (82.5) Al hydroxide (7.5)

3 Paracetamol (10) GMS (82.5) Mg stearate (7.5)

4 Ibuprofen (10) GMS (82.5) Al monostearate (7.5)
5 Ibuprofen (10) GMS (82.5) Al hydroxide (7.5

6 Ibuprofen (10) GMS (82.5) Mg stearate (7.5

These formulations were evaluated by PSD (sectidi?A) and DSC (section 2.4.5).
The dissolution of both paracetamol and ibuprofemfmatrix systems were established

using the methodology previously described (seidng).
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6.2.2 Investigation of aluminium monostearate
6.2.2.1 Effect of processing temperature on GM&ys material
GMS formulations with the compositions and tempees defined in Table 6.2 were

manufactured using a hot-melt spray system.

Table 6.2 Composition and temperature of the spr&MS granules.

Formulation Processing temperature| Composition (Y%ow/w)
(°C)

1 80 GMS (97.5):

Al monostearate (2.5)
2 80 GMS (95):

Al monostearate (5)
3 80 GMS (92.5):

Al monostearate (7.5)
4 80 GMS (90):

Al monostearate (10)
5 125 GMS (97.5):

Al monostearate (2.5)
6 125 GMS (95):

Al monostearate (5)
7 125 GMS (92.5):

Al monostearate (7.5)
8 125 GMS (90):

Al monostearate (10)

These formulations were analysed by PSD (secti24.) and DSC (section 2.4.5).
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6.2.2.2 Effect of composition on GMS hot-melt metieproduced via wax fusion
GMS formulations with the compositions defined iable 6.3 were manufactured using

wax fusion at a temperature of°80

Table 6.3 Composition of the hot-melt GMS material.

Formulation Composition (Yow/w)
1 GMS (97.5): Al monostearate (2.5)
2 GMS (95): Al monostearate (5)
3 GMS (92.5): Al monostearate (7.5)
4 GMS (90): Al monostearate (10)

These formulations were evaluated by DSC (sectigrbp
6.2.2.3 Effect of composition on release rate apiiefen from sprayed GMS granules
Ibuprofen formulations with the compositions define Table 6.4 were manufactured

using a hot-melt spray system at a temperatur@%.8

Table 6.4 Composition of the ibuprofen sprayed Givisules.

Formulation Composition (Yow/w)
1 GMS (87.5):1buprofen (10):
Al monostearate (2.5)
2 GMS (85):1buprofen (10):
Al monostearate (5)
3 GMS (80):1buprofen (10):
Al monostearate (10)
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These formulations were evaluated by PSD (sectidi?A) and DSC (section 2.4.5).
The dissolution of ibuprofen from the matrix wagabsished using the methodology

previously described (section 2.4.8).

6.2.2.4 Effect of aluminium monostearate conceiutnabn release rate of paracetamol
from sprayed GMS granules
Paracetamol formulations with the compositionsraefiin Table 6.5 were manufactured

using a hot-melt spray system at a temperatur€7.8

Table 6.5 Composition of the paracetamol sprayedGkanules.

Formulation Composition (Yow/w)

1 GMS (87.5):Paracetamol (10): Al
monostearate (2.5)

2 GMS (85):Paracetamol (10): Al
monostearate (5)

3 GMS (82.5):Paracetamol (10): Al
monostearate (7.5)

4 GMS (80):Paracetamol (10): Al
monostearate (10)

These formulations were evaluated by DSC (sectioh5P The dissolution of
paracetamol from the matrix was established ugiegnethodology previously described

(section 2.4.8).
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6.2.3 Characterisation of Glyceryl Dibehenate (Comyjitol ® 888 ATO) in sprayed

GMS material

10% w/w of ibuprofen was incorporated into varyiocgmpositions of GMS:GDB
sprayed formulations. The compositions of GMS:GD8 @efined in Table 6.6 and were

manufactured using a hot-melt spray system at peeature of 8C.

Table 6.6 Composition of the sprayed GMS:GDB grasul

Formulation GMS:GDB Composition (Yow/w)
1 GMS (90):GDB (10)
2 GMS (80):GDB (20)
3 GMS (70):GDB (30)
4 GMS (60):GDB (40)

These formulations were evaluated by PSD (sectidi?A) and DSC (section 2.4.5).
The dissolution of ibuprofen from the matrix wasabsished using the methodology

previously described (section 2.4.8).
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6.3 Results and Discussion

6.3.1 Investigation of Inorganic Multivalent Salts (IMS) incorporation with
ibuprofen and paracetamol sprayed GMS granules.
6.3.1.1 Ibuprofen sprayed granules

The PSD of sprayed granules are shown in Figure 6.1
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40 — [@7.5%w/w Aluminium monostearate
{» 0 7.5%w/w Magnesium Stearate
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Figure 6.1 Particle size distribution of sprayedgtnfen-GMS material incorporating

inorganic multivalent salts (n=3)

Statistical comparison of the PSD (Figure 6.1) ¢atkd there was no significant

difference in the PSD (Two-way ANOVA; p>0.05). Théare, the overall PSD of the

sprayed granules is independent of the metal adfumaorporated into the GMS matrix.
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DSC was used to characterise the melting pointstalisation and polymorphic
transformation of the sprayed granules with varymetal adjuvant compositions. The

DSC profiles of sprayed materials monitored arexshm Figure 6.2.
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Figure 6.2 DSC profiles of sprayed ibuprofen-GMSemal with varying metal adjuvant
composition at Day 1 A) Ibuprofen only, (B) GMS pn{C) Magnesium stearate, (D)
Aluminium monostearate and (E) Aluminium hydrox{geale bar = heat flow of 5 watts

per gram).

From Figure 6.2, all sprayed granules have an alikeg peak at ~70°C indicating the

ibuprofen may dissolve in the molten wax during g@ssing. The endotherms for

aluminium monostearate, aluminium hydroxide and meagim stearate are not visible
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on the thermogram as the melting point of theseerizas are 12%C, 300C and 88C
respectively (Lower, 1982; Parojcic & Corrigan, 8D0These temperatures were beyond

the temperature range (10°89 of this DSC method.

DSC analysis of the ibuprofen-GMS sprayed materigdtaining aluminium hydroxide
illustrated primary and secondary endotherms atG4fd 56°C. These results appear to
correspond to the endotherms obtained for ibupr@®tS binary sprayed mixtures in
Section 5.3.2, indicating the presence of aluminhyadroxide in the sprayed formulation
(figure 6.2) does not interact with ibuprofen or GMind formation of the ibuprofen-
GMS solid solution is achieved. Kararli et al (198®%s0 did not detect any interactions
between the aluminium hydroxide and ibuprofen whmed at 5% for 15 months and
was attributed to the chemicals lower basicityahdsform. The DSC method utilised for
Kararli et al (1989) was run beyond £60and no further endotherms were identified at

the higher temperatures.

Hamdani et al (2003) indicated for lipophilic glymkes a non-significant endothermic
shift of +2°C may represent polymorphic transitievisen compared to XRPD results. As
a result, polymorphic changes of GMS may be preserhis sample that cannot be
detected utilising DSC alone, the results mustiberpreted cautiously in the absence of
XRPD and an assumption these results correlatgytoef 5.13 cannot be made. Further
consideration is also required when interpretirgyrigsults from figure 6.2, as weak acid
ibuprofen has been demonstrated to react in a stéitt with various basic oxides,

hydroxides and salts (Kararli et al., 1989).%1gnd AP* salts have been demonstrated to
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interact with ibuprofen via the same mechanism a@omf eutectic solutions with
magnesium stearate, calcium stearate, stearicaadstearyl alcohol all with melting

points below 58C (Bharate et al., 2010; Khan et al., 1995).

Sprayed formulations comprising of aluminium moeasate and magnesium stearate
both exhibit primary peaks at 60°C and’G9respectively and correlate to the melting
point of either p-form GMS or stearic acid. The melting point of este acid, a
component of both aluminium and magnesium steaisigharacterised at 8D (British
Pharmacopoeia, 2012), however it is improbableodission of metal stearates can take
place in a non-aqueous environment. Further cheniaation of this endotherm needs to

be undertaken via XRPD or FT-IR.

The presence of both metal stearate additivesraysd ibuprofen-GMS mixtures appear
to promote the presence of the GMS primary endothend was also exhibited for
sprayed GMS material. The presence of frderm GMS would suggest the GMS matrix
is not fully saturated by the presence of both ibtgn and metal stearates. It would be of
interest to determine the maximum drug loading bdpias of this delivery system, to
determine whether the presence of the metal se=anmapact the saturation capability of

the matrix when compared to ibuprofen-GMS binaryemals only (Section 5.3.2).

A decrease in the secondary peak (E€)8intensity is observed for the formulation

comprising of aluminium monostearate when compdee@luminium hydroxide and

previous binary ibuprofen GMS mixtures (section.).3This indicates the presence of
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the metal stearates may be increasing the transitite of GMS to the more stalfle
form meaning ibuprofen may be forming solid solofiavith both thes-form and theo-
form of GMS (Section 5.3.2). However, it is difficdo interpret whether there is an
endotherm present at ~%5 due to the broad primary endotherm but the DS@aoake
could be adapted and run at a higher rate to erfailber peak separation on the
thermogram. Further analysis should be undertakdising XRPD, to identify the
polymorphic GMS forms and solid solutions that nieeypresent. Also a stability study
could be undertaken such as Lerdkanchanaporn €08l1) to determine if further
transition may occur from any eutectic solutionsnfed in the presence of multivalent

stearates.

The dissolution profile of the sprayed ibuprofen-Sigranules with varying multivalent

organic salts are shown in Figure 6.3.
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Figure 6.3 Mean Release Profiles of sprayed ibgor@MS material with varying metal

additive inclusion (n=6).
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Mean drug release profiles for ibuprofen sprayemhgles (Figure 6.3) indicate that the
type of metal additive incorporated into the grasuhas a significant impact on the drug
dissolution performance of the resultant producbthB aluminium hydroxide and
aluminium monostearate significantly decrease thepriofen dissolution rate from
resultant granules ffvalue < 50). It appears the presence of the alumirsalt has a
more pronounced effect on the dissolution rate tt@nwax polymorphic state of the
delivery system. This is anticipated as the salnhfof a drug can have a profound impact
on the physicochemical properties of an organicesde more than any other single

means (Qiu et al., 2009).

The sprayed material incorporating the magnesiumarate is classified as modified
release and not immediate release, as less tharo7®¥ drug had been released by 45
minutes (British Pharmacopoeia, 2012). The drugas® rate for magnesium stearate
sprayed material is faster than the binary GMS+ibign only sprayed mixture,
indicating the presence of the magnesium stearattha GMS mixture significantly
enhances the drug release rate (Parojcic & Corri2@ad8). Similar effects were observed
with magnesium hydroxide and magnesium oxides tepdd enhanced ibuprofen
solubility, dissolution and bioavailability, wittofmulation and process variables being

the rate limiting step (Kararli et al., 1989; Nenen, 1991; Ogawa & Echizen, 2011).

These observations may be attributed to a pH effieet to the alkaline nature of

magnesium stearate. The increase in local (surfackition pH would promote the
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ibuprofen salt to be formed which has a higher lsibty than the unionised form

(Aulton, 2002; Shaw et al., 2005).

The drug release from the sprayed material incatpay the aluminium hydroxide was
prolonged significantly longer than for the magnesistearate sprayed material and the
binary GMS-ibuprofen sprayed mixtures (Figure 5). 2dowever, the sprayed material
incorporating the aluminium hydroxide is also cifisd as modified release rather than
sustained release as 30% of the initial drug rel@ass prior to 60 minutes (Section 1.4).
The mechanism of the prolonged release is incomeusut may be due to the presence
of the multivalent salt Al forming an insoluble complex with the ibuproferit sa the

point of surface dissolution (Ogawa & Echizen, 20Rarojcic & Corrigan, 2008).

The sprayed material incorporating the aluminiunmostearate is classified as sustained
release as only 27.6% = SD of the drug was relégsé0 minutes, 50% + SD drug
release was achieved by 120 minutes and 80% + SBeoflrug release took over 340
minutes to achieve (British Pharmacopoeia, 2018 maximum drug release achieved
in 8hrs for the aluminium monostearate granules e@groximately 80%. Ethanolic
extraction was undertaken to confirm if the anttgal quantity of ibuprofen was present
in the granules. The mean amount of ibuprofen et¢chfrom the sprayed granules was
102.2% + 4.1, confirming the expected drug loadivags achieved during manufacture

but incomplete drug dissolution was achieved olertést period.

222



The presence of the multivalent salf’Ahppears to significantly retard the drug release
rate and correlates to an observation by Parojci€drigan (2008) indicating in the
presence of aluminium hydroxide an insoluble ibégmosalt is formed with Af. From
figure 6.3, release profiles obtained for aluminiumonostearate and aluminium
hydroxide follow this observed trend until 100 ntest Post 100 minutes, even though
the drug release rates remain more retarded forfdimeulations containing Af, the
ibuprofen is released more rapidly from the aluommihydroxide formulation than the
aluminium monostearate formulation, indicating thechanism of drug release changes.
The observed changes between aluminium formulatioag be due to their different

interaction with the aqueous environment.

It is possible that once the aluminium hydroxiderfolation has commenced dissolution,
the aqueous environment provides an opportunityhferAF* and ibuprofen to interact. It

is possible in the presence of the aqueous phasebadlsic compound aluminium
hydroxide increases the pH of the aqueous phase HI0 minutes, promoting ibuprofen
to become ionised and increasing the drug solybHijual consideration is required for
aluminium monostearate in an agueous environmemrevpotential interactions may
contribute to the decrease in drug release rateredd. In the presence of aluminium
stearate in a pH neutral aqueous solution prompéesal dissociation of aluminium

stearate (US Environmental Protection Agency, 200Bjs dissociation during

dissolution may lead to a reduction in the pH & #gueous solution significant enough

to decrease the ibuprofen solubility (Parojcic & r@gan, 2008). Both suggested
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explanations could be confirmed by testing the pkhe dissolution vessels throughout

the dissolution run to detect any pH alteration.

It is of significant importance to determine whetliee difference between aluminium
monostearate and aluminium hydroxide is due to gferdnces during dissolution or
whether there is also physicochemical interacttaksig place. As literature indicates the
presence of an aluminium salt of stearic acid msy eontribute to the hydrophobicity of
the GMS matrix system, reducing the surface wettibdity of the dissolution media
thereby further decreasing the drug release (Atthv&d-lorence, 2008; Hamdani et al.,
2003). Investigation into the possible presencstefric acid in the molten mixture is a
consideration on the product performance due tovatsous polymorphic forms and
documented interactions with the S-enantiomer afpibfen (Corvis et al., 2011;

Lerdkanchanaporn et al., 2001).

Consideration of the aluminium manufacturing vessal ibuprofen adsorption due to
aluminium complex formation was eliminated duehe 100% drug recovery from the
ethanolic extraction method. Developing inert equept is an important attribute for
pharmaceutical application in a manufacturing esinent where multiple products are
manufactured utilising the same equipment. Sucoekssioval of active materials from
manufacturing equipment surfaces prevents crostsoonation between different
products and eliminates potential formulation peold due to API adsorption that may

reduce the effective concentration (Qiu et al.,900
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Visual examination of GMS-ibuprofen sprayed graswee shown in figure 6.4.

7.5%w/w Magnesium stearate 7.5%w/w Aluomm hydroxide

7.5%w/w Aluminium monostearate

Figure 6.4 Macroscopic appearance of ibuprofen-Gdpgayed granules produced at

80°C with varying multivalent organic salts at 7.5%w/w

Sprayed material comprising of magnesium stearataluminium hydroxide did not
visually appear any different to sprayed mater@inposed of ibuprofen-GMS binary
mixtures (Section 5.3.2.2). This indicates theitigproperties of the molten ibuprofen-
GMS mixtures were not significantly affected by thddition of either magnesium
stearate or aluminium hydroxide. Visual examinatmnthe ibuprofen-GMS sprayed
granules (Figure 6.4) indicated granules contaimigninium monostearate to be ‘fluffy’
and light in texture at 7.5%w/w content. Any chasmge viscosity could not be visually

confirmed prior to spraying when each formulatioaswmolten at 8 but changes in
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viscosity would be anticipated to influence theesiange of the sprayed material.
Changes in the size range have been shown to inttpaspray angle and speed in which
the sprayed material is atomised, impacting onsthl@ification time during descent in

the spray chamber (Maschke et al., 2007; Nuytteat,e2007).

Further characterisation of the sprayed GMS madterith aluminium monostearate is
required to evaluating any thickening effect on ith@ten solution prior to spraying that

may explain the effects observed (Section 6.3.3).

6.3.1.2 Micronised paracetamol sprayed granules

The PSD of sprayed granules are shown in Figure 6.5
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Figure 6.5 Particle size distribution of sprayedagatamol-GMS material (n=3).

Statistical comparison of the PSD (Figure 6.5) ¢atkd there was no significant

difference in the distributions obtained for theraged paracetamol-GMS material
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containing different multivalent inorganic saltsn@way ANOVA,; p>0.05). Therefore,
the overall PSD of the sprayed paracetamol-GMS miahie independent of the type of

multivalent inorganic salt incorporated into the Sivhatrix.

In addition, there is no significant differencevweén sprayed paracetamol-GMS material
(figure 6.5) and paracetamol-GMS sprayed binaryendt (figure 5.5), indicating the
presence of a multivalent inorganic salt does rifecethe PSD of sprayed material

produced.

DSC was used to characterise the melting pointstalisation and polymorphic

transformation of the sprayed paracetamol-GMS natenith varying inorganic

multivalent salt compositions (figure 6.6).
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Figure 6.6 DSC profiles of sprayed paracetamol-GM&terial with varying metal
adjuvant composition at Day 1 (A) Aluminium hydrdgj (B) Aluminium monostearate

and (C) Magnesium Stearate (scale bar = heat fi@weatts per gram).

From Figure 6.6, all sprayed paracetamol-GMS gemsblave a primary peak at 260
and a secondary peak at ~i63Slight endotherms are exhibited also &C3&nd 105C
correlating to the metal stearates. The meltingpfair aluminium hydroxide would be
anticipated at 30T and would not be visible in figure 6.6 as the D&€thod was run

between 20-20.

Aluminium monostearate is anticipated at A2%uggesting a possible interaction has
occurred with the GMS or paracetamol, binary migsurof GMS and aluminium

monostearate are investigated in figure 6.15. Thimagry peak exhibited at 80 is
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representative of the GMS in the sprayed solidetsipn. The secondary primary peak at

163C cannot be characterised without further confionaanalysis via FT-IR or XRPD.

Milled paracetamol was characterised with a meltignt of 17£C (figure 5.3), no
endotherm corresponding to paracetamol was obsémnfigglre 6.6. This indicates either
the paracetamol is not present in the same criystdibrm when in the presence of the
inorganic multivalent salts or the proportion prases below the sensitivity of the
detection method. The secondary endothermic peaB3€C, present in all paracetamol-
GMS formulations, does not correlate to the paeaoet anticipated melting point
polymorphic forms. However, the presence of the GME may dissolve a portion of
the paracetamol and reducing the melting endothmrrhwould require confirmation via
XRPD. The melting point of polymorph form | woule anticipated at 16Z and the
metastable polymorph from 1l at 1%® (Giordano et al., 2002). The slight endotherm
exhibited at 15%C in the sprayed granules containing aluminium byite will need
confirmatory analysis for the presence of paracetdorm IlI, as this may contribute to
the release rate of the formulation. In figure Gl& paracetamol formulations do not
indicate formation of eutectic mixtures as no ehdans were expressed below the

melting points of the formulation components.
A number of divalent and trivalent cations haverbgleown to interact with paracetamol,

including AF*, Fé"*, Mg**, C&* (Albin et al., 1985; Bharate et al., 2010; Iwuagéu

Aloko, 1992; Ogawa et al., 2011; Wen & Park, 201®)rther investigation involving
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HSM and XRPD is required to define the paracetaongé$talline state in the sprayed

granules (Martino et al., 1996; Moynihan & HareQ2})

Complex thermal behaviour of surfactants and stearanust be considered when
interpretating the thermogram in figure 6.6, as s@urfactants and stearates are able to
form mesomorphic phases between the solid anddliguystal phases (Hattianghi et al.,
1949; Rosevear, 1968). In a study undertaken byleggbet al. (2011), to evaluate
calcium stearate pellets produced via hot-meltusibn, structural rearrangement of
calcium stearate was observed into a mesomorpéie. Sthermal analysis observed an
endotherm at 168 correlating to the transition from the smectic ttee nematic
mesomophic state. Further understanding of thetallye behaviour between the solid

and liquid crystalline state is required to defihe design space for these formulations.

The results of the sprayed paracetamol granulesy wirying metal adjuvant

compositions are shown in Figure 6.7.
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Figure 6.7 Mean release profiles of sprayed paaavelt granules with varying metal

additives composition (n=6).

Mean drug release profiles for paracetamol-GMSysatagranules (Figure 6.7) indicate
that the type of metal additive incorporated irfte granules has a significant impact on

the dissolution performance of the resultant préduc

Incorporation of the aluminium monostearate sigatfitly decreases the drug release
rate, enabling a sustained-release pattern to be\ax for the paracetamol-GMS
sprayed material, unlike the release rates obtafoedsprayed material containing
paracetamol-GMS only {fvalue < 50). Total drug release was achieved dutire
dissolution test period (Ogawa & Echizen, 201Eurther investigation into the
relationship between the aluminium monostearate@anation and the drug release is

required.
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The drug release for paracetamol-GMS sprayed nahtErcorporating the aluminium
hydroxide was classified as modified release b m@ as significantly prolonged as the
drug release rate observed for the ibuprofen etpnvdormulation (¥ value < 50). This
indicates the mechanism of drug release is depéngierthe drug incorporated for
formulations comprising of aluminium hydroxide. AJ]ghe mechanism of drug release is
different for aluminium hydroxide and aluminium nostearate formulations
incorporating paracetamol, as the presence of ailumidoes not appear to contribute to
the release effects observed in figure 6.7. Furitlearacterisation of the thermal
properties is required to determine whether thiedihces between the drug release rates
of the two aluminium based formulations is attrézlito the differences observed in the

thermograms (figure 6.6).

Sprayed material incorporating magnesium stearppeas to have a prolonged drug
release rate in paracetamol-GMS sprayed materiah tbbserved in the ibuprofen
equivalent sprayed material. During dissolutioraqueous phase, it appears the release
rate of the paracetamol based formulation is nbiaroed as observed in the ibuprofen

equivalent formulation (Aulton, 2002; Shaw et aD05).
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Visual examination of paracetamol sprayed granatesshown in figure 6.8.

Magnesium stearate Aluminium hydroxide

Aluminium monostearate

Figure 6.8 Digital photographs of paracetamol-GNdg&aged granules produced at’80

with varying multivalent salts at 7.5%w/w.

Visual examination of the paracetamol sprayed demnyFigure 6.8) indicated the
different multivalent salts had no significant effeon the appearance of the resultant
material. The appearance of the paracetamol-GM&ysdrmaterial is granular, not fluffy
and light in texture. This physical morphology dfiet aluminium monostearate
formulation incorporating ibuprofen was significgntifferent in appearance (figure

6.4).

233



6.3.2 Investigation of aluminium monostearate

6.3.2.1 Effect of concentration and spray tempeeaton hot-melt GMS:aluminium
monostearate binary mixtures

The PSD of sprayed GMS granules with varying alimmmmonostearate concentrations
at two different processing temperatures are shavgure 6.9 and 6.10. No APl was

included in this study.
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Figure 6.9 Particle size distribution of sprayed &Mhaterial with varying aluminium

monostearate concentrations at 80°C (n=3).

Statistical comparison of the PSD (Figure 6.9)catkd there was a significant difference

in the PSD (Two-way ANOVA,; p<0.05) when differenbnzentrations of aluminium

monostearate were incorporated into the molten GMED'C.
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Sprayed GMS (figure 4.1) had a prevalent size rarigb0-500um and less than 5% of
the weight distribution was greater than 850ués. observed from figure 6.9, an
aluminimum monostearate concentration between %W/ yields a larger proportion

of particles in the 500-850um size range, howether,majority of the particles remain

between 250-500um.

The PSD profiles obtained for the spray materiaorporating both 2.5%w/w and
10%w/w aluminium monostearate are similar. Bothileixta significant downward shift
in the PSD with the most prevalent size range béb@r250um for the sprayed binary
material. To further understand this observatiom ttermal properties of the mixtures
must be evaluated (Section 6.3.2.1). The molteatisnl at 86C had a low viscosity and

the aluminium monostearate added remained undsdafvthe molten mixture.

235



50
B 5%w/w Al monostearate

B2.5%w/w Al monostearate

40

) |

- : |
ul

<90 90-150 150-250 250-500 500-850 85%—1000 >1000

Mean % Weight Distribution = SD

-10
Particle Size (um)

Figure 6.10 Particle size distribution of sprayedlS material with varying aluminium

monostearate concentrations at 125°C (n=3).

Statistical comparison of the PSD (Figure 6.10)icattd there was a significant
difference in the PSD of the sprayed material Wb and 5%w/w aluminium
monostearate (Two-way ANOVA,; p<0.05) when differ@aincentration of aluminium

monostearate were incorporated into the molten GMR5C.

When 2.5%w/w aluminium monostearate is utilisedtle elevated temperature the
majority of the particles are between 150-250um%{BOthis correlates to the PSD
obtained in figure 6.9, when 2.5%w/w aluminium mstearate was incorporated into
sprayed granules at 8D. This indicates that the increase in the proogssmperature

had no significant effect on the resultant sprayeshules.
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When 5%w/w aluminium monostearate is utilised a@ #levated temperature the
majority of the particles are greater than 1000186£4), the PSD were not normally
distributed with 36% greater than 1000pum. The remgiparticles were below 500um.
Sprayed material containing more than 5%w/w cowldbe sieved as the material texture

had altered and was too fluffy/fibrous in textufigure 6.11).

Sprayed GMS (figure 4.1) and ibuprofen-GMS binarixtares (figure 5.11) had a
prevalent size range of 250-500um and less thanob%e weight distribution was
greater than 850unmAs observed from figure 6.10, the PSD for sprayegtures at

125°C containing an aluminium monostearate concentratigtween 2.5-5%w/w do not
correspond to the sprayed GMS material (figure drlipuprofen-GMS sprayed binary

mixtures (figure 5.11).

The increase in the PSD when 5%w/w aluminium maaste is utilised, and the
change in the nature of the sprayed material grehten 5%w/w can be related to the
melting point of the aluminium monostearate (X26 Aluminium monostearate
dissolves to a gel when heated to its melting pamd is known to form permanent,

transparent and viscous solutions or gels (Lowas2).

Digital photographs of the resultant sprayed GMStem processed at 8D are
illustrated in figure 6.11. Prior to spraying thelten GMS had a low viscosity and the
molten solution was white due to the presence dissolved aluminium monostearate.

No API was included in this study.
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Figure 6.11 Macroscopic characteristics of GMS wprlagranules containing varying

aluminium monostearate concentrations (a) 2.5%why, 5%w/w, (c) 7.5%w/w, (d)

10%w/w at a processing temperature of 80°C.

Visual examination of the sprayed GMS material (IFgg6.11) indicated that for the
sprayed material manufactured at 80°C the amountalafminium monostearate
incorporated into the sprayed GMS had no signiticeffect on the appearance of the

resultant sprayed material.

Digital photographs of the resultant sprayed GMSema processed at 125 are

illustrated in figure 6.12. Prior to spraying, thlten GMS containing the aluminium
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monostearate appeared to have a higher viscosityttie molten material at 0. As the
concentration of the aluminium monostearate in@eathe viscosity of the molten
mixture increased. In all instances clear gels vemmed during agitation at 125 and
the aluminium monostearate was no longer visiblthéhnmolten GMS. Thermal analysis
would need to be conducted to confirm whether themmium monostearate has

dissolved in the molten wax or simply melted at®@&s anticipated (Section 6.3.2.1).

() (d)

Figure 6.12 Macroscopic characteristics of GMS ygalagranules produced with varying

aluminium monostearate concentrations (a) 2.5%why, 5%w/w, (c) 7.5%w/w, (d)

10%wi/w at a processing temperature of 125°C.
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Visual examination of the sprayed GMS material (iF¢g6.12) indicated that for the
material manufactured at 125°C the amount of alimirmonostearate had a significant

effect on the appearance of the resultant material.

As the aluminium monostearate concentration ine®abhe sprayed GMS material
transformed into a light, fluffy material, becomitang and ‘cotton wool-like’ properties
and ligaments. With 10%w/w aluminium monostear&ie sprayed GMS is string-like

and becomes more brittle and less fluffy.

At 2.5%w/w aluminium monostearate, the molten sotuproduced at 12& can still be

atomised to form droplets. At a greater concemratf aluminium monostearate, the
viscosity increases sufficiently, such that theligbof the molten GMS solution to be
atomised was compromised. By 7.5%w/w aluminium nstearate, the viscosity of the
molten GMS solution has increased to a point whbeesolution could no longer be
atomised into droplets, but remained as ligameoitsiihg cotton-wool like properties
and then progressing to a brittle ‘string-like’ ot at 10% w/w aluminium

monostearate.

It appears the aluminium monostearate is havingickening effect on the molten wax
when at an elevated temperature of “@5ndicating the processing temperature has a
significant impact on the appearance of the resultgprayed material. High viscosity
liquids have been demonstrated to produce a narrepay angle when compared to

water or lower viscosity liquids (Maschke et al00Z; Nuyttens et al., 2007). This may
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impact the particle size distribution of the reanttmaterial and/or hydrophobicity of the
matrix system. Incorporation of APl would be regudiito assess the impact of this critical

parameter on the overall performance of this malystem (Section 6.3.2.3).

The increase in viscosity of the molten wax, ptmspraying at 1%, correlates to the
melting temperature of the aluminum monostearatermal analysis was undertaken to
further characterise the relationship between GM&auminium monostearate from the

resultant material produced (Section 6.3.2.1).

DSC was used to characterise the melting pointstalisation and polymorphic
transformation of the sprayed material with varyimjuminium monostearate
concentration at processing temperatures diC8and 128C. The DSC profiles of

sprayed granules monitored are shown in Figure.6.13
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Figure 6.13 DSC profiles of sprayed GMS with vagyialuminium monostearate
composition at 80°C (A) 2.5% wi/w, (B) 5%w/w, (Ch%w/w and (D) 10%w/w (scale

bar = heat flow of 5 watts per gram).

From Figure 6.13, one endotherm is exhibited atben 60-61°C for each of the sprayed
GMS mixtures. No significant difference was exteditbetween the endotherms obtained
for the sprayed GMS material with varying aluminimnonostearate concentration. The
slight downward trend in the GMS endotherm meltpaint on increased aluminium
monostearate concentration require XRPD analys&itanate polymorphic transitional

activity (Hamdani et al., 2003).

The aluminium monostearate endotherm would be ipatied at 12% but the DSC

method was only run between 10°85
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Figure 6.14 DSC profiles of sprayed GMS with vagyialuminium monostearate
composition at 125°C (A) 2.5% wiw, (B) 5%w/w, (Ch%w/w and (D) 10%w/w (scale

bar = heat flow of 5 watts per gram).

From Figure 6.14, there is a primary endotherm lgite¢d between 59-60°C for each of
the sprayed GMS mixtures, as observed in Figur8.@dbwever, at 12%& the slight
downward trend in the primary endotherm meltingnpas also accompanied by a
shoulder (~5%C) that becomes more pronounced with the increasihgminium
monostearate concentration. The observed should&=C suggests an interaction may
be occurring between the GMS and aluminium moneateavhen processed at 225as
it is not observed in the samples produced &C80he increased prevalence of the
secondary peak also corresponds to the observedjebian the physical morphology of
the sprayed GMS material (Figure 6.10) and theesmed viscosity observed in the

molten GMS once the aluminium monostearate meltsargel at 12%C.

243



The gelling effect observed in the molten GMS oditoh of aluminium monostearate at
125°C is an unusual phenomenon. However, it appeas ligher temperature and
increased aluminium monostearate concentrationbthary mixture exhibits a phase
transition.Possibleidentification of the phase transition was not assutilising DSC

alone and further investigation would be requirBde to the unknown and potentially
complex chemistry that has been documented fophipic glycerides and metal salts it
would be recommended to characterise both the da¢rsiructure and the crystalline
nature of the binary mixtures utilising XRPD, HSMMR and/or FT-IR (Dag et al.,

2004; Hamdani et al., 2003).

Thermal analysis was also undertaken on samplesifactored at 8% via wax fusion

and not sprayed (Section 6.3.2.2).

DSC was used to characterise the melting pointstalisation and polymorphic
transformation of the GMS mixtures with varying minium monostearate compositions
utilising wax fusion at a processing temperaturé8@fC. The DSC profiles of the hot-
melt mixtures are shown in Figure 6.15. These fdatmns were not sprayed and do not

contain API.
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Figure 6.15 DSC profiles of hot-melt GMS mixturengprayed) with varying aluminium
monostearate composition at 80°C (A) 2.5% w/w, 8Byw/w, (C) 7.5%w/w and (D)

10%w/w (scale bar = heat flow of 5 watts per gram).

DSC analysis (Figure 6.15) indicated no significginifts in the endotherms for the hot-
melt GMS containing different concentrations of mlnium monostearate. A primary
endotherm is similarly exhibited at approximately’® for each of the sprayed GMS

mixtures, corresponding to tifeform of GMS.

The DSC method had a greater range (18@pthan the method used in Figure 6.13 and
6.14 (10-958C). As a result, a secondary endotherm can beifidehat approximately
(100-108C) for hot melt material incorporating greater th&fow/w aluminium

monostearate. The absence of a peak diClifflicates the aluminium monostearate has
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dissolved in the GMS molten mixture. In additionisi noted the thermogram correlates
to the sprayed GMS material processed 8€§figure 6.13) and not the sprayed material

at 125C (figure 6.14).

The appearance of an endotherm at ~100Q0&s the concentration of aluminium
monostearate is increased above 5% w/w suggedtsea&MS matrix becomes more
saturated a transition may be taking place. Thehar@sm of reactions between stearates
and metal stearates is not widely understood bet ¢hemistry is complex and
polymorphic metal stearates have also been idedti{Gilbert et al., 2001). Further
investigation into the identification of this endetm may consider the presence of

aluminium tristearate (melting point of 1@ or HO loss.

6.3.2.3 Effect of aluminium monostearate conceimnaton release rate of sprayed

ibuprofen-GMS granules

The PSD of sprayed ibuprofen material are showfignre 6.16.
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Figure 6.16 Particle size distribution of sprayledprofen:GMS material with a 2.5%w/w

aluminium monostearate concentration at 80°C (n=3).

Statistical comparison of the PSD (Figure 6.16) waspossible for sprayed ibuprofen
formulations containing more than 2.5%w/w aluminitmonostearate as the material
texture altered and sieve analysis could not bdéopeed (Section 6.3.2.3.2). When
2.5%w/w aluminium monostearate is incorporated ihtgprofen-GMS sprayed granules

the majority of the particles are between 250-50(p45%).

The incorporation of ibuprofen into sprayed matehas a significant effect on the
particle size distribution that was not observedsiMS-aluminium monostearate binary
mixtures processed at ® and 128C (figures 6.9 and 6.10). Inclusion of ibuprofen
yielded sprayed granules with a larger mean partgike of 250-500um than was

observed for sprayed material containing no APD¢(250um).
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Digital photographs of the resultant sprayed ibtgmaGMS material processed at°80
are illustrated in figure 6.17. Prior to sprayirge ibuprofen dissolved into the GMS
mixture, on addition of the aluminium monosteaiaie molten ibuprofen-GMS solution
appeared white due to the presence of the alumimamostearate and did not appear to
dissolve at 8%C. As the concentration of the aluminium monosteaiacreased the
mixture viscosity did not appear to thicken as waserved with the molten GMS at

125°C (Figure 6.12).

() (b)

(€)

Figure 6.17 Macroscopic characteristics of ibupne®MS sprayed granules produced

with varying aluminium monostearate concentrati¢ay 2.5%w/w, (b) 7.5%w/w, (c)

10%wi/w at a processing temperature of 80°C.
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From Figure 6.17, the amount of aluminium monosteahad a significant effect on the
appearance of the resultant Ibuprofen-GMS matefal.the aluminium monostearate
concentration increases the sprayed ibuprofen-GMg&mal appears fluffy and light in

texture becoming long ligaments that are ‘cottoroMixe’.

In figure 6.12, formation of ‘cotton wool-like’ matial was thought to be associated with
an increased viscosity on addition of the aluminimenostearate at 125. However, in
the presence of ibuprofen, the material observgadmoted via a different mechanism,

as no significant difference in viscosity was oleel

The dissolution results of the bulk sprayed ibupneGMS granules with varying

aluminium monostearate concentrations are shoviAgure 6.18.
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Figure 6.18 Mean release profiles of sprayed ibigoré&sMS granules with varying

aluminium monostearate concentrations (n=6)
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From figure 6.18, as the aluminium monostearate&oination increases the drug release
rate significantly decreases (falue < 50) and correlates to the morphologicanges

observed in figure 6.17.

Sprayed material incorporating at least 7.5%w/wmatium monostearate achieved
sustained release, 27.6% (n=6) of the drug wasiseldy 60 minutes, 50% (n=6) drug
release was achieved by 120 minutes and 80% (n=#)eadrug release took over 340
minutes to achieve (British Pharmacopoeia, 2018 $prayed material incorporating

2.5%w/w aluminium monostearate exhibited modifiedigdrelease properties.

As aluminium monostearate concentration incredsesdtal drug release achieved in an
8 hour test period also significantly decreasebaiwlic extraction was undertaken to
determine the amount of ibuprofen present. The nmaraount of ibuprofen extracted

from the sprayed granules was 102.2% + 4.1. Iniigahe expected drug loading was
achieved during manufacture but incomplete drugadigion was achieved over the test

period.

This does not confirm whether an insoluble compgelxeing formed between aluminium
and ibuprofen (Kararli et al., 1989; Neuvonen, 199bawa & Echizen, 2011). The
dissolution test period would need to be extendedidtermine whether 100% drug

release is achieved with increased time.
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6.3.2.4 Effect of aluminium monostearate conceiunabn release rate of paracetamol-
GMS sprayed granules

The PSD of sprayed paracetamol-GMS material are/sho Figure 6.19.
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Figure 6.19 Particle size distribution of sprayedagetamol-GMS material with varying

aluminium monostearate concentrations at 80°C (n=3)

Statistical comparison of the paracetamol formategi(Figure 6.19) indicated there was
no significant difference in the PSD (Two-way ANOYB>0.05). Therefore, the overall
PSD of the paracetamol sprayed granules is indemeraf the aluminium monostearate

concentration incorporated into the GMS matrix.
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The results of the sprayed paracetamol-GMS granwél varying aluminium

monostearate concentration are shown in Figure 6.20
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Figure 6.20 Mean Release Profiles of sprayed ptaaw#-GMS granules with varying

aluminium monostearate concentration (n=6).

From figure 6.20, the drug release rate appeab® tmodulated by the concentration of
aluminium monostearate incorporated into the pasacel-GMS sprayed material. A
significant decrease in the release is achievednwdie least 7.5%w/w aluminium

monostearate is incorporated into the formulatferndglue < 50).

To achieve sustained release classification 7.5%alluninium monostearate must be

incorporated into the paracetamol sprayed granWexlified release is achieved on

incorporation of 2.5%w/w aluminium monostearateit{Sn Pharmacopoeia, 2012).
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Increasing the aluminium monostearate concentrdtan 7.5%w/w to 10%w/w did not
prolong the drug release further. This suggestsriehanism by which sustained release
is being achieved has been maximised for the cufogmulation. Total release of the
paracetamol was achieved during the run time wiiak not achieved in the ibuprofen
equivalent formulation. The mechanism of sustainetbase and identification of

paracetamol-aluminium complexes would need to Indéircoed via further analysis.

Digital photographs of the resultant sprayed padeswel-GMS material processed at
80°C are illustrated in figure 6.21. Prior to sprayithg paracetamol did not appear to
dissolve in the molten GMS, forming a solid disp@nrsupon spraying. On addition of the
aluminium monostearate the molten solution hadaMigcosity and was white due to the

presence of both the paracetamol and aluminium steacate that had not dissolved.
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Figure 6.21 Digital photographs of paracetamol ygilagranules produced with varying

aluminium monostearate concentration (a) 2.5%why, 1.5%w/w, (c) 10%w/w at a

processing temperature of 80°C.

Visual examination of the paracetamol sprayed rat@figure 6.21) appears granular in
nature with the increasing aluminium monostearatgcentration having no significant
effect on the appearance of the resultant spraysdrral. It appears the sustained release
properties exhibited by these formulations areretated to the physical morphology of

the resultant granules.
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6.3.3 Characterisation of Glyceryl Di-Behenate (Comritol ® 888 ATO) in sprayed
GMS formulation

The PSD of sprayed GMS:GDB material is shown irufégs.22.
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Figure 6.22 Particle size distribution of sprayedtenal with varying GMS:GDB

compositions (n=3).

The particle size distribution of the sprayed gtasu(Figure 6.22) was Gaussian in
nature with the prevalent particle size being wittiie 250-500um size range. Statistical
comparison of the PSD obtained for the four ibugmofranule batches indicated there
was no significant difference in the PSD (Two-walN®@VA; p>0.05). Therefore, the
overall PSD of the sprayed granules is independgintthe GDB composition

incorporated.
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DSC was used to characterise the melting pointstalisation and polymorphic
transformation of the sprayed GMS:GDB material. D®C profiles of sprayed material

monitored are shown in Figures 6.23-6.24.
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Figure 6.23 DSC profiles of sprayed ibuprofen gtesuwith varying GMS:GDB
concentrations at Day 1, (A) 60:40, (B) 70:30, 80)20 and (D) 90:10 (scale bar = heat

flow of 2 watts per gram).

DSC profiles of the raw wax materidtedicated GDB has a melting peak of ~72°C and
GMS has a melting peak of ~60°C (Long et al., 2068pm figure 6.23, there are two
trends that can be observed when the concentratitre GMS:GDB is altered within the
sprayed ibuprofen granules. As the GMS ratio of wla mixture is increased and the
GDB decreased, the secondary peak at ~50°C becomes pronounced. In addition,

there is a slight downward shift in the primary etidrm (56°C -60°C).
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In figure 6.23, when the GMS decreases below 90%thAre is evidence of a eutectic
solution being formed, as an endotherm appearswbél®e melting point of all
formulation components. As the concentration of @S increases the endotherms
correspond to the ibuprofen:GMS binary mixtureg(ifeé 5.13), corresponding the same
eutectic mixtures formed between ibuprofen and GM&nd-forms. By increasing the
GDB concentration there is a significant upwardtshithe endotherms and a decrease in
the peak intensity, indicating less eutectic migtisrbeing formed between ibuprofen and

GMS.

In figure 6.23, when the GMS is present at its bgihconcentration (90%w/w) the
ibuprofen—-GMSa-form eutectic mixture is prevalent. The presen¢eG®B in the
sprayed granules significantly effects the proportof eutectic mixtures formed with
ibuprofen. When the proportion of GDB is increasbédve 20%w/w the ibuprofen:GMS
a-form eutectic mixture is also formed. It would app on increasing the GDB
concentration the formation of theform of GMS becomes more prevalent and is the

more unstable form of GMS.
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Figure 6.24 DSC profiles of sprayed ibuprofen gtasuwith varying GMS:GDB

concentrations at Day 4 (A) 60:40, (B) 70:30, (0O)2® and (D) 90:10 (scale bar = heat

flow of 2 watts per gram).

Post 4 days manufacture (figure 6.24) both ibupr&®S eutectic mixtures appear to be
present in all formulations. This indicates thenfatations exhibiting eutectic mixtures
with the GMSa-form are undergoing a transition to the more stidbrm of GMS with
time. Those with the higher concentration of GDBegr to be transitioning to tHe
form at a faster rate than those with higher cottaéinn of GMS. Whether this transition

rate will be maintained would have to be monitared stability study.
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The dissolution profiles of the sprayed ibuproferangiles with varying GMS:GDB

concentrations are shown in Figure 6.25.
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Figure 6.25 Mean Drug Release from sprayed ibuprofganules with varying

GMS:GDB concentrations (n=6).

No significant difference {fvalue > 50) was observed between the dissoluttease
profiles for the four sprayed ibuprofen formulasocomprising of various GMS:GDB

concentrations.

The drug release profiles obtained for the spralgagrofen:GMS:GDB mixtures do not
exhibit immediate release or sustained release epiiep but are characteristic of
modified release (refer to section 1.4). The additof GDB into the GMS:ibuprofen
solution does not appear to contribute to the hyldobicity of the matrix despite its
composition of longer fatty acids £§), no significant sustained release was observed

between the formulations containing GBD and GMSitofen binary sprayed granules.
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As the dissolution study was performed post 4 dagszomparison could be established
between the varying eutectic mixtures. A dissolutstudy should be performed to
determine whether the prevalence Bf or a-form eutectic mixtures impacts on the

release profiles.

6.4 Conclusions

The presence of divalent/trivalent organic saltthini both paracetamol and ibuprofen
sprayed GMS formulations had a significant influeoa the release characteristics of the
resultant sprayed material. Physical appearancgpr@ben only), thermal properties and
dissolution of the sprayed material were signifttaraffected by the presence of
multivalent salts. A further study of aluminium nostearate with GMS revealed the
manufacturing temperature was also critical inrtft@phology and thermal properties of

the resultant sprayed material.

Thermal analysis via DSC was performed on all fdations. The technique was useful
as a preliminary assessment of the thermal pregsettlowever, formulations comprising
of GMS and/or metal stearates should be interpretgk caution in the absence of
XRPD. For lipophilic glycerides, a non-significaendothermic shift of +2°C may
represent polymorphic transitions when comparedXRPD results (Hamdani et al.,
2003). In addition, the mechanism of reactions betwstearates and metal stearates is
not widely understood but the chemistry is complexlymorphic metal stearates have
also been identified (Gilbert et al., 2001). Coesadion to the limit of detection of this

analytical technique is required, as during thelyamma of paracetamol formulations the
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paracetamol endotherm was absent, confirmationhef gresence of paracetamol is
required to determine whether the limit of detettiad been exceeded for this analytical

technique.

The presence of aluminium hydroxide in the ibupne®MS formulation exhibited no

significant changes in the physical morphology lé sprayed granules. No additional
interaction between the excipients and ibuprofes alaserved (Kararli et al., 1989) only
the presence of an ibuprofen-GMS eutectic solutjpreviously identified in binary

ibuprofen-GMS mixtures (Chapter 5). Aluminium hyxide was found to have a
significant impact on the product performance r@sglin a modified release formulation
being achieved. The mechanism for this is not fulhderstood but may be due to an
insoluble complex formation between ibuprofen ahdngnium, during the presence of
an aqueous phase (Albin et al., 1985). Furthersiigation to characterise potential pH

effects during dissolution is also required.

The presence of aluminium hydroxide in the paranetaGMS formulation exhibited no
significant changes in the physical morphologyh# sprayed granules. For the sprayed
solid dispersions, differences were observed irr¢lease rates and thermograms for both
aluminium-based additives. Further characterisatfdthe thermal properties are required
to establish whether aluminium hydroxide is presg#r806C and identify the crystalline
forms of the paracetamol in all formulations. Thisll assist in determining the

mechanism of drug release and identify potentebibty issues. XRPD or FT-IR could
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be undertaken to determine the presence of polymsompnd identify interactions

(Giordano et al., 2002).

Sprayed granules incorporating metal stearates aapgpeto have similar thermal
properties, all formulations exhibit a primary etiterm that may correlate f®-form

GMS from previous investigation (Chapter 5). In pbofen based formulations, the
presence of metal stearates appears to reducbupmien-GMS eutectic solution being
formed (Chapter 5). The mechanism of how this lea@d is not fully understood but

may be due to complex formation between ibuprofes " or A"

salts (Bharate et
al., 2010; Khan et al., 1995), reducing ibuprofeailable to form a eutectic solution with

GMS.

Unexplained physical morphology exhibited by ibdproand GMS sprayed granules
correlates to the thermal analysis of formulatiocemprising at least 7.5%w/w
aluminium monostearate. Further investigation guned to characterise and correlate
both the physical and chemical properties of thesdures, as this may contribute to
matrix hydrophobicity and/or the physical morphglogbserved for some sprayed
granules (Attwood & Florence, 2008; Hamdani et &0Q03; Moniruzzaman &

Sundararajan, 2004).

In both paracetamol and ibuprofen formulationsreghgas no evidence of an interaction

on addition of magnesium stearate and no signifieffiect observed on the release rates
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from paracetamol formulations. Confirmation of cdexpformation or pH effects during

dissolution should be established for these fortiria.

Sustained release was successfully achieved whamienum of 7.5%w/w aluminium
monostearate was incorporated into both ibuprofed paracetamol sprayed GMS
granules. This also correlated to the change in B&Dphysical morphology that led to
the ‘cotton-wool’ like appearance of the sprayedmolation. In ibuprofen and
paracetamol formulations, 100% of the expected dieping was verified. The
mechanism by which sustained release is achievethé&hot-melt spraying of a solid
dispersion or solid solution is currently unknowA. rheological study should be
undertaken to characterise the molten solutionrgaaospraying. High viscosity liquids
can have a narrower spray angle when compared ter wa lower viscosity liquids
(Maschke et al., 2007; Nuyttens et al., 2007) thesy impact matrix hydrophobicity
contributing to the sustained release exhibitethéibuprofen formulations (Hamdani et

al., 2003).

During the investigation of a tertiary system of thuprofen-GMS sprayed material with
glyceryl dibehenate, the incorporation of glycetyjdehenate in the sprayed solid solution
of GMS-ibuprofen, impacted on the thermal propsrti@t had no significant impact on
the dissolution performance or the particle sizstriiution of the sprayed granules.

Sustained release could not be achieved by incatipgrGBD into the formulation.
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From the results in this chapter, the presencertibty components significantly impacts
the solid dispersions and solid solution based @ations. The formation of drug-
excipient complexes can both assist and hindeaHilty to achieve sustained release
properties. A greater understanding to the relatignof lipophilic glycerides and metal
stearates via dissociation of the metal stearatg®lymorphism is required, as this has

been identified as a critical parameter impactirggdpct performance.
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7. Characterisation and Compatibility of Minocycline HCI

Incorporated into Sprayed Material

7.1 Introduction

Chapters 4, 5 and 6, involved characterisationhef lhot-melt spray system and the
production of reproducible granules from a variety drug and excipient mixtures.
However, this research had been developed froomagsiigation into the minocycline
product, Sebomin, and the production of granuldigise from a less invasive

manufacturing process.

The main objective of the final chapter is to unalke a direct comparison of
minocycline granules produced from the hot-melt agprsystem and the
extrusion/spheronisation process. Incorporatiomofocycline HCI (logP value 1.48)

into the sprayed material will enable investigatadrihe drug in the GMS matrix system,
characterising its behaviour during atomization #mel effect on in vitro drug release

from the final sprayed products.

7.2 Methods

A size reduction technique was not required forauoytline powder as fractionation of
the powder particles enabled sufficient minocyclaeticles within the desired range of

50-250 microns to be collected (Section 2.4.2.1).

Preliminary experiments (Chapter 3) showed minangdllog P value 1.48) had minimal

solubility in the molten GMS. Taking this into cdderation, a two phase liquid
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suspension is produced between the GMS and mirioeydlCl incorporating agitation to

maintain a homogenous solution during mixing andgpg.

Binary mixtures of GMS and minocycline HCI were ayed at different ratios to
establish the highest drug loading with GMS thatldde successfully sprayed using the
hot-melt spray system. Granules were achieved faomaximum of 60% w/w drug

loading.

7.2.1 Effect of initial minocycline HCI particlezs
In previous studies (Chapter 5), 10%w/w of API Haeen utilised successfully to
characterise binary mixtures with GMS and was s€di in this study instead of the

maximum drug loading of minocycline HCI 60% wi/w.

GMS sprayed material with 90% w/w GMS and 10% w/nauycline HCI were

produced at 80°C (Section 2.3.4). The minocycliras wieved into varying particle size

fractions and incorporated into different sprayewhfulations (Table 7.1).
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Table 7.1 GMS sprayed granule formulations comgniarious size fractions of

minocycline HCI.

Formulation Minocycline HCI
Particle Size (microns)
A 150-250
B 90-150
C 75-90
D 53-75

The resultant material was analysed utilising tiéoWwing analytical techniques (Table

7.2).

Table 7.2 Analytical techniques utilised in the releterisation of GMS sprayed material

comprising of minocycline HCI.

Analytical Technique Method Information

PSD Section 2.4.2.1
Dissolution Section 2.4.7.2
FT-IR Section 2.4.4
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7.2.2 Production of hot-melt and sprayed minocgel@MS binary granules

Binary mixtures of the minocycline-GMS granules gv@roduced via two different hot-
melt methods. One batch of the hot-melt mixture vedlswed to cool to room
temperature and hand milled (Wax fusion), to predgianules. The second batch of hot-
melt mixture was directly sprayed utilising the tna¢lt spray system to produce sprayed

granules (Section 2.3.4).

Due to limited supply of API, binary mixtures coriging of 5% w/w minocycline HCI
and 95% w/w GMS were produced at 80°C for analyBiss would be sufficient to
characterise thermal and release properties of gpthAyed and non-sprayed granules.
The resultant material was analysed utilising tiéoWwing analytical techniques (Table

7.3).

Table 7.3 Analytical techniques utilised in the relederisation of milled and sprayed

granules.
Analytical Technique Method Information
DSC Section 2.4.5.2
Dissolution Section 2.4.7.2
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7.2.3 Development of a minocycline formulation prodd by two different

manufacturing techniques.

Two batches of Sebomin were to be produced using dferent manufacturing

techniques; extrusion/spheronisation and the hdt-repray system. However, the
formulation outlined in table 7.4 failed to atomidespite a maximum drug load of
60%w/w being achieved for sprayed minocycline-GM8Balky mixtures (See section

7.2).

Successful atomisation could not be achieved dueh#o lack of moisture in the

formulation, the molten GMS and granulation fluiegtre insufficient due to the large

proportion of minocycline HCl and Avicel® (micro@talline cellulose).

Table 7.4 Sebomin® Formulation

Formulation Components Quantity Required (Yow/w)
Minocycline Hydrochloride 60.7
Imwitor 900K 10.5
Povidone K-30 4.7
Microcrystalline Cellulose (Avicel® PH101 241
Ethanol/HO solution 56%v/v

To overcome these issues and to achieve atomisdatienSebomin formulation was
modified (table 7.5). Two batches of the modifieeb&min formulation were produced

using the two different manufacturing techniquedrusion/spheronisation and the hot-
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melt spray system. The modified formulation is imettl in Table 7.5 and a batch size of

approximately 65g was produced:

Table 7.5 Modified Sebomin Formulation

Formulation Components Quantity Required (Yow/w)
Minocycline Hydrochloride 4.8
Imwitor 900K 83.1
Povidone K-30 3.8
Microcrystalline Cellulose 8.3
(Avicel® PH101)
Ethanol/HO solution (56%v/v) 12ml

The resultant material was analysed utilising tifing analytical techniques (Table

7.6).

Table 7.6 Analytical techniques used to charactetie minocycline HCI pellets and

sprayed granules.

Analytical Technique Method Information
PSD Section 2.4.2.1
DSC Section 2.4.5
Dissolution Section 2.4.7.2
HSM Section 2.4.7.3
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7.3 Results and Discussion

7.3.1 Effect of initial minocycline HCI patrticle size
The results of the particle size distribution fbe tminocycline HCI-GMS (10:90%w/w)

sprayed mixture incorporating various drug partgi fractions are in Figure 7.1.
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Figure. 7.1 Particle size distribution of sprayed GMS matewéh varying minocycline

HCI particle size fractions (n=3).

For all four batches of sprayed minocycline-GMS enat the majority of the resultant
particles were within the 250-500um size rangeyfdg.1). Statistical comparison of the
PSD obtained for the minocycline-GMS batches indidathere was no significant
difference in the PSD (Two-way ANOVA; p>0.05). Thtare, the overall PSD of the
sprayed minocycline-GMS material is independeninitfal drug particle size. These

findings are consistent with the PSD results ole@iwith paracetamol and ibuprofen
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binary sprayed mixtures (Chapter 5) and were aldependent of the initial drug particle

size.

The effect of initial distribution of minocyclineagticle size on the resultant drug

dissolution rate from sprayed GMS material is shawhRigure 7.2.
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Figure 7.2 Mean Release Profiles of sprayed 10:90%w/w minaogeGMS sprayed

mixtures with varying minocycline particle sizedtimns (n=6).

Mean drug release profiles for minocycline spralgadhry mixtures (Figure 7.2) indicate
that as the particle size of the active ingredieithin the GMS increases above 90
microns the rate of drug release significantly dases ¢ value < 50). Binary sprayed

mixtures of minocycline-GMS have a significantlyster dissolution rate if the initial
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drug particle size is below 90 microns. To furtieenfirm thermal properties have no

influence on the dissolution results thermal analigsrequired (Section 7.3.2).

All minocycline-GMS binary mixtures are classifiad modified drug release (Section
1.4). The binary mixture incorporating 90-150pumnaihocycline HCI almost achieved
sustained release with only 30.1% of the drug begétgased in 1 hour. If an initial drug
particle size range of greater than 150um were d@outilised it is anticipated that

sustained release would be achievable from theysgriainary GMS material.

The minocycline-GMS mixtures incorporating initidfiug particles greater than 50um
had a significantly prolonged release rate thanrtlease rate from the commercial
Sebomin pellets £f value<50). Initial drug particle sizes less tha@us had no

significant difference to the Sebomin pellets (hlue>50). From these results, the hot-
melt spray system is potentially capable of prodgainaterial with a greater sustained

release capability than pellets produced via eidruspheronisation.
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The FT-IR spectra of micronised minocycline HC$leown in Figure 7.3.
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Figure 7.3 FT-IR spectra of minocycline HCI powder

In the FT-IR spectrum depicted in figure 7.3, con8 the minocycline HCI to be

crystalline (Mendes et al., 2010). Peaks betwe&®-&00cnT indicate the N-H stretch,

the presence of two bands at 3269 and 3478adicate the primary amine group and is

further confirmed by the presence of the N-H ben#i580 and 1648cth The additional

peak in the 3200-3500¢hregion indicates the presence of the O-H strefchmatic

hydrocarbons and alkyl hydrocarbons are confirmeth above and below 30008m

The presence of 2351 ¢cmindicates possible carbon dioxide present duriamme

preparation.

274



The FT-IR spectra of minocycline:GMS mixtures (1D%w/w) are shown in Figures 7.4

and 7.5.
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Figure 7.4 FT-IR spectra of sprayed minocycline:GM®Bary mixtures (10:90% w/w)

with varying initial drug particle sizes at Day 1.

From the minocycline-GMS mixtures (figure 7.4), {esence of peaks between 2848-
2956¢mt and at 1734 chhindicate alkyl hydrocarbons and C=0 stretchingpeesively.
The C=0 stretching is saturated and aliphatic ituneaand can be confirmed as an

aldehyde due to the slight peak present at 2720cm

The FT-IR spectra (Figure 7.4) for the minocycl®#S mixture with the initial drug
particle size 0-53 micron varies to the spectrad9@+150 micron and 150-250 micron
minocycline mixtures. A doublet is present at tl38@&m’ region for the 0-53 micron

mixture and indicates the presence of carbon dezisl does the sharp peak at 667 cm
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(Hsu, 1997). However, the FT-IR spectra for theouytline-GMS batch at day 5 did not

exhibit a doublet in the 2360¢htegion (Figure 7.5).
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Figure 7.5 FT-IR spectra of a sprayed minocycliddSsbinary mixture (10:90% wi/w),

incorporating minocycline HCI with a particle siae0-53um.

Figure 7.5, suggests the sample at day 5 had desraatount of carbon dioxide present

in it than the sample exhibiting the carbon dioxiteiblet at 2360 cth(day 1). This

could be attributed to variable conditions durirgmgle preparation or atmospheric

conditions during the time of the run.
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7.3.2 Production of hot-melt and sprayed minocyclie-GMS binary mixtures
(5:95%w/w)
To determine if there is a significant difference the characteristics of the granules

produced via milling or hot-melt spraying (both gdbed to the same temperatures).

DSC was used to characterise the melting pointstalisation and polymorphic
transformation of the milled and sprayed granuldse DSC profiles of both granular

materials are shown in Figure 7.6.
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Figure 7.6 DSC profiles of 5:95%w/w minocycline HCI-GMS biyamixtures. (A) GMS
powder, (B) sprayed granules, (C) milled granules @) minocycline HCI (scale bar =

heat flow of 2 watts per gram).
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From figure 7.6, the GMS powder exhibits an endathat 60C and correlates to the
GMS melting point. Minocycline HCI exhibits a broaddotherm with an extrapolated
peak at 11%C, followed by two further endotherms, one at ~t87nd the other
endotherm at ~202. These endotherms correlate to the three polyniomrystalline
forms of minocycline, form I, 1l and 11l (Mendes aL, 2010). The exothermic peak post
220°C is representative of the decomposition of theatyeline HCI. Due to the broad

peak exhibited at 12C should be reviewed for the presence of free waseTGA.

DSC analysis of both minocycline-GMS binary mixwir@-igure 7.6) revealed sharp
primary endotherms for GMS, exhibited between 5861IThere were no endotherms
corresponding to the minocycline forms identifiad D), indicating the drug maybe in an
amorphous form as minocycline is hydrophilic inuratand will not dissolve in the GMS
(Mendes et al.,, 2010; Cardoso et al., 2008). Theotermic shoulder present at
approximately 63C on both mixtures does not correlate to the GMBnhay represent

some small, dispersed crystallisation nuclei (Caodet al., 2008).

Thermal analysis indicates the formation of amogshminocycline and the possible
presence of crystallisation nuclei for both hot4meéthods of production. The shoulder
at approximately 6& is more pronounced for the milled granules thanthe batch

manufactured utilising the spray system, this magidate an increased rate of
crystallisation when hand milling. However, to fet confirm this XRPD would need to

be utilised and further batches manufactured.
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Visual examination of milled granules and sprayshgles are shown in figure 7.7.

(1) ()

Figure 7.7 Digital photographs of (1) MinocyclineCH milled granules and (2)

Minocycline HCI sprayed granules.

Visual examination of the minocycline HCI milled agules and Minocycline HCI
sprayed granules (Figure 7.7) indicated the mijezhules to be significantly larger and
more irregular in shape than the sprayed gran@esfirmation of this observation could

be achieved by sieving the material to obtain t88 For each batch.

The results of the dissolution studies for bothledilminocycline-GMS granules and

sprayed minocycline-GMS granules are shown in [Egu8.
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Figure 7.8 Mean Release Profiles of 5:95%w/w miledtl sprayed minocycline-GMS

mixtures (n=6).

The minocycline-GMS granules have significantlyfeliént (§ value < 50) drug release
profiles (Figure 7.8), indicating the method of rguke preparation has a significant effect
on the overall release of the drug. The bulk gresiygrepared via holt-melt and milled
have an immediate release profile as 75% drug elaased within 45 minutes. Whereas
the bulk granules prepared via the holt-melt spgstem were classified as modified
drug release as approximately 50% drug release aghgeved prior to 60 minutes

(Section 1.4).

The dissolution results suggest the sprayed gramaéy be more compact/densified than

the hand-milled granules. Aerodynamic forces exédiduring atomisation may
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contribute to the formation of more compact splaridroplets (Lefebvre, 1989).
Increased densification reduces diffusional patlsmaighin the wax matrix, delaying the
ability for the dissolution media to penetrate Hpeayed granules and drug dissolution.
The same principle was observed when the sphetmrmisame was increased during

pellet production in chapter 3.3.1.2.

Milled granules exhibit a significantly increasedigl release rate than both the sprayed
granules and the Seborfiinformulation. There may be a combination of factors
contributing to the increased dissolution rate olesg in figure 7.8. Milling will expose
the drug crystals suspended in the GMS matrix éosiinrface of the granule. This will
enable direct contact between the drug and disealubedia increasing the dissolution

rate.

Thermal analysis of the milled granules (figure) My indicate a larger proportion of
minocycline crystallisation nuclei. This may coate to drug exposure on the granule
surface promoting a faster rate of crystallisat@dnamorphous minocycline. There is
evidence to suggest the minocycline solubility @ases at crystallisation nuclei (Cardoso

et al., 2008), although further investigation aétimechanism is required.

The difference in the appearance of the milled ges (section 7.3.2) may contribute
surface area effects and influence the dissolytioperties. However, the irregular shape
and increased size observed for the milled granutegd promote a slower drug release

rate and not correlate to the observations in &gudr8. In this instance it would be
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anticipated for milled granules and sprayed grawolea given size to exhibit a more
pronounced difference in their dissolution rateantlobserved in figure 7.8. To confirm

these findings PSD of milled and sprayed granwdgsires investigating.

Milled granules investigated in section 3.3.4.2ikitbd a faster drug release rate than the
milled granules exhibited in figure 7.8 but thicrieased drug release rate would be

attributed to the higher drug loading in the GMSn@aycline 10%w/w).

7.3.3 Development of a minocycline formulation prodced by two different
manufacturing techniques.
The results of the particle size distribution fdret minocycline HCI pellets and

minocycline HCI sprayed granules are in Figure 7.9.
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Figure 7.9 Particle size distribution of Minocycline HCI peté and sprayed granules

produced via extrusion/spheronisation and hot-spthy system, respectively.

The majority of the resultant particles, for thenouycline pellets produced by
extrusion/spheronisation, were within the 500-850¢ipe@ range (Figure 7.9). Whereas,
the majority of the resultant particles, for thenogycline sprayed granules, were within
the 250-500um size range (Figure 7.9). Statistoahparison of the PSD obtained for
the two minocycline batches indicated there wasgaifscant difference in the PSD
(Two-way ANOVA; p>0.05). Therefore, the overall PSi the sprayed material is

dependent on the manufacturing technique usedttupe the minocycline drug product.

For the minocycline pellets, 53% of the particlesrevgreater than 500um compared to

only 35% of the minocycline sprayed material. Tledlgis may exhibit a larger PSD due
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to the method of PVP addition during granulatiom. ©/P addition, the granule surface
becomes adhesive and promotes agglomeration. Dspraying, the PVP and MCC are
added to an agitated system whilst the carrier @tan, this will not promote

agglomeration of the particles.

Visual examination of minocycline HCI pellets amqtas/ed granules are shown in figure

7.10.

(1) (2)

Figure 7.10Digital photographs of (1) Minocycline HCI pelleaad (2) Minocycline HCI

sprayed granules.

Visual examination of the minocycline HCI pelletsdasprayed granules (Figure 7.10)
indicated the appearance of the batches were signily different. The pellets appeared
spheroid and larger than the sprayed granules,hnibiconsistent with the PSD results
(figure 7.9). The sprayed granules appeared damkeslour, smaller in size and irregular
in shape. To determine whether the impact is oofneetic the sprayed granules release

and thermal characteristics were also investigé®edtion 7.3.3).
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Sprayed granules in figure 7.10 appear differentthite sprayed minocycline-GMS
granules in figure 7.7. In figure 7.10, the colofithe sprayed material is a darker shade
of yellow and the particles appear coarser in textand irregular. This implies the
addition of PVP and MCC and the method of additias an impact on the appearance of
the product (Law & Deasy, 1997). MCC is known tgisisin the formation of spherical

shaped pellets during spherionisation (Rajesh, 2010

The viscosity of the molten solution may also h&wvdse considered as this could have

altered due to the incorporation of the additiaadipients. This could also impact on the

particle shape/spray pattern of the resultant sutayaterial.

The DSC profiles of the minocycline HCI pellets asprayed granules produced via

extrusion/spheronisation and hot-melt spray systesxsshown in Figure 7.11.
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Figure 7.11 Effect of manufacturing technique on the DSC pesfiof (A) minocycline
HCI pellets produced by extrusion/spheronisati@&),rinocycline HCI sprayed granules

produced by a hot-melt spray system (scale bawlatflev of 2 watts per gram).

DSC analysis (Figure 7.11) of the pellets and sggtayranules exhibited sharp primary
endotherms at 62-63 correlating to GMS. In figure 7.11, there is gl upward shift

in the GMS endotherms than observed for GMS inr6gu6 and can be attributed to the
dilution of GMS present in the formulations. A sinahdotherms can be observed at
202C corresponding to the minocycline form Il (iddigil in figure 7.6), suggesting

some drug is present in a crystalline form (Meretes., 2010; Cardoso et al., 2008).
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The sprayed granules in figure 7.11 exhibit an #melonic shoulder at approximately
65°C and may be representative of some small, dispensestallisation nuclei (Cardoso
et al., 2008). This was also observed in figure &63C, the slight upward trend

observed must be due to the dilution factor ofGiMS.

From figure 7.11, the shoulder at°65was not observed for the minocycline pellets. It
may indicate crystallisation nuclei have not formmedhe pellets. However, in the milled
granules (figure 7.6) prior to processing into @l] the shoulder at 85 was observed.
This indicates the addition of intragranular matersuch as PVP and MCC, during wet

granulation may contribute to the inhibition of tecondary peak.

From figure 7.11, MCC would be anticipated at 260°Z, this exceeds the 20-24D

range of the DSC method and is not characterisatiarnthermogram. In addition, no
endotherm corresponding to PVP was observed fdreribatch, Tg at 16€ (ISP

technologies Inc, 2011; Kaewnopparat et al., 200Q)P is water soluble and will
dissolve in the water/ethanol mixture added to bb#tches of granules during
processing. PVP has also been reported to retgstatiisation, stabilise amorphous
forms of drug in a matrices and can form complexgs some drugs (Kaewnopparat et

al., 2009; Ranade & Cannon, 2011).

From the sprayed material, inclusion of PVP in thelten matrix does not appear to

retard crystallisation. This suggests the methoblirder addition yields different thermal

properties and may be an important formulation patar (lveson et al.,, 2001).
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Investigation of these effects on the dissolutioopprties were undertaken in section

7.3.3.

A stability study of both milled granules and ptdlevould be required to determine if
crystallisation occurs on ageing of the formulati®VP concentration could also be

modulated further to correlate any crystallisagdfects.

The incorporation of water/ethanol during granwliatihas no effect on the thermal
analysis. The water/ethanol solution is evaporatedng the drying phase and is no

longer present in the drug delivery system.

During manufacture of the sprayed granules themmidrying phase, the molten solution
incorporating the excipients is sprayed at@@nd forms granules during descent under
gravity. During agitation of the molten solutionpnse drug may dissolve into the
water/ethanol phase present in the molten sol@m@hform a two phase system. For the
water/ethanol phase consideration of the ethaniéihggoint (78.5C), temperature and
duration prior to and during spraying would becameortant factors and impact on the

release characteristics of the sprayed granulefidaer.3.3).
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The hot-stage microscopy images of the minocydhi@ pellets and sprayed granules

are in Figure 7.12.

200um RT°C

RT°C

Minocycline HCI sprayed granules
Figure 7.12 Hot-Stage Microscopy of minocycline HCI formulat® produced with

different manufacturing methods at a x10 magniitcat

From figure 7.12, the microscopic images indicdte GMS has a lower melting
temperature (6&€) when produced via the hot-melt spray method thanminocycline
HCI pellets produced via extrusion/spheronisatic®6’¢). At room temperature
crystalline minocycline HCI can be observed witttie sprayed granules, on melting of
the wax matrix the crystalline APl can be obserdyddwever, at room temperature no
API crystals can be observed within the pellets. i@elting of the pellets there is
evidence of some crystalline API being presentibig significantly less than for the

sprayed granules. As both of these batches cotftaisame quantity of minocycline HCI,
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the reduced visual appearance of crystalline ARhépellets does not suggest the APl is
not present but merely in an amorphous form. Thiseovation would correspond to the

thermal analysis data in figure 7.11.

The release profiles of the minocycline HCI pellatsl sprayed granules produced via

extrusion/spheronisation and hot-melt spray systesrshown in Figure 7.13.
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Figure 7.13 Mean Release Profiles of (A) minocycline HCI pedleoroduced by
enxtrusion/spheronisation, (B) minocycline HCI g@@ granules produced by a hot-melt
spray system (n=6). Both batches incorporate 5% minocycline HCI and 83% w/w

GMS.
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The minocycline pellets and sprayed granules hagrefisantly different (f value < 50)
drug release profiles (Figure 7.13), indicating thethod of granule preparation has a

significant effect on the overall release of thegdr

Pellets prepared by extrusion/spheronisation hafestar rate of drug release compared
to granules prepared by a holt-melt spray systdm. pgellets were classified as modified
release and not immediate release as less thanofS%e drug was released by 45

minutes (section 1.4).

The sprayed minocycline material was classifiedsastained release as only 26.1%
(n=6) of the drug was release by 60 minutes, 50&6)mrug release was achieved by
100 minutes and 80% (n=6) of the drug release whgwaed in 230 minutes (Section
1.4). The maximum drug release achieved in 8hrdhersprayed minocycline granules

was approximately 87%.

From the PSD results (figure 7.9), it would be @pated for the sprayed granules to
have a faster dissolution rate due to the majamitparticles having a smaller particle
size. However, as indicated by the binary mixtudrenmocycline HCl and GMS (Section
7.3.2), the hot-melt spray system significantlytains the drug release rate of the drug
product. This prolonged release implies the sprayadules may have a greater level of
densification which is achieved utilising aerodymarforces during atomisation. The
same level of densification could not be achievétising rotational and centrifugal

forces during extrusion/spheronisation.
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The additional excipients in the sprayed granules the pellets both have a significant
effect on the drug release rate. However, the seleathe sprayed granules appears to be
prolonged by their addition, whereas the pelletseap to have a faster drug release rate

(figure 7.13).

The pellets in figure 7.13 had a significantly é&sdrug release profile than the
commercial Sebomin MR pellets. The quantity of PW&s reduced to 3.8% w/w to
enable successful spraying of Sebomin to be acthiedewever, product manufactured
via wet granulation had significantly less bind&VP) present in the mixture. The
reduction of the binder decreases the intragrarhdading between the particles during
granulation (Colorcon, 2005). The number, size arsmtosity of the liquid bridges

formed between particles can directly impact theDRS8 the granules. Less binder
present in granulation fluid produces less visdagp@d bridges during agglomeration.
Liquid bridges with low viscosity in the nucleatiaone can only support small particles
that will be weaker and more porous (lveson et 2001; Qiu et al., 2009). This

mechanism may explain why the pellets with theefiasirug dissolution in figure 7.12

have a significantly smaller PSD (figure 7.9) thlh@ commercial Sebomin pellets (figure

3.3).

MCC assists as a disintegrant during dissolutioayides plasticity during extrusion and

cohesion during wet massing. A 34% reduction in M@i@ntity was undertaken (table

7.5) to enable successful spraying. This decraasddC quantity may have resulted in
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less cohesion during granulation and brittle pelleting formed. Previous investigations
have described such findings, as well as pellsts $pherical in nature and a faster drug

release (Sadeghi et al., 2011).

The water/ethanol concentration was not modulabedhie pellet formulations (table 7.4
and 7.5). However, in the pellets, the volume qtiid versus binder would have been
higher but less water would have been taken up M@IC and PVP. As a result, a greater
amount of water/ethanol would have been availaimeife drug to dissolve in. When the
water/ethanol solution is evaporated during thdepelrying phase drug crystals may
form on the pellet surface as the water evapordieis. may account for the initial burst

release exhibited in figure 7.13 (Rajesh, 2010).

Unlike the pellets, incorporation of PVP, MCC anthamol/water into the sprayed
material significantly sustains the drug releade (Agure 7.12). This retardation in drug
release is also significantly prolonged in compariso the sprayed minocycline-GMS
binary mixture (figure 7.8). This suggests the bmdddition method and distribution

may impart on the release characteristics of thelt@nt granules.

Atomisation with agitation has been demonstratedbéothe best binder distribution
method with narrow size distributions achieved ¢tve et al., 2001). PVP and MCC
would be homogenously distributed throughout thelteno mixture and assist with
coating the minocycline drug particles with the ipients during agitation, prior to

spraying. This would enable a droplet to be fornagdund the minocycline particles
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increasing the adhesive and cohesion intragraoitees that would form on cooling of

the sprayed material.

The rate of crystallisation for the sprayed matdfigure 7.11) at 6% is greater than the
binary sprayed material (figure 7.6). Suggesting®?RAddition does not appear to retard
crystallisation in a molten matrix. The water/etblasolution present in the molten GMS
also promotesrystallisation of the drug at 282 in the sprayed granules, corresponding
to minocycline form Ill. The presence of two typescrystals in the sprayed material is
due to the inclusion of both GMS and water/ethandhe sprayed mixture, promoting a

two phase system to form.

This would indicate the minocycline has dissolvedhe water/ethanol phase, whilst the
remaining minocycline is suspended in the GMS. &atidn of the ethanol evaporation
rate at 86C would need to be investigated to determine topqtion of ethanol present
in these sprayed formulations. The water/ethanesemt in the mixture would not be
anticipated to further evaporate during a dryingggh the minocycline may remain in
two phases. Drug crystallisation may occur at d#ffié rates for each of these phases
promoting different forms of minocycline to be fagth Different forms of minocycline

have been demonstrated to have difference relémsaateristics (Cardoso et al., 2008).

If a two phase system does exit in the sprayedulganthe proportion of API in each

phase would be unknown. XRPD would need to be uakien to quantify the API forms.

The greater appearance of crystalline API in thMHSay account for the API present in
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the water phase (figure 7.12), as the sprayed mystas molten on the addition of the
water/ethanol the dispersion of API into the watexry have been greater than for the
pellets. This may indicate the rate of dispersibrthe water/ethanol on manufacturing
may have a significant impact on the proportiol’A81 present in the formulation in an
amorphous or crystalline state. For a spray sysédimjnation of the water/ethanol from
the sprayed formulation would be preferable to pr¢va two phase system, enabling
reproducibility of the drug stability and releasefpes. Further investigation into the
systems stability and quantification of the crystal and amorphous API entities is

desirable.

7.4 Conclusions

The effect of the initial minocycline HCI partickze does not have a significant effect
on the PSD or the structural molecules and thééntation. However, the initial particle

size of the drug does have a significant effecthendissolution of the binary mixture.

Binary mixtures of minocycline and GMS processetb igranules utilising different

methods of preparation had significantly differeatease profiles. The bulk granules
prepared via holt-melt and milled exhibited an indmaée release profile, whereas the
bulk granules prepared via the holt-melt sprayesystvere characterised as having a

modified drug release.

Despite a greater proportion of the milled granubesng larger in size than sprayed

granules this did not appear to be a contributiagtdr in the primary drug release
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mechanism. Further investigation into the poroaitg mechanical strength of the batches
would be required to determine the possibility gqfrayed granules being more
compact/densified. If this is the case the compadtiensification effect achieved via
atomisation (aerodynamic forces) would be signiftagreater than the rotational and

centrifugal forces achieved by extrusion/spherditsa

A sustained release minocycline formulation coudd dchieved utilising the hot-melt
spray system. Sustained release could not be achigvising extrusion/spheronisation
technology even when the pellets has a signifigdater particle size than the sprayed
granules. The difference in the release rates neyle to the densification of the
granules during the atomisation process. Thern@eties of the batches were similar,
except for the presence of a secondary shoulden wie material was sprayed and was
attributed to crystallisation nuclei present in thenules. The API appeared to be

amorphous in both batches.

The modification of the Sebomin formulation to eleabpraying was favourable to the
granules produced via the hot-melt spray systemisAdvantage of utilising this system
was the inability to achieve sprayed granules &ithigh drug loading ability due to the
hydrophilic nature of the drug. As required withb8min, a drug loading of 60.7% w/w
would be impossible to achieve utilising a hot-nggtay gun. The solution would be a

semi wet-plastic mass which is not suitable forrasation.
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However, high drug loadings could be achieve inidjsa hot-melt spray system for a
hydrophobic matrix delivery system with a hydropicotirug. Due to the drug’s potential
ability to dissolve in the carrier, the only rabeting steps would be the compatibility
and saturation of the carrier. However, inclusibexcipients such as PVP may generate
supersaturated solutions, leading to a higher trading being achieved. This may have
both formulation and processing implications anduldoneed to be investigated in a

similar manner as demonstrated for excipients aptdrs 5 and 6.

Binary mixtures of minocycline and GMS processetb igranules utilising different

methods of preparation had significantly differeatease profiles. The bulk granules
prepared via holt-melt and milled exhibited an indmaée release profile, whereas the
bulk granules prepared via the holt-melt sprayesystvere characterised as having a

modified drug release.

The sprayed granules were further enhanced to\aekigstained release via the addition
of PVP and MCC into the minocycline-GMS molten dimno. This modulated
formulation did not enhance the release charatt=iof pellets but produced an
immediate release product. The method of additibstribution and quantity of PVP,
MCC and water/ethanol solution have a significantlijferent effect on the two
manufacturing processes. It was also demonstratpdtentially modulate the crystalline
or amorphous forms of the minocycline. Amorphousauicline HCI was demonstrated
to have faster dissolution properties, whereasysgragranules containing crystalline

minocycline had a slower drug release rate.
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From the results of the study and various suppgriiterature, the drug release
characteristics for both drug delivery systems banfurther modulated. By utilising

quality by design concepts, formulation optimisatmmuld be achieved for reproducible
sustained release oral dosage forms utilising sixtndspheronisation and hot-melt spray

systems.
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8. Conclusions and Future Work

8.1 General Conclusions

During the investigation of the hydrophobic matpellets via extrusion/spheronisation,
process limitations were identified which led tee tHevelopment of a hot-melt spray
system. In parallel, the use of GMS in a solid dispn and solid solution were

characterised, with interactions between GMS, Afel excipients documented.

Hydrophobic matrix pellets were produced via wasida and extrusion/spheronisation.
Incorporation of either minocycline HCI or paracetd yielded immediate or modified
release matrix pellets. Product performance cowdmwmdulated by both process and
formulation variables. Process critical parameiaduded milling and spheronisation
time whilst formulation critical parameters incledevax content, granulation fluid

composition and pellet particle size.

Quality by design enabled successful identificabbrritical parameters impacting upon
the performance of the product. In Chapter 3, tegigh space of Sebomin MR and a
paracetamol equivalent could be defined in accarelamith the manufacturing process
(extrusion/spheronisation). Modulation of both mes and formulation parameters did
not yield sustained release matrix pellets. In piirsf a sustained release hydrophobic

matrix pellet delivery system a hot-melt spray egstvas developed.
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Development of a hot-melt sprayed system was ssfidgs implemented with
reproducible, spherical, hydrophobic sprayed maltebeing produced. Design of
experiments was an extremely useful analytical ioobenerating sufficient data for
determining critical process and formulation partergein comparison to the OFAT
approach. Critical processing parameters impadipgn the particle size distribution
included voltage and nozzle diameter, with intecaxst being observed between factors

including the wax type-voltage and wax type-noziitlameter.

During this thesis, a direct comparison of manie¥es analysis techniques versus laser
diffraction was undertaken and although the deteations were correct and in
accordance with the procedures, limitations of eaethod were identified resulting in
different particle size distributions being obtalrfer the sprayed material. Confirmatory
size analysis techniques, such as image analydisnamnoscopic techniques are available
but are extremely time-consuming and require dspar This highlights the need for
improved dispersion techniques to be develope@nable laser diffraction to fulfill its

potential as a simple and rapid size analysis igcien

Preliminary batches manufactured via the hot-nyts system incorporated GMS only.
A stability study of this material revealed a pobphic transformation occurs in sprayed
GMS granules over time. Both sprayed and hot-mdiSGormulations appeared to be a
mixture of thea- and pB-form of GMS polymorphs with the-form still the most
predominant polymorph present in the mixture 30 rlBopost-manufacture. During

storage a transition from the unstabiéorm to the stabl@-form was observed, the rate
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of transformation was enhanced by a faster anrgaite and accelerated storage
conditions. However, even at accelerated temperatcomplete transformation of GMS
to thep-form was not achieved post 108 days storage. TM& @olymorphic transition
was inhibited when the sprayed granules were stated’C but would not be a

convenient storage solution for sprayed GMS basedugts.

When incorporating active ingredients into the GMS®prayed granules, GMS
polymorphic transitions were still observed andesgypd to be independent of initial drug
particle size and drug loading. However, the ihitieug particle size, drug loading and
crystalline state of the drug appeared to have i@ pnounced effect on the dissolution
rate than the wax polymorphic state of the deliv@rstem. For ibuprofen-GMS sprayed
material, the initial drug particle size has nongfigant effect on a single phase solid
solution but once the carrier becomes saturatea ghase molten solution was observed
and the rate of ibuprofen recrystallisation inflaed. No significant effect to the,T
release performance was observed for the ibupr@Ms sprayed granules. However,
the initial particle size of a drug forming a sotléspersion in the GMS sprayed material
significantly impacts upon the subsequent drugasserate, as observed in paracetamol
and minocycline sprayed granules but was indepdrafethermal or PSD changes. The
primary drug release mechanism from the sprayedudga is via diffusion, but no

sustained release was achieved in the binary nestur

Modulation of a minocycline formulation enabled tsirsed release to be achieved via the

hot-melt spray system. However this was not repreduoy an equivalent formulation
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manufactured by extrusion/spheronisation technold@ge difference in the release rates
did not appear to correlate to any differences hierrhal properties or particle size
observed. Further investigation into the porositgd anechanical strength of the batches
would be required to understand the mechanism sfased release achieved via the

atomisation process.

A disadvantage of the hot-melt spray system wadn@bility to achieve high drug
loading when spraying GMS solid dispersions butrfialating granules from GMS solid
solutions omitted drug loading limitations. Incoraion of some excipients and
processing parameters may achieve supersaturatibese systems but the impact on the
resultant material would need to be explored. Regpis limitation, the hot-melt spray
system developed in this thesis has indicated ttenpial to produce sustained release
hydrophobic drug products, contributing to the phmaceutical industrial requirement for
simple, reproducible manufacturing techniques ckgpabyielding reproducible sustained

release granules.

Further potential of the sprayed hydrophobic matvas identified on incorporation of a
variety of inorganic/organic multivalent salts. Miged and sustained release capabilities
were observed in these drug delivery systems, gvibduct performance being dependent
on the type of multivalent salt and the drug incogbed into the GMS matrix. The
presence of metal stearates also promoted a chiarige physicochemical properties of
GMS, ibuprofen and paracetamol, although furthéinden of the crystal chemistry was

not possible utilising DSC alone and additionalestigation is recommended utilising
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DSC in combination with XRPD or FT-IR. Other impamt parameters requiring further
investigation include the possible presence of danegal ion complexes, pH effects and a

stability study of formulations comprising of lipliic glycerides and metal stearates.

In a further study of aluminum monostearate and GMI®cessing temperature was
identified as a critical parameter in the physicarphology of the resultant sprayed
granules. Increases of the concentration above W/i®%yielded ‘cotton-wool like’
material in both GMS material processed at °C2%and ibuprofen-GMS mixtures
manufactured at 8C. The mechanism by which these morphological ceanake place
is not fully understood. Additional investigationto the formation of mesomorphic
phases should be investigated and consideratidothf aluminium di- and tri- stearates
and their possible contribution to increased matgigrophobicity should be determined.
Sustained release was also achieved in paracetaM8l- formulations but was
independent of the thermal and physical charatiesislescribed for the ibuprofen
equivalent formulations. This indicates the primamgchanism for sustained release in
the paracetamol formulations is not related to pghgsical morphology of the sprayed

paracetamol granules.

This thesis illustrates the limited knowledge qdolphilic glycerides which are often
associated with instabilities and irreproducibledurct performance via processing and
storage. Further understanding and characterisatfothe potential interactions of
lipophilic glycerides for use as solid dispersioasd solid solutions is critical in

development of hot-melt technologies. As demonstiah this thesis, using a quality by
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design strategy can assist in optimising manufatguand processing parameters and

enable definition of the product design space.

8.2 Future Work
» Development of an improved dispersion method foprowed particle size
measurements.
* Further hot-melt spray system development:

o Investigate different methods to prepare hot-maitids dispersions.
Evaluate the use of various air coolants duringrhelt spraying, such as
cooled air flow, gases, liquid nitrogen and refadants to assess the effect
of annealing on the polymorphic transformation @t&MS.

0 Assess the effect of different wax compositionstba hot-melt spray
system.

o Development of a re-dispersible dry emulsion utifjsa spray system. .
Spray drying of an O/W formulation to yield a drynasion for
reconstitution could be evaluated, utilising wasetuble polymer as a
solid carrier.

o Evaluate the potential for sprayed granules to tiesed in downstream
processing such as compression into tablets atetipation.

= Prior to downstream processing, the spray systemldcde

assessed for its ability to improve the granule/fiyoperties.
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» Downstream processing, properties such as tensigegth and
friability could be characterised to assess themta! of utilising
sprayed granules in additional manufacturing preees

o Considerations for scale up of the hot-melt sprgyirocess.

Further characterisation of solid solution andddispersion delivery systems:

0 Incorporation of additional hydrophobic drugs ahdit influence on the
sprayed granule performance.

o Investigate the porosity and mechanical strengpadyed granules.

o Consideration of a hot-melt spray process to aehfegh drug loading in
solid dispersions.

0 Undertake XRPD on paracetamol and minocycline linaixtures to
define the crystalline nature of API and excipients

Further characterisation of the GMS sprayed granireorporating multivalent
salts:

0 Rheological study to evaluate if incorporation lnége excipients impacts
the viscosity during the molten state and may doutie to the physical
changes observed in this thesis.

o Stability study in accordance with the ICH Harmeais Tripartite
Guideline (2009).

o Confirmatory analysis of thermal properties via XRPto define the

crystalline nature of APl and excipients.
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o

Identify any chemical or physical reactions takiplgce between GMS
and metal stearates via FT-IR. Determine any dretghion complexes
and pH effects.

Incorporate a study with similar lipophilic glycdeis such as glyceryl
palmitostearate (GPS) and Gelucires Further chenaation could
include waxes, fats and oils to compare all tydagyzerides.
Characterisation of release performance in spragdS-aluminium
mono-, di- and tri-stearate granules processe@%C1

Incorporation of an oil phase to determine whethrgfanogel formation
can be achieved in the GMS system.

In vitro- in vivocorrelation studies

* Further investigation on the sustained release cyrime sprayed formulation

o

o

o

o

Stability study
SEM analysis
Optimise the formulation via QbD

In vitro- in vivocorrelation studies
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