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Abstract

The application of amorphous solid dispersions ne of the most widely used formulation
strategies for the enhancementireivitro andin-vivo performance of poorly water-soluble drugs.
However, because of their meta-stable nature, lilgsigal stability of amorphous solid dispersions
has been considered to be the main obstacle foir themulation development and
commercialisation by the pharmaceutical industrige Taim of this project was to understand,
predict and enhance the physical stability of arhoys solid dispersions prepared by hot melt
extrusion. Four model drugs felodipine, celecoxibnofibrate and carbamazepine and two
polymeric matrices EUDRAGIT EPO and Kollidofi VA 64 were formulated by hot melt
extrusion and spin coating into solid dispersiofisseries of physicochemical characterisation
techniques including MTDSC, PXRD, SEM, ATR-FTIR aABM-LTA were used to evaluate the
systems. Physical characterisation of the modejsdand polymers, prediction of drug-polymer
miscibility and solubility and real-time physicalability studies under different conditions were
carried out. Across the project, several key aahigants were obtained. It was revealed that the
physical stability of the amorphous drugs alone twedpredicted processing-related apparent drug-
polymer solubility were the two dominant factorsntolling the physical stability of the
amorphous systems. A practical method, milling, wiaseloped to provide a more accurate
prediction of processing-related apparent drug4pelysolubility. Two methods were developed to
enhance the physical stability of amorphous sabgetsions: one based on formulation design, use
of immiscible polymer blends and the other basea g@articular type of processing, spin coating.
The achievements from the project are expectedmntribute to the formulation development of
amorphous solid dispersions in terms of screenmitplsle drug candidates, selecting “safe”
(physically stable) drug loadings and identificatiof methodologies to improve the physical

stability of formulations.
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Chapter 1

Chapter 1 Introduction

1.1 Background of the project

The enhancement of oral bioavailability of poongter-soluble drugs remains one of the most
challenging aspects in the pharmaceutical indusitly the increasing production of new active
pharmaceutical ingredients (APIs) (1). It is comigorecognised in the pharmaceutical industry
that, on average, around 30%-40% of newly discalereig candidates are poorly water soluble
(2-4). In 1995, the Biopharmaceutics ClassificatiSystem (BCS) was introduced in the
pharmaceutical industry, whereby APIs were dividew four groups based on their aqueous
solubility and permeability. BCS Il and IV (poor rpgeability) APIs are classified with poor
aqueous solubility and have been attracting inteifiesm formulation scientists on improving their
dissolution performance (5). Briefly, an orally adistered API will only be functional in bodies if
it can be absorbed in the gastro-intestinal (@&gtirfor which then-vivo dissolution of the API is
the pre-requisite (6). Formulation strategies iroeming the issue of poor agueous solubility
(especially BCS Il APIs) in the pharmaceutical isiily involves: particle size reduction; formation
of complexes; formation of pro-drug (i.e. modifyetidrug into salt form or preparation of co-
crystals); formulation of self-emulsifying drug delry system and preparation of solid dispersions
(7-12).

The application of solid dispersions has beenvgmoto be highly effective in increasing
dissolution rate of APIs with poorly aqueous sditfpin a number of studies since the concept of
solid dispersions was introduced decades ago (L3Fhe first description of solid dispersions was
introduced in a study using eutectic mixture ofochmphenicol and urea, and later in the same
decade solid dispersions were defined as dispemingPI into polymeric matrices by various
processes (13, 18). APIs can exist in solid dispessin different states, such as crystalline or
micro-crystalline and molecularly dispersed inte thmatrices, depending on the preparation
techniques and conditions employed (6, 18, 19)cé&ses commonly applied to prepare solid
dispersions include: solvent evaporation based adeslich as spray drying or film casting, melting

based method such as hot melt extrusion, and mi#0-23).

Amorphous solid dispersions (solid solution) imieh APIs are molecularly dispersed into
polymeric matrices have been observed to showrbeigsolution performance in comparison to
the corresponding solid dispersions containing tafiyse APIs. Therefore, the application of
amorphous solid dispersions is becoming populamgstoformulation scientists when attempting

to improve drug release performance (24-26). Theebelissolution performance has been well
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explained by the reason that high-energy level almmus materials had higher apparent solubility
than their crystalline counterparts (27). Howeweris also brings the intrinsic drawback of

amorphous solid dispersions having low physicdibtg. The high-energy level amorphous APIs

in the solid dispersions tend to convert back ®rtiore thermodynamically stable crystalline state
(27). Physical instability of solid dispersions ovaging can reduce the dissolution rate in
comparison to the fresh sample due to the appearemystalline drugs (28-30). Great effort has
been devoted to the prediction and enhancemenhefphysical stability of amorphous solid

dispersions (31-36). However, there have only Heanproducts in the market despite the vast
amount of existing articles (Table 1) (6). Thisdge to the incomplete understanding of the
physical stability of amorphous solid dispersioirs,particular concerning how to accurately

predict and effectively enhance the physical statwf amorphous solid dispersions.

Table 1.1: Summary of currently available pharmacetical products prepared using solid dispersions.

Product Company Year approved Technology
GrisPEG Pedinal Pharm Inc¢. 1975 Melt process
Cesamet Eli Lilly 1985 Unknown
Sporanox J&J 1996 Spray drying

Rezulin Pfizer 1997 Melt extrusion

Kaletra Abbot 2005 Melt extrusion

Torcetrapid Pfizer Phase Il Spray drying

Intelence Tibotec 2008 Spray drying

Hot Melt Extrusion (HME) as a processing methaeh de superior over solvent evaporation
based methods for certain systems due to the fegamtion, ease of scale up and solvent free (37,
38). In this project HME was selected as the magthwod for the preparation of amorphous solid
dispersions. The key focus of this project is tedct and enhance the physical stability of
amorphous solid dispersions. To achieve this gbelproject conducted studies on understanding
factors controlling the physical stability, develuogp practical methods to predict drug-polymer

solubility and developing methods to enhance thesighl stability.

1.2 Amorphous materials

Changing crystalline drugs into the amorphougestan significantly increase the dissolution rate
of poor water-soluble drugs (27). Therefore, amogshsolid dispersions are commonly considered
to have superior performance over crystalline sdiispersions (6, 19). In some case studies,
apparent aqueous solubility of drugs can be inetdy hundreds folds by converting the original

crystalline drug to its amorphous form (27, 39).fde the introduction of amorphous solid
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dispersions, it is worth understanding the conaémmorphous materials and the mechanism of

how the dissolution performance of poorly watembté drugs is improved.

1.2.1 Structure of amorphous materials

An amorphous material can be defined with therezfce to its crystalline counterpart. A typical
crystalline structure contains three long rangeeoymmetry operators including translational,
orientational and conformational (40). Structurésvarious crystalline materials are defined by
these three operators whereas amorphous mateaatfdrmed from their crystalline counterparts
are defined by the absence of all three operafidrs Position of molecules relative to one another
in amorphous materials is random as in liquid gt27@. Although lacking of the long range order,
short range order have been confirmed to existnmrphous materials. Ideally, amorphous
materials are defined as isotropic having no ofttanslational, orientational and conformational)
on any significant length scale. However, molecu#muctures of APIs can introduce local
anisotropy to an amorphous system, which causemdtiaé order and the order is termed as short
range order (40). Therefore, an amorphous systeninferent short range order due to the local
anisotropy but is still isotropic on a macroscogeale (40). For most organic materials, the short
range order is not expected to extend over disgasgmificantly larger than nearest neighbour or
next nearest neighbour, which is typically lessitB8-25A (a few molecular dimensions)(42). The

illustration of structures of crystalline, amorpBand gaseous materials is shown in Figure 1.1.

AR

crystalline material amorphous material gas

Figure 1.1: lllustration the structures of crystalline, amorphous and gas materials.

To dissolve a crystalline drug in a solution,estain amount of energy is required to break the
lattice structure to bring the drug molecules twoepletely random state within the solution, and
hence dissolution occurred. The more stable theymaically the lattice structure is, the more
energy is needed. Therefore a poorly water-soldhlg could be expected if the dissolution energy
barrier is high. However, as amorphous materiatk lthe long range order (typical lattice
structure), less amount of energy is involved wlissolving amorphous materials in comparison
to crystalline counterparts. Consequently, a highssolution rate can be achieved by changing a
crystalline drug to amorphous state.
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1.2.2 Thermodynamic properties of amorphous materiia

To transform a crystalline material to its amapé form, processes including precipitation from
solution, milling and super-cooling from melt aremamonly used (43-46). Amongst the three
methods, super-cooling was the most effective andelw used method in preparing pure
amorphous materials as the other two have limitatide. the selection of solvent and anti-solvent
in precipitation method can be limited) (43). Thelid transformation from crystalline to
amorphous state using super-cooling method haswekstudied. The thermodynamic properties
including enthalpy or specific volume (volume/masd)a solid material as a function of its
temperature are shown in Figure 1.2. For a ciystamaterial at very low temperatures, only a
small increase of enthalpy was observed with irngatemperature (45). On heating to the
temperature across the melting point of the crigséaldrug, a discontinuity in both the enthalpy
and specific volume of the crystalline drug at meltpoint (T,) occurred, which represents the
first order phase transition from solid to liquéi3j. Upon rapid cooling from the melt, the values
of enthalpy followed the equilibrium line into aujgercooled liquid” region. On further cooling, a
change in slope can be seen at a characteristipetatare known as the glass transition
temperature (J) of the material. From supercooled liquid (rubbeate) to glass state, the
viscosity can significantly increase from3@ 10° Pa-s (43). It should be mentioned that fast
cooling rate was required for the transformatiaio immorphous (glass) state as molecules did not

have sufficient time to form crystalline structure.

H
|_iquid/

Supercooled
liquid

Non-equilibrium
state

Equilibrium
/s state

Glass I ,,
Structural!

’ l
relaxationi /* /
Yy

7
4

Crysta

Figure 1.2: Schematic depiction of the formation ofjlass transition from a crystalline material.

Amorphous materials stay in a non-equilibriumtestat the temperature below, &nd the

thermodynamic properties (such as enthalpy andgytin amorphous materials) are higher than
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those in the corresponding crystalline materialedatilibrium state. If stored at the temperatures
below Ty, structural relaxation in amorphous materials widicur (Figure 1.2) in the form of
releasing the extra enthalpy or configurationalragyt to approach the equilibrium (structural
relaxation will be discussed later in this chapte&kjnorphous materials prepared from their
crystalline counterparts are intrinsically instabige to the high energy level, and they can only
remain the amorphous state kinetically for a certane period. However, it is also this high-
energy level which mainly contributes to the immrdvdissolution rate in comparison to the
corresponding crystalline materials. Thereforegrigher to both obtain the enhanced dissolution rate
and increase the physical stability of amorphowsyslramorphous solid dispersions prepared with

polymeric matrices and drugs were introduced inptermaceutical industry.

1.3 General introduction to solid dispersions

1.3.1 Definition of solid dispersions

The first preparation of solid dispersions candaged back to 1961 when Sekiguchi and Obi
prepared a eutectic mixture, of chloramphenicol areh, whereby the drug and the matrices had
specific composition and solidified together whemwling from melts and found the formulation
showed enhanced dissolution rate and bioavailab{lit3). This eutectic mixture was later
classified as one category of solid dispersionth@nliterature where solid dispersions were first
defined: “the dispersion of one or more active @tlients in an inert carrier or matrix at solid stat

by the melting (fusion), solvent or melting-solvemethod” (18).

Following the original concept, solid dispersimmnow a broad concept which is commonly
accepted by pharmaceutical researches as dispeatsilgg into polymeric carriers via various
preparation processes to form a drug-polymer ma(i®). In this mixture, drugs can remain in
different states such as crystalline/micro-crystallor molecularly dispersed into matrices. By
formulating into solid dispersions with differentatrices, drugs release can be modified: increasing
dissolution rate of poorly water-soluble drugs,rdasing drug release rate of highly water-soluble
drugs (6, 19).

Commonly employed preparation processes for sdigpersions consist of melting based
methods such as: hot melt extrusion and solvergaration based methods such as spray drying (6,
37, 47). In comparison to other formulation streégegsuch as pro-drug formulation and self-
emulsifying drug delivery system for enhanced diggan and absorption, solid dispersion can be
superior in some aspects including: ease of sqaléow production cost and wide application to
various drugs with different physical propertied)(ITherefore, the solid dispersion technology has
become a promising formulation strategy increagirgtracts interest from the pharmaceutical

industry.
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1.3.2 Classification of solid dispersions

The first classification of solid dispersions wagoduced by Chiou and Riegelman in 1971 (18).
Further on, in review articles concerning solidpeéisions there are various methods for the
classification of solid dispersions (14, 19). Instistudy, solid dispersions were assigned to two
broad classes based on the physical state of tg idrthe systems: crystalline drugs in solid
dispersions and amorphous solid dispersions (swlidtion) whereby drugs completely disperse
into the polymer chain at molecular level. The natbm of forming the two solid dispersions and

their advantages and disadvantages will be disduedée following sections.

1.3.2.1 Solid dispersions containing crystalline dig substances

1.3.2.1.1 Eutectic solid dispersions

The advantage of using solid dispersions contgicrystalline drugs is this system can be more
physically stable in comparison to amorphous sdlgpersions (26). The most commonly used
crystalline solid dispersion is the simple euteatizture which is composed of a crystalline drug
and a water-soluble crystalline polymer. It is atinhate physical mixture of those two in which the
crystalline drug and the crystalline polymer arenptetely miscible in the molten state (above their
melting points). A eutectic mixture of fenofibraaed PEG 8000 with the ratio of 35:65 (w/w) was
reported in the literature, and more than 90% delease from the formulation was observed after
30min dissolution test under sink condition (48). tnderstand the mechanism of the formation of
eutectic mixtures, a phase diagram was used taidesbe composition of a eutectic mixture as
seen in Figure 1.3. When a melted mixture compo$edcrystalline drug (A) and a water soluble
crystalline polymer (B) with the composition of & ¢ooled, the drug and the polymer crystallise
out simultaneously together to form the eutectigture. However, when melted mixtures with
other compositions are cooled, one of the compaen&arts to crystallise before the other, leading

to the formation of completely phase-separated miaddenstead of eutectic mixtures.

In dissolution, when a eutectic mixture is exgbs® the media, the soluble carrier will dissolve
rapidly and leave fine drug crystals (48). Duehe increased surface area brought by the small
particle size, an increase of dissolution ratehefdrug could be expected according to the Noyes-

Whitney equation (49):

dW / dt = DA (§C) / L Eq 1.1

wheredW / dtis the dissolution ratd is the surface areg&, is the concentration of the drug in the

bulk mediaCs is the solubility of the drug in the media dnd the diffusion layer thickness.
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From the phase diagram of eutectic system, it lmarseen that the feasibility of developing
eutectic solid dispersions is dictated by the digecompositions (48, 50). Determination of
eutectic compositions requires the generation akpldiagrams which can be time-consuming (48).
In addition, due to the requirement of the speabmposition in eutectic systems, its application
can be limited since the clinical dose of differeinig substances varies in a large range and it
might be difficult to meet the specific eutectiaugspolymer composition. Therefore, despite the
formation of a thermodynamically stable systemeetit solid dispersions were not widely used in

the pharmaceutical industry.

melts

Solid A + melts Solid B + melts

Solid A + Solid B

A (100%) E A (0%)
B (0%) B (100%)

Figure 1.3: Phase diagram of the formation of eutaiz mixture of a drug (A) and a polymer (B) with

the composition of E.

1.3.2.1.2 Solid dispersions containing crystallindrugs

Besides the eutectic systems, crystalline stigersions prepared other methods such as spray
drying have also been reported to be effectivemproving dissolution performance of poorly
water soluble drugs (22, 51, 52). A solid dispersimpntained crystalline intraconazole was
prepared using spraying (51). In the study, instfagasing organic solution to dissolve drugs and
polymers together, drugs was suspended in the wmtsed solution with dissolved polymers
before spray drying. The dissolution performancenfthe crystalline solid dispersions was similar
to the commercial product (Sporafipxand the in-vivo study in rats showed that thesiailine
solid dispersion was bioequivalent to the commémiaduct (51). The enhanced dissolution and
bioavailability was attributed to the structuretbé& crystalline solid dispersions in which drugs

were covered by the hydrophilic polymer (PVP) amel surfactant (Poloxamer 188).
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polymer chain
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Figure 1.4: Proposed structure of crystalline solidlispersions prepared by wet media milling.

1.3.2.2 Amorphous solid dispersions (solid solutiah

As discussed above, amorphous drugs are physicaliable, due to the higher energy level in
comparison to their crystalline counterparts, dnid physical instability is inevitable according to
Gibbs free energy law:

AG = AH - T4S Eq 1.2

Amorphous materials will tend to convert backhe low energy level crystalline form. However,
physical stability of amorphous drugs can be imptbif they are formulated with polymeric
carriers into the amorphous solid dispersions. Maigms of enhanced physical stability by solid
dispersions involve reducing molecular mobility drugs by the interaction between drugs and
polymers and increasing the diffusion length fax g#ssembling of drug molecules to form drug-
rich phase or recrystallization (53, 54).

Ideally, a miscible amorphous drug-polymer sdlispersion can be considered as a solid solution
whereby, similar to aqueous solution, drug molesiwdet as solute dissolving into the solvate,
polymer chains. Therefore, a solid solution is rgk&-phase drug-polymer solid dispersion. An
intimate molecular mixing of the drug and polyméiosld be achieved if the amorphous solid
dispersion is a solid solution (6). The structursalid solutions is proposed in Figure 1.5. Inicol
solutions, drug molecules are molecularly disperstm polymeric carriers, and therefore a higher
dissolution rate can be expected in comparisohdatystalline counterparts. The structure of solid
solutions can also potentially enhance the physigddility in comparison to pure amorphous drugs
due to the increased diffusion length for the asdieg of drug molecules. It should be mentioned
that drug-polymer solid solutions are considerediqasd solutions (6, 19). Therefore, it can be
expected that similar to liquid solutions, if thencentration of the drug in amorphous solid
dispersions is below the drug-polymer solubility nearystallization should be observed from the
amorphous drug-polymer systems. Therefore, predjctieasuring the drug-polymer solubility is

essential in the area of amorphous solid dispession
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polymer chain

g

single drug molecule

Figure 1.5: Theoretical scheme of miscible amorphaudrug-polymer solid dispersions (solid solution).

The real physical state (drug-polymer distribo}ief amorphous solid dispersions could be
different from the proposed model (solid soluti@Rigure 1.5) (39). Conventional characterisation
techniques including MTDSC, FTIR, PXRD and ssNMR aseful for the detection of “global”
phase separation in amorphous solid dispersiongebiiethe quantity of drug-rich phase or
recrystallized drugs in systems are sufficientlythtio be detected by these techniques. For instance
a typical amorphous phase separation in amorphaligs dispersions is reflected by the detection
of two glass transitions in MTDSC (55). However,some cases, phase separation could occur
locally in amorphous solid dispersions at micresob-micrometre level, which cannot be detected
using conventional tools, leading to the less atrgdgement on the physical state of the system
(56, 57).

Scanning probe microscopy based analytical teckes with high spatial resolution can be
applied to detect local phase separation at lovel €88, 59). For instance, Atomic Force
Microscopy (AFM) combined with Local Thermal Anallys(LTA) is able to detect phase
separation in solid dispersions at micron sub-nmidewvel based on the thermal properties of the
components in systems (58). Photothermal-FTIR aloperators to collect IR spectra at a highly
specific point on the sample or even a single gartvith micron dimension (60). These techniques

will be discussed in detail in Chapter 2.

With the development of characterisation techgplohe structure of amorphous solid dispersions
will be understood in greater depth. However, tscdbe the composition and structure of
amorphous solid dispersions accurately, it is renemded to characterise amorphous solid

dispersion with global and local tools.
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1.4 Preparation of solid dispersions

Processes for the preparation of solid dispersaars be divided into two categories: solvent
evaporation based methods and non-solvent basdedsefmelting based method and milling) (14,
37, 47, 61). Typical solvent evaporation based oughin the pharmaceutical industry include
spray drying, film casting, and co-precipitatiored@ntly, spin coating, a solvent evaporation base
method, which is derived from semi-conductor indyshas been introduced to prepare solid
dispersions (62-64). With regard to non-solventppration methods, hot melt extrusion and
milling are the two main processes used. A brig¢fonuction of each method is given in the

following sections.

1.4.1 Spray-drying

Spray drying is a unit operation for transformihguid solutions or suspensions into solid
products by rapidly atomising the solutions/susimrssand drying with a hot gas. It has been
widely used for preparing thermally-insensitive plarform samples in food, dairy, ceramic,
paints, fertilizers and pharmaceutical industry) (68 the pharmaceutical industry, spray-drying as
a processing method, has been applied to prepany systems, such as antibiotics, vitamins,
vaccines, enzymes, plasma substitutes and exa@pién). It also has been widely used to prepare
solid dispersions in the pharmaceutical industryinprove dissolution performance of poorly
water-soluble drugs (66-70). The main procedurspofy-drying and the mass flow of the sample

are depicted in Figure 1.6.

£ -l
——
L
o7 e A: Supply of solution
Lm 2 ﬁ or suspension to be
3 dried
J B: Atomisation gas in
1: Drying gas in;

2:Heating of drying
gas; 3: Atomising

B @ solution; 4: Drying
4 T outlet chamber; 5: Tunnel
l + between drying
' 5 chamber and cyclone;

6: Cyclone; 7:
Extraction of drying
gas; 8: Collection
vessel of spray dried
products

Figure 1.6: Schematic depiction of spray drying andhe mass flow of samples in spray drying (71).

The general steps of using spray drying to prepalid dispersions are described here (Figure

1.6) (72): 1) prepare the solution (or suspenstomtaining the drug and polymer; 2) the dissolved
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or suspended sample solutions is fed from A; 3)ainitrogen are heated when passing through
section 2; 4) solutions are sprayed out from thetdeenozzle in section 3 (the temperature in the
nozzle should be higher than the boiling point teé solvent); 5) the solvent in the solution is
evaporated, and the dried powders will be driveaubh section 5 and 6 by extraction effect from

section 7 ; 6) samples are collected in section 8.

Spray drying has been proved as an effectivegssing method in preparation of amorphous
solid dispersions to improve dissolution rate obhpwater-soluble drugs in many studies (66-70).
Due to the pre-dissolution of drugs and polymerthia solvent or co-solvent, an intimate mixing
between drugs and polymers at molecular level @rexpected, which may assist to prepare
amorphous solid dispersions by spray drying. Thugproved dissolution performance and
bioavailability of poorly water-soluble drugs cae hchieved (65). In addition, compared with
another commonly used solvent evaporation methbd,dasting, spray drying may have higher
efficacy for the preparation of amorphous solidodrsions as the slow evaporation (73). This was
attributed to the reason that solvent evaporatiofiim casting was relatively slow in comparison
to spray drying (due to the hot air), which proddaufficient time for drugs to recrystallize from

film-casted systems (73).

Although spray drying has demonstrated the céipabf preparing amorphous solid dispersions,
there are still limitations restricting the broagphication of spray drying in the pharmaceutical
industry (47). First, heat-sensitive drugs which aasily degraded at high temperatures are not
appropriated for spray-drying as during spray dyysolvent evaporation occurs by the hot air.
Second, the application of organic solvent for aliag water-insoluble drugs in solution
preparation is not environment-friendly, and ifledaup to industry levels the recovery of organic
solvents can be expensive. Finally, as the prodepgted in Figure 1.6, during preparation, it is
possible that part of the samples may deposit ensthface of the chambers (part 4, 5 and 6),

leading to the material wastage and low yielding.

1.4.2 Co-precipitation

Co-precipitation is a typical solvent based mdthar preparing solid dispersions. It is a process
in which drugs and polymeric carriers are dissoltgegbther in a solvent to prepare a solution, and
then the solution is added to an anti-solvent. futhe significant difference of polarity between
the solvent and anti-solvent, drugs and polymeis precipitate out simultaneously in the anti-
solvent to form a solid dispersion. The differenégolarity between the solvent and anti-solvent
should be high, and usually, the solvent is polaiistthe anti-solvent is non-polar (74). After the
precipitation is completed, the suspension comgiproducts can be treated by either filtration or

solvent evaporation depending on the propertigkeoproducts and the solvent (75).
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Due to the difficulties of selecting suitableamit and anti-solvent, co-precipitation has notbee
widely used for the preparation for solid dispensioDong et al. compared the properties of solid
dispersions prepared by hot-melt extrusion and rectpitation. Both solid dispersions were
confirmed as amorphous by PXRD and DSC (33). Sdisgersion prepared by co-precipitation
showed faster drug release rate than that prefyrédt-melt extrusion. The reason was attributed
to the larger surface area and porous structuréasth by using co-precipitation (33). Solid
dispersions prepared by co-precipitation are ndynparticles with large surface to volume ratios
and porous structures, which may significantly ioyer dissolution rate of poorly water-soluble
drugs (76). However, as detailed previously, dught limitations of solvent and anti-solvent

selection co-precipitation has not been widely Usedhe preparation of solid dispersions.

1.4.3 Spin coating

Spin coating is a process to prepare a thin ¥ifith controllable thickness on a substrate. It has
been widely used in microfabrication in the semaator industry (77). Spin coating is similar to
film casting (another solvent evaporation basecho@t but unlike film casting in which solvent is
evaporated under ambient condition or low vacuwtvesit evaporation in spin coating occurs at a
rapid speed due to the fast spinning. The proeediiusing spin coating to prepare a thin film (an
amorphous drug-polymer solid dispersion) includgiowing steps: 1) prepare a solution which
contains the desired concentration of drugs anghpais using a volatile solvent and co-solvent; 2)
a substrate is placed on top of the chuck in the epater, and the substrate is attached to the
chuck during the whole process by vacuum from umekgth; 3) the substrate spins with the chuck
at a pre-set rotation speed; 4) at the same tinfficisnt amount of droplets of the prepared
solution will be added onto the substrate; 5) thiesgrate is evenly covered by solutions due to the
centrifugal force provided by high speed spinniBgsolvent will evaporate during spinning and a

thin solid film is formed on top of the substrate.

solution

thin film on top of the substrate
chuck

'

g substrate o -_:I-_-‘,

Figure 1.7: Procedure of using spin coating to are thin film on a substrate.

With the advantages of high reproducibility, fgsteparation and precise control during

preparation, spin coating has been reported to desl uo prepare solid dispersions for the
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understanding of their physical stability behavg63, 64, 78, 79). By using spin coating to
prepare solid dispersions containing model drughiding celecoxib, felodipine, fenofibrate and
carbamazepine and polymers with different hygrosuyp Ng et al (63) reported that key factors
which affect physical stability of solid dispersspomnder stressed humidity were the physical
stability of drugs alone and the hygroscopicitypofymers. In another study from the same group,
drug migration of felodipine from the bulk towarthe surface in the spin coated felodipine-PVP
K29/32 thin films was discovered when the spin edasolid dispersion films were aged upon
exposure to stressed humidity (64). The reseaertftioned above demonstrated that spin coating
is an effective solid dispersion preparation predesstabilise amorphous drugs and to understand

the physical stability behaviour of solid dispernso

1.4.4 Milling

Milling has been proved to be an effective preoms method to improve dissolution behaviour of
poor water-soluble drugs (61, 80-83). The main erogs brought by milling are: particle size
reduction to sub-micron; crystalline drug transfatibn to amorphous state; and forming co-
crystals (61, 84, 85). Milling can be processedchwitet milling) or without (dry milling) wet
media depending on the purposes of the resear¢lB{B6Wet milling has been reported for the
preparation of nano-suspensions whereby drugs alythpric carriers are milled together (using
ball milling) in wet media (surfactants solutiomswater) for a certain time period to decrease the
particle size of the drug to nanometre level (8B)e reduced particle size can significantly
enhance the dissolution rate of poorly water-sa@utitugs and the polymeric carriers in the
formulation can protect particles from agglomenatio the formulation by interacting with the

drugs and increasing the viscosity of the nano-ausipn (88).

Dry milling has been reported to show the ability transform crystalline drugs to their
amorphous state and hence improve the dissolugdionmance of the poorly water-soluble drugs
(89). The solid state transformation by dry millimgs reported to be affected by the milling
temperature (90, 91). In a study, crystalline tletmalactose and budesonide (an anti-inflammatory
drug) were all transformed into amorphous statef{caed using PXRD) after 20 hours milling at
room temperature (below the df all three amorphous materials) (90). In contrastymorphic
transformation of mannitol and sorbitol were obserafter 3 hours milling at room temperature

(above the Tg of both amorphous materials) (90).

Solid dispersions can be prepared by both wetngiliind dry milling methods (22, 92). For the
preparation of solid dispersions using wet millimgthod to evaporate the media, downstream
processes are required, such as lyophilisationaitirallergic drug, tranilast, was reported to be
prepared into crystalline solid dispersions withG48L using wet milling in water and followed by

lyophilisation, and 60 folds increase Gf,.x was observed in rats in comparison to the physical
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mixture with the same dose (22). Indomethacin WitHP were reported to form amorphous solid

dispersions using dry milling, and the drug-polynsgstems were confirmed as amorphous by
PXRD with drug loadings up to 60% (w/w) (92). IretBtudy, significantly increased dissolution

rates were observed in all amorphous solid dispessin comparison to pure drugs in the pH 6.8
buffer solutions (92).

Some disadvantages of using milling to improvesdiution rate of poorly water-soluble drugs
have also been pointed out (93). First, particlee stannot decrease infinitely with increasing
milling time due to the re-aggregation occurringiag grinding (93). Therefore only a certain
range of particle size reduction can be achieveeni@ing on the properties of drugs and polymers.
Second, milling is time-consuming whereby hoursdays are required to achieve the desired
amorphous solid dispersion.

1.4.5 Hot-melt extrusion (HME)

HME is a widely used non-solvent based methodHerpreparation of solid dispersions (37, 38).
A great number of studies have been reported auyexspects such as the improvement of the
design of extruder (i.e. specially designed medbesrotating screws), investigation into the
feasibility of the preparation of solid dispersipaad down-stream methods for further processing
extrudates (37, 38). HME process can be simply ridest as conveying raw materials with a
rotating screw under elevated temperatures, andupts with a special shape (determined by the
die) can be collected at the end of the extrudee HME equipment is usually composed of
several important parts including a control panget feeding hopper, steel barrel with different
heating zones, screws for extrusion, a die attathéde end to specially shape the products and a

cooling system. A detailed typical single screw mmeft extruder is shown in Figure 1.8.
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Figure 1.8: A schematic chart of a single screw hahelt extruder (Crowley et al., 2007).

The speed of feeding depends on the rotating fatieeoscrew, and these two speeds must be

compatible to avoid the formation of a melting lgedn the joint of the hopper and the barrel. The

38



Chapter 1

barrel can be designed with different heating zameieh can be set with different temperatures.
Inside the barrel, the extrusion screws mix andvegrihe drug-polymer mixtures. Two main types
of screw configuration are mainly used in HME i tbharmaceutical industry, single screw and
twin screw extrusion. The single screw has a lastpty but may not provide sufficient mixing of
different materials if the screw is not long enou@T). The twin-screw extruders utilize two
screws usually arranged side by side, and thegreitiate in the same or opposite directions (co-
rotation and counter-rotation, respectively). Tharél with the screws is the key part of the
extruder, not only for imposing high temperature aressure on the materials to ensure them mix
uniformly, but also to convey the mixtures as atewmous transportation. The energy for melting is
obtained both from the heater and the shearingteffilvided by screw rotating. At the end of
each hot-melt extruder, a die with a special shadtached. Extrudates can also be processed by
downstream methods after extrusion, such as cuttiiogpellets, or being milled into powder after

cooling.

For formulation design at lab scale, in order toidihe wastage of expensive drugs, bench top
hot-melt extruders were introduced. There have beendesigns concerning the barrel. The first
one is similar to industrial scale hot melt extnuddich contains different heating zones as shown
in Figure 1.9a. In addition, screws are speciaflgigned with different shapes of meshes to assist
complete mixing of drugs and polymers (Figure 1.9&g other typical lab-scale hot melt extruder
does not have different heating zones (Figure 118bjead, only one operation temperature can be
applied during the whole process for this benchegfpuder. To ensure the complete mixing of
drugs and polymers in preparation, a particulavevad fixed at the end of the screw to block the
outlet and lead the melted materials to a circagatoute inside the constant-temperature heating
zone (pointed in Figure 1.9b). Therefore, the naeftaterials can be circulated through the mixing
zone several times before discharged from the @etruln this project, the second bench top

extruder was used for the preparation of amorpkolid dispersions.
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Figure 1.9: Inner structure of lab-scale extruder vith (a: Thermo Scientific 16 Hot Melt Extruder) and
without (b: Thermo Scientific HAAKE MiniLab I1) dif ferent heating zones.

39



Chapter 1
Generally, the components of HME formulations idgudrugs, polymers and plasticizers (in

some cases). The polymers should be soften or malteing the HME process. Sometimes,
plasticizers are necessary to ease the HME prdfctss systems are viscous. The main procedure

for HME is described as follows:

1. Prior to HME, it is recommended that all comgots in the desired formulation should be
dried to avoid absorbed moisture (store drug arghmer powders under 0%RH for a certain time
period), since the moisture or water can functisnptasticizer and have effect on the HME

processing as well as the long term stability effihal solid dispersions.

2. Ingredients for the formulation are recommehde be pre-mixed before HME, i.e. using

mortar and pestle.

3. Set the operating parameters of the HME inolydeed speed, different temperatures of

different heating zones (if the extruder has) adtion speed of the screws.

4. Collect all the extrudates and, if necessargcigp-shaped dies can be attached to the end of

the barrel to form varies types of extrudates sagchod shape or thin films.

5. All the extrudates are cooled down to room tawrjpee and stored under different conditions

according to the requirements.

1.5 Pharmaceutical applications of hot melt extrusin

Originally, the HME processing was mainly and widemployed in the plastic industry for the
preparation of plastic products, and more than diajflastic products such as plastic bags, sheets
and pipes are manufactured by this processing {@45.application of hot-melt extrusion in the
pharmaceutical industry can be dated back as aar®71 (95). Since then it has been widely used
as a processing method for the preparation of sdikghersions and can be used to modify
dissolution rate of drugs (37). In comparison tieeotsolid dispersion preparation methods, such as
solvent evaporation based method, HME can be suparisome aspects (38). Firstly, it is a
solvent free method in which no organic solventeiguired in preparation. The involvement of
organic solvent can be problematic in terms of mmrnental pollution and high cost to recover.
Secondly, it is a continuous single-step processigghod which can be a highly efficient in
preparing samples. Thirdly, scale up could be iralbt easy. The disadvantage of hot melt
extrusion is the potential thermal degradation exditksensitive drugs and polymers in preparation,
which restricts the selection of drugs and polynwns be processed by HME. Nevertheless, hot
melt extrusion is becoming increasingly popular fmeparing solid dispersions in the

pharmaceutical industry. The main applications of melt extrusion in the pharmaceutical
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industry include fast release formulations, susidirelease formulations and special formulation

design and they will be discussed in the followsegtions.

1.5.1 Fast release formulations

Fast release formulations by hot melt extrusion em&nly based on the preparation of
amorphous solid dispersions (23, 96-99). By usiddBEHto process drug-polymer mixtures into
amorphous solid dispersions, dissolution rate ajriyowater-soluble drugs can be significantly
enhanced. Itraconazole is a typical BE@rug with extremely low agueous solubility (1.8pagin
pH 1.2 solution) (100). In one study, itraconazated hydroxypropylmethyl-cellulose (HPMC)
2910 solid dispersions were prepared by HME andrphous solid dispersions were confirmed by
MTDSC and PXRD with drug loadings of up to 40% (WwAd01). In this study, drug release of 90%
was achieved after 120min even from 40% (w/w) Ingdiormulation under sink condition (101).
In a very recent study of using hot melt extrugmimmprove dissolution performance of ketoprofen,
another typical poorly water-soluble drug, hydrovomylcellulose (HPC) was used (102).
Amorphous solid dispersions were confirmed by D&E@ BXRD up to 60% (w/w) drug loading in
this study (102). In addition to enhancing the dliggon rate of the drug, the increased drug re&leas
rate can also be modified by using HPC with diffe¢rgrades. This was explained in the paper by
the different swelling and erosion rates of difféargrades HPCs (two types of HPCs with the
molecular weight of 60000 and 80000, respectivéll)2). These successful applications of
improving dissolution rates of poorly water-soludieigs demonstrate that hot melt extrusion is an
effective processing method for the enhancemedtud release via the preparation of amorphous

solid dispersions.

The fast release mechanism of drugs from solideds@spns has been debatable (39). Two
established models have been reported. In theifis&ince, a valuable contribution was provided
by Corrigan in which not only the dissolution ratfiethe incorporated drug was measured but also
the dissolution rate the polymer carrier (PEG) wasessed (103). The author found that the
dissolution rate of the drug and the polymer wasivadent, which leads to the suggestion of
carrier-controlled drug release whereby the diggmiurate of the drug is controlled by the inert
carrier in the solid dispersion. This model waspsusted by other studies presenting similar results
(104, 105). However, adisagreement issue was r&igadLloyd et al by arguing that if dissolution
was dominated by the carrier rather than the dthg, physical form of the drug should be
irrelevant (106). By examining the release of paramol from PEG 6000 solid dispersions, they
found that formulations prepared with larger drimg $ractions showed a higher drug release rate.
With similar work from other groups, a drug-contedl dissolution was introduced whereby the
dissolution rate of the drug is controlled by thagldissolving and thus physical state of the drug
(such as reduced particle size or changed into @moois) can significantly affect the dissolution

(107). Out of the two models, the dominant mechani$ drug release from solid dispersions is
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dependent on whether the drug dissolves in thenpalydiffusion layer rapidly in dissolution
(carrier-controlled) or not (drug-controlled). Teehematic illustration of the two mechanisms is

shown in Figure 1.10.

a2 i
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Figure 1.10: Schematic illustration of fast releasemechanisms (a: carrier controlled dissolution
whereby the drug dissolves into the concentrated oaer layer prior to release; b: drug-controlled

dissolution whereby the drug is released effectivglintact into the dissolution media) (39).

1.5.2 Modified release formulations

The preparation of solid dispersions, using hottregtrusion with water insoluble polymeric
carriers, may sustain drug release from formulati@©8, 109). Miyagawa et al. used twin-screw
hot-melt extruder to prepare controlled releasdofioacsodium formulations with different
matrices (110). It was found that the dissolutiatercan be controlled by adjusting the drug
loadings. Recently, a series of studies using hadt xtrusion to prepare sustained release mini-
matrices were carried out from the same reseamnpgf109, 111). Ethylcellulose was used as the
main sustained release matrix in these studies 9. In the first study, it was proved that gsin
xanthamgum with different concentrations and défdr particle sizes in ethyl-cellulose based
formulations, drug release of ibuprofen can beotad to the required specifications (109). The
dissolution of the drug was controlled by diffusioather than erosion of polymers. Further
research from the same group concluded that memdlaparameters including screw design,
powder feed rate and screw rotation speed of héiter&usion in preparation had no influence on
the homogeneity of products and drug release (mefmptartrate as model drug) profiles(111).
This may demonstrate that hot melt extrusion isist@nt and robust process for the preparation of

solid dispersions in controlling drug release (111)

Form these studies, it can be concluded thatdinérolled release mechanism of a water-soluble
drug from hot melt extruded solid dispersion is mhadependent on the physical properties of the
drug and the applied polymer carriers (112). If thwymer is hydrophilic, drug release is

controlled by the swelling and erosion of the padyrin dissolution. If the drug is incorporated in
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water-insoluble polymers, such as ethyl-celluladrig release is controlled by the diffusion of
dissolution media into the matrix and followed e tdiffusion of drug molecules through the

polymer matrix into the dissolution media (113).

1.5.3 Other applications

In addition to the modification of drug releasger two other typical applications of hot melt
extrusion including the preparation of drug-loaditds and taste masking have been reported (37,
38). Polymeric films containing drugs are usuakgidgned for local drug delivery systems such as
transdermal and transmuscoal drug administratimmgred with other time-consuming casting
techniques which may involve solvents and haverenmiental concerns, HME is a viable method
for film based formulations (38). The film can bletained by attaching a special roller unit to the
end of the HME and the thickness of the film cancbetrolled. Film preparation using hot melt
extrusion has been reported in articles (114-1E@).example, lidocaine was prepared into film
formulation by HME using hydroxypropyl cellulose R&) and hydroxypropyl methyl cellulose
(HPMC) as matrices (115). In this study, the foioratof an amorphous solid dispersion was
confirmed by DSC and XRPD (115). A burst drug reéeat the early stage (to reach the required
drug concentration in plasma within short time péyiand a sustained drug release at later stage
(to maintain the drug concentration in plasma) vesi@eved in the permeation test using diffusion
cell (115).

Taste masking can be obtained through the foomaidf interaction (such as hydrogen bonding)
between bitter drugs and polymer carriers (118hds also been reported that the unpleasant
flavour of the drugs can be masked if drugs cammbéecularly dispersed into polymer carries
(119). Therefore, hot melt extrusion as an effecfiwveparation process for solid dispersions was
introduced for taste masking. A case study repomsthg HME for the taste masking of
paracetamol by formulating the drug with EUDRAGIEPO and Kollidofi VA64(120). In-vivo
results by patients showed that both polymers camige a taste masking effect with the drug
loading up to 50% (w/w), and Kollid6nVA64 was slightly better (up to 60% w/w). This was
likely attributed to the fact that paracetamol \agtially crystalline in the EUDRAGITEPO melt
extrudates whereas although phase separated, f@anatevas still amorphous in Kollid8nvA64
dispersions as confirmed by PXRD. However, in thpgp it was not discussed why amorphous
solid dispersions showed better taste masking teffen solid dispersions containing crystalline
drugs. Nevertheless, the results still demonstritatiusing HME as to prepare amorphous solid

dispersions was an effective method for taste mgski

1.6 Physical stability of amorphous solid dispersits

Although amorphous solid dispersions have shogh potential of improving dissolution rate of

poorly water-soluble drugs, the commercial applocabf solid dispersions is very limited (Table
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1.1). There are still many hurdles for commerciagisamorphous solid dispersions, such as:
dosage form development; scale-up; and the cherargiphysical stabilities of the formulations.
Amoungst these hurdles, the physical stabilityrabgphous solid dispersions has been considered
as the very key factor and has been the subjetiost published reports in articles (6, 19, 37, 38,
65).

An amorphous drug-polymer solid dispersion ishermodynamically instable delivery system
since molecularly dispersed drugs (high energylJenahe system will tend to convert back to the
more stable crystalline form (low energy levelladang to the physical stability issue. Freshly
prepared amorphous solid dispersions may have riing rdolecularly dispersed in the polymeric
carriers. On aging the physical instability of aptoyus solid dispersions could occur in the form of
phase separation and recrystallization due todlaeation of high energy-level drug molecules and
molecular mobility of drugs (can be acceleratedsbyrage condition i.e. stressed humidity or
temperature). Phase separation refers to the prozesh amorphous solid solutions where
molecularly dispersed drug molecules migrate togretio form a drug-rich phase eventually
containing a higher drug concentration than theage bulk drug concentration. Recrystallization
could then occur within the drug-rich phase wherdbgh concentration amorphous drug
recrystallize out to form the more stable crystallistate. A proposed procedure of the physical

instability of amorphous solid dispersions on agsmghown in Figure 1.11.

Ideal (solid solution) Phase separated recrystallized

Figure 1.11: Proposed procedure of the physical itesbility of amorphous solid dispersions on aging.

Polymer chain
Drug molecule

Recrystallization could also take place if nuckie provided. Nuclei can be the residual
crystalline drug in the solid dispersion or foreggrticles from the surrounding environment (121).
With the occurrence of phase separation or redligstiion, the attempt to improve dissolution rate
of poorly water-soluble drugs using amorphous sdigpersions will fail as the recrystallized
drugs do not have as high dissolution rate as itin@@hous form. Therefore, the understanding of
the physical stability of amorphous solid dispensits essential for the formulation development.
Although phase separation might be inevitable mglame period on aging, with the development

of methods for enhancing the physical stabilityogshous solid dispersions can still be extended
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to a desired time length (acceptable shelf lif&)ore importantly, the prediction of the physical

stability of amorphous solid dispersions is higdgmanded in the pharmaceutical industry at the
early stage of the formulation design as this cavesthe time and decrease expense for the

formulation development.

Factors which can potentially affect the physistbility of amorphous solid dispersions have
been investigated widely, and glass transition tmamoires, molecular mobility, physical stability
of amorphous drugs alone, miscibility between draigd polymers and solid solubility of drugs in
polymers have been considered as key factors imflng the physical stability of solid dispersions
(6, 31, 63, 122, 123). These factors will be disedsin the following sections in detail.

1.6.1 Glass transition temperature

Glass transition temperatureg(is a kinetic parameter associated with the mol&culation
(viscosity) in amorphous state. Below thie amorphous materials are “kinetically frozen'itw
great viscosity) into the thermodynamically unstalglassy state, and any further reduction in
temperature has only a small effect on the decreaslecular motions of amorphous solids.
Whereas abovegTamorphous solids will enter rubbery state witingicantly increased molecular
motion and decreased viscosity (31). Molecular arotias been be related to the occurrence of the
phase separation and recrystallization in amorplsolid dispersions (31, 124). This is because
that molecular motion of drugs (drug migration) @amorphous solid dispersions can cause the

formation of phase separation in amorphous soifgaisions and further recrystallization.

For amorphous solid dispersions, glass transitemperatures can be used as indicators to
describe their physical state (125-127). If a bi@mug-polymer system is miscible, only a single
T, can be observed using DSC. The presence of tves glansitions indicate that phase separation
has occurred or the system is partially miscibl).(50r miscible drug-polymer systems, if the T
of the drug is lower than the, ©f the polymer, drugs can act as a plasticizeckiian reduce the
T, of the system due to the ability of drugs as smadlecules allowing the polymer chain
segments to have greater freedom. But this alsdfesas the anti-plasticization effect provided by
the polymer could increase thgt® a higher value in comparison to that of pure iganous drug.
This may prolong the physical stability of amorph@olid dispersions compared with amorphous
drugs alone (19). If theTof the drug is higher than the, ©f the polymer, anti-plasticizing of
drugs effect could be expected, which may leade$s feasibilities for processes (i.e. in creased
torque value in HME) (37).

The Gordon-Taylor (G-T) equation is a useful toopredicting the glass transition temperatures
of drug-polymer solid dispersions (126-128). Fompgetely miscible binary drug-polymer solid

dispersion, the glass transition temperature ofytstem can be calculated by:
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Tamix = [(W1Tg1) + (Kw2Tg)] / [wy + (Kw;)] Eq 1.3

whereTy,, Tg, andTgmix are the glass transition temperatures (in Kelemgerature) of component
1, 2 and the mixture, anth andw, are the weight fractions of each componentlérnsi a constant

which can be calculated by:

K=~ (png]_) / (pngz) Eq14

where p; and p.are the true densities of each component. The atigh of the equation in
predicting the miscibility of solid dispersionsdién the comparison between the theoretical and
experimental Jnix values of the system. Gordon-Taylor equation setdeon the assumption that
the mixing processing is ideal in which the molesufrom the two components are blended
completely (126). Therefore, if the consistencytlod comparison between the calculated and
experimental Ik values is acquired, it may indicate that this eysts miscible (129). However,
exceptions have been reported in articles (126, 120). The discrepancies ofsTbetween the
calculations from Gordon-Taylor equation and experntal data may be caused by two reasons.
Firstly, interactions between drugs and polymeranmmorphous solid dispersions can result in the
deviation (127). Positive deviation whereby theeskpental value is higher than the G-T predicted
one could occur if the interaction between drugs polymers are stronger that that between two
drug molecules (130), whereas negative deviationldcdye observed if the drug-polymer
interaction is weaker than that between two drudemdes (131). Secondly, water sorption in
amorphous solid dispersions can decrease thallie of the system as water is a well-known
plasticiser (129, 132).

1.6.2 Molecular mobility and structural relaxation of amorphous drugs

Molecular mobility of drugs is commonly consideéreo be a key factor associated with the
stability of amorphous solid dispersions since highlecular mobility of drugs in the systems can
lead to phase separation and recrystallizationmiorphous solid dispersions on aging (31). As
mentioned in former sections, amorphous materidlglwremains in the non-equilibrium state at
the temperature belowy have extra enthalpy and configurational entrogg\flts from the extra
number of configurations of molecules in amorphstate in comparison to the corresponding
crystalline state). Therefore, on aging the nonidxmjium amorphous materials will approach
towards the equilibrium state by releasing thoseaegnthalpy and configurational entropy. This
reducing extra energy process is termed as stalctalaxation and the time length where the
structural relaxation occurs is termed as relaratime. Molecular mobility is in a reciprocal

relationship to the relaxation time constamt [h the Adam-Gibbs model (133), it is calculated

7= 10eXp(C / (TY) Eq 1.5
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wherez is molecular relaxation time constafi,s a constant] is the absolute temperatui®,is

the configurational entropy, and is a material dependent constant. The equation furdiser

modified as Adam-Gibbs-Vogel equation:
7= 10eXp(D T/ (T (1 —Ty/Ty)) Eg61.

whereD is the strength parametégis the temperature of zero molecular mobility, dads the
fictive temperature (134). The fictive temperatisedefined as the temperature of intersection
between the equilibrium liquid line and the non-4éguum glass line. In most cases,VRlues are
very close to T values, and therefore in calculations thevdlue can be replaced by thg Vialue
(135, 136).

Two types of relaxations of amorphous materiagehbeen defined at temperatures below and
above the glass transition temperatures (43). Falecule with low M, (such as drugs), at the
temperature belowgJ the dominant relaxation procedurgistructural relaxation (termed as local
molecular mobility) which can take place by meahthe spinning of atoms within the molecular
structure. For amorphous polymers, at the temperdialowT,, B-structural relaxation refers to
the vibrating of the side chains of the polymer7)13 At the temperature higher thag, The
dominant relaxation isi-structural relaxation (termed as global molecuability) (B-structural
relaxation still occur at this temperature) whiculd occur for both amorphous drug and polymer
whereby an intact molecule will be mobilised (13Mese two types of relaxation can be detected
by techniques such as DSC, Dynamic Mechanical AmipPMA) and dielectric spectroscopy (31,
138, 139). For instance, stored under ambient tondfor a certain time period, relaxation
enthalpy of amorphous indomethacin at the glasssitian region can be detected on heating in
DSC, and the detected relaxation enthalpy was #&ibation of botha andf relaxations on aging
(31). The detected relaxation enthalpy was attetub the energy required to re-establish the
liquid state on heating (31).

Both relaxations of drugs and polymers in amogshsolid dispersions are responsible for the
physical instability on aging (31). As discussed\ad) molecular mobility of drugs were associated
with temperature, and will decrease with decreasigmg temperature leading to the increased
physical stability of amorphous solid dispersiofserefore, this introduced the topic of the storage
condition in terms of temperature for amorphougdsdispersions in the pharmaceutical industry.
In a study, molecular mobility of typically appliedharmaceutical ingredients at different
temperatures including amorphous indomethacin ésamting drugs), PVP (representing polymer,
naturally amorphous) and amorphous sucrose (rapregesugars) were investigated (31). It was
confirmed that at the temperatures 50K (and lovbelpw the glass transition temperature of

individual material, no molecular motions can bé&dted by DSC for any tested material, and the
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molecular mobility of amorphous materials couldraglected leading to materials remaining as
amorphous for over a period of years (31). Consettyyeit was suggested that amorphous solid
dispersions should be stored at the temperatuiig 660K to reduce the molecular mobility of

drugs in amorphous solid dispersions and thusa@ase the physical stability (31, 140).

In addition to the high storage temperature, steédsumidity can also increase molecular
mobility of amorphous drugs in solid dispersiond1(l Two potential effects of moisture uptake
on the molecular mobility have been suggestedtlfirabsorbed water into the solid dispersions
can act as a plasticiser (providing polymer chaiits greater freedom resulting in the reduction of
glass transition temperature of the intact systemd, thus with the decreaseg & faster molecular
mobility could be expected (142). Secondly, therfation of hydrogen bonding between drugs and
polymers in solid dispersions has been consideseahaeffective formulation tactic to enhance the
physical stability since molecular motion can bstnieted if drugs are hydrogen-bonded with
polymers. However, absorbed water molecules intosifstems can disrupt the hydrogen bonding
as the water molecule is highly potential hydrogending donor and accepter (141), and therefore
drug molecules can be forced to phase separatetfremmorphous solid dispersions and further to

recrystallize out.

1.6.3 Physical stability of amorphous drugs alone

Physical stability of amorphous drugs alone hasnbstudied in various aspects including
relaxation time of amorphous drugs under differstdrage conditions, bulk and surface
recrystallisation rate and recrystallisation termyef different amorphous drugs (143, 144).
Amorphous nifedipine and indomethacin showed sigaiit different recrystallisation rate between
the bulk and the surface, and the surface reclhgsitabn rate of the two amorphous drugs was an
order of magnitude faster than that of the bulkbjldaylor et al used quench cooling and spin
coating to prepare a variety of amorphous drugd, dassified them into three groups based on
their recrystallisation tendency (78, 144). In Tyt al studies, useful information concerning the
“glass forming ability” and “glass stability” of amphous drugs were provided and it was
concluded that drugs with high glass forming apilitere normally more physically stable (aged
under ambient condition) than drugs with low gléssning ability. However, the crystallisation
tendency of amorphous drugs prepared by melt-codl spin coating in these studies was not
completely the same whereby around 68% of caseseshthe same trend (78). This may suggest

that the physical stability of amorphous drugs ary depending on the preparation methods.

Little studies correlated the physical stabibfyamorphous drugs alone with the physical stabilit
of solid dispersions. Until recently, Ng et al (G8epared amorphous solid dispersions using spin
coating with felodipine, fenofibrate, celecoxib aodrbamazepine and polymers with different

hygroscopicity, and they found that the physicab#gity of these amorphous solid dispersions
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showed the same order as the physical stabilith@famorphous drugs alone. Therefore, it was
suggested that the physical stability of amorphdrugs alone can be one of the significant factors
affecting the physical stability of solid dispersso Although the mechanism is still not completely
understood, this observed correlation made a dwtion to the formulation development of
amorphous solid dispersions: the physical stabiityamorphous drugs alone is a key factor
influencing the physical stability of amorphousigatlispersions. In this project, the physical
stability of amorphous model drugs were investigadged under 0%RH/room temperature and
75%RH/room temperature. Moreover, to completely emsthnd the physical behaviour of
amorphous drugs alone and to avoid the effect eégusing methods, samples were prepared by

melt—cool and spin coating.

1.6.4 Miscibility between drugs and polymers

The significance of drug-polymer miscibility omet physical stability of amorphous solid
dispersions has been emphasized by articles (12@, 146, 147). Miscibility is a concept
originally applied in the liquid solution theory tlescribe the mixing of two liquids whereby if two
liquids are miscible a homogeneous solution by ngxof the two should be formed with any
proportions. In other words, a single phase satutibich is thermodynamically stable should be
formed at any ratios of the two liquids. Miscibjliwvas further applied in the polymer and
pharmaceutical industry to describe if the mixingtwo polymers or drugs and polymers are
thermodynamically favourable (34, 122, 148, 149jdEntly, if a drug and a polymer are miscible,
a physically stable solid dispersion could be eiguksince it is a thermodynamically favourable
single-phase system. Miscibility between drugs aotymers has been studied using different
theoretical and practical methods including usiollsility parameters, melting point depression

and observation under hot stage microscope (34,142 150-152).

1.6.4.1 Solubility parameters

Solubility parameter is a concept defined by tbesive energy. The cohesive energy is the
amount of energy required to separate the constitamms or molecules of the material to an
infinite distance. It is a direct measurement @f &ttraction force that atoms or molecules have for
one another. Cohesive energy is the whole effeatllothe inter atomic/molecular interactions
including: Van der Waals interactions; ionic bonligdrogen bonds and electrostatic interactions
(150). Solubility parametes, of a compound is defined as the square rootsoéahesive energy
density (153):

5 = (4E, | Vin)*® Eq1.7

where4E, is the energy of vaporization, amy, is the molar volume. The units of the solubility
parameter are (JA°, MPd"%or (cal/cni)®>.
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Solubility parameters of materials can be meabure predicted by different approaches. For
materials which are stable above their boiling fmitheir solubility parameters can be directly
determined by measuring their evaporation energpraing to the definition irEq 1.7 (154).
Another practical method of measuring solubilitygraeter is using inverse gas chromatographic
experiments by the retention times of gases of knoeahesive energies (155). However, these
direct measurement methods were not widely appgicaiomaterials with high molecular weight,
such as polymers. In order to predict solubilitygmaeters of high molecular weight materials, a
theoretical approach based on group contribution egablished. Basically, a chemical entity with
complicated structure can be divided into differemtall groups, and the solubility parameters of
those small groups can be measured by the vaporisatethod (156). Therefore, the solubility
parameter of the complicated materials with higHemar weight can be estimated. The group
contribution methods were further developed and ifisatlby different researchers such as the
Hansen solubility parameters and the Fedor sotylpiarameters (157, 158). In case studies, the
predicted solubility parameter value did not shaynificant differences between different methods
(159). In this study, Fedor's group contributionthm was used to calculate the solubility
parameters of model drugs and polymers, and detdilthe application of this method are

discussed in Chapter 4 (section 4.3.1.1).

The application of solubility parameter in predigtimiscibility between drugs and polymers is
based on the classic solution theory “likes disssllikes” whereby if two solvents have similar
solubility parameters they can be mixed to formnéarm solution with any ratios (i.e. mixing
water and ethanol). Similarly, if drugs and polymare predicted with close solubility parameters,
a miscible drug-polymer solid dispersion could bepared. It has been suggested empirically that
compounds with alé < 7.0 MP&° were likely to be miscible while compounds withi&> 7.0

MP&® were likely to be immiscible (159).

The comparison of solubility parameters can bapid way to predict miscibility between drugs
and polymers. However, exceptions have also beparted (122, 160). In a study regarding
nifedipine-PVP solid dispersion, the system wagligted as immiscible which conflicted against
the experimental results (122). This difference w#sibuted to the inappropriate use of the
solubility parameter for systems containing spegifteractions. Indeed, the hydrogen bonding was
confirmed by FT-IR between the drug and the polyrireanother study, it was found that tié
between the components was not the decisive féatgrediction of miscibility of drug-polymer
solid dispersions (160). In some cases in thisystadystem (Vitamin E TPGS-EUDRAGIEPO)
was immiscible even with .4 of 0.8 MR%® where as another system (Tartaric acid- EUDRAGIT
EPO) with a45 of 19.8 MR®® presented good miscibility and stability (160).eTiinderpinning
reason was the special acid-base interactions iitaff@acid- EUDRAGIT EPO systems (160).

Although for systems with strong drug-polymer imigtion, the solubility parameter is not
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appropriate for miscibility prediction, it still cabe a useful method for approximate estimation of

drug-polymer miscibility in pre-formulation desi¢h50).

1.6.4.2 Melting point depression

Melting point depression is a thermodynamic appnd@e studying miscible amorphous solid
dispersion. The melting point of a pure drug oceudhen the chemical potential of the crystalline
drug equals to the chemical potential of the motteug. If the drug is miscible with a polymer,
then the chemical potential of the drug in the om@twith the polymer should be less than the
chemical potential of the pure crystalline drugd @imus the reduced chemical potential will result
in a depressed melting point of the drug with tlestence of the miscible polymer (161). In
contrast, if the drug and polymer are immiscible nmelting point depression is expected due to the

unchanged chemical potential brought by the presehpolymers.

Briefly, the melting point depression approach doo¢ a simple method to test the miscibility
between drugs and polymers by running a physiceiurg of the drug and the polymer in DSC on
heating. The presence of the depressed meltingmdagate the drug and the polymer are miscible.
The melting point depression approach has beeregrty be effective in predicting miscibility
between felodipine and nifedipine with PVP in detic(122). In addition, combined with Flory-
Huggins lattice based theory, the melting pointrdegion method can be further applied to predict
solid solubility of drugs in polymers (34). Meltinmpint depression method was used in this project
for the prediction of drug-polymer miscibility arablubility. Details of the application of this

method are discussed in Chapter 4 (section 4.3.2.1)

1.6.4.3 Observation of miscibility using hot stagmicroscope

A hot stage microscope equipped with polarised tams be also used to observe the miscibility
between drugs and polymers (151, 152). Briefly,gatgt mixtures composed of crystalline drugs
and polymers with different proportions are heat&dhot stage microscope. At a temperature
below the melting point of the drug, through pdead lens, birefringence from the crystalline drug
should be seen. On heating to the temperature alt@venelting points of the drugs and glass
transition temperatures of the polymers, if drugsl @olymers are miscible two observations
should be obtained (151, 152). First, at the teatpee above the melting point of the drug, the
birefringence will disappear due to the meltingh# drug. Second, the physical mixture consisting
of melted drugs and liquefied polymers should ap@esaa single phase without any boundaries
(unlike the distribution of oil in water). Throughe test of the physical mixture with the whole

drug-polymer ratios, the range within which drugs miscible with polymers can be achieved.

Although this method has been applied in studiganding the miscibility between drugs and

polymers, several factors may influence the obskmesults can be speculated. Local drug to
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polymer ratio may differ from the desired ratioiasomplete mixing is very likely to occur when
preparing physical mixtures with extreme drug-padymatios, which could lead to the incorrect
miscible drug-polymer range. Moreover, bubbles ftthe melting of drugs and softening of
polymers under the microscope can confuse the judge of the existence of the drug-polymer

boundaries.

1.6.5 Solid solubility of drugs in polymers

Similar to the miscibility, drug-polymer solid Isbility is also a concept derived from aqueous
solution theory. But unlike miscibility regardiniget mixing of two liquids, solubility is defined as
dissolving a solid state material into a solventilithe equilibrium maximum concentration at a
certain temperature under a certain pressure. Uadeondition of a certain temperature and
pressure, a solute can dissolve in a solvate itheunt of the solute is below the solubility ie th
solvate. After dissolution, no recrystallisationpyecipitation of the solute should be observed as
the concentration of the solution is below the biity. Therefore, assuming drug-polymer solid
dispersions as liquid solution, if the drug loadinghe solid dispersion is below the solid solitil
of the drug in the polymer, no phase separatioreorystallization should occur. Based on this
hypothesis, a few studies have correlated the phlystability of solid dispersions with solid
solubility of drugs in polymers (19, 34, 122, 162).

1.6.5.1 Prediction of solid solubility of drugs irpolymers

Several theoretical methods have been reportethéoprediction of solid solubility of drugs in
polymers (56, 122, 162). Melting point depressi@mbined with Flory-Huggins lattice based
theory has been reported to predict solid solybdftfelodipine and nifedipine in PVP (122). The
interaction parametey from Flory-Huggins theory can be calculated udimg detected depressed
melting points from drug-polymer physical mixturggh different ratios, and by further using the
obtained interaction parathion the solid solubildl drugs in polymers can be predicted. This

method was applied in this project and detailsdiseussed in Chapter 4 (section 4.3.2.1).

Another model based on the measurement of medtinbalpy of crystalline drugs in physical
mixtures with polymers by DSC was recently devetby Qi et al(56). This model was a
modification of a previous melting enthalpy baseetimnod (163). It assumed the dissolution of
drugs in polymers on heating is endothermic and éwtoemes which involved drugs completely
dissolved in polymers andice versawere included in the model. The expected resttsndt
agree with the model in that article, and it washaited to the relatively high heating rate in DSC
This method was also utilised in the project anitkeof the model will be discussed in Chapter 4
(section 4.3.3.1).
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In addition to the methods mentioned above, aldyy method was reported in articles to

determine the solid solubility of drugs in polyméi$4). This method involved the preparation of
a series of drug-polymer physical mixtures. Theasty of individual physical mixture was tested
at the temperature above the glass transition teahpe of the polymer but below the melting
point of the drug. If the drug can dissolve in tdymer, the plasticising effect provided by the
dissolved drug should decrease the viscosity opthysical mixture. With increasing drug loading,
the viscosity should continue decreasing. Howetfethe drug loading was beyond the solid

solubility, the non-dissolved drug as another phimséhe physical mixture will increase the

viscosity. Therefore, by plotting the viscosity s drug loading (drug-polymer ratios in physical
mixtures) a negative slope should be seen untiltihging point where the slope started to be

positive, and the turning point was suggested asatid solubility of the drug in the polymer.

Assume the dispersed particles (drugs) are sisgled spheres, the reduced viscosity,

decreases with the increased volume frackaf the drug in the mixtures (164):

nlpe=1+25X Eq 1.8

wherey is the viscosity of the drug—polymer mixtuggis the viscosity of the pure molten polymer
and X is the volume fraction of the drug in the mixtur&qg 1.8 suggests the viscosity of the
mixture will increase when the drug-polymer ratiosses the solubility of drug in polymer. This
method was applied to pacacetamol-polyethyleneeBystin a study (164). The plot of measured
viscosity against drug loading from the study isvsh in Figure 1.12 (164). Measured solubility
using different shearing rates are listed in tigere. The turning point as described in the method

was clearly observed.
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Figure 1.12: Measured viscosity of the mixture agast drug loading at 120 °C at three different shear
rates: 1, 10 and 100 1/s. The critical drug loadirgare 37.6%, 32.9% and 32.4% for the shear rates df
10 and 100 1/s, respectively (164).
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However, this method can be limited as polyméliscain be very viscous even at the temperature

above their s, and thus the method is highly relied on the Idgcal and thermal properties of

drugs and polymers and may not be applied widely.

Recently, a new protocol to determine the soiybdf drugs into polymer matrix using co-milling
method was reported (162). In the study, superated indomethacin-PVP K12 solid dispersions
were prepared by using milling up to 8 hours. Thpes-saturated systems were heat-treated in
DSC at high temperature (1) for 2 hours to ensure the completion of de-ngjxirfi drugs from
the amorphous solid dispersions, and by re-scanthiegsame sample (after treated with heat at
120°C) from room temperature an increasgddlue was detected in comparison to thealue in
the fresh untreated sample. Using Gordon-Tayloragom, the drug concentration in the heat-
treated sample can be estimated using theallie from re-scanning, and this drug concentration
was considered as the solubility of indomethacirPWiP K12. Although this method made the
contribution to faster drug-polymer solubility prettbn, there still could be some potential issues
concerning the accuracy and application of the oektFRirstly, although milling has the potential
to prepare amorphous solid dispersions with fortimia containing PVP and drugs, it is not a
processing method which can be generally and widesd to transform drug-polymer mixtures
into super-saturated amorphous solid dispersioi$. (Bhis can restrict the application of this
milling method to a broad range of drugs and polgn&econdly, there was no physical stability
study of amorphous solid dispersions to support ébtmated solubility as amorphous solid
dispersions with the drug loading below the premtictolubility were expected to be physically
stable on aging. More importantly, this method dad take into account the effect of processing
method on the drug-polymer solubility and it hasreeported that apparent drug-polymer
solubility may vary depending on preparation meth(X8).

In this project, a practical milling method waeesifically developed for the apparent solubilify o

drugs in melt extrudates. Details of this methaadiscussed in Chapter 5.

1.6.5.2 Limitations on the prediction of drug-polyner solid solubility

Although great efforts have been made to predicmeasure the solid solubility of drugs in
polymers, there still remain a few challenges. thirssolubility is a constant associated with
temperature and pressure. Solid solubility predictey approaches such as melting point
depression method or rheology method is the valubeatemperature significantly higher than
room temperature, and therefore at room temperatheze pharmaceutical products are normally
stored the solid solubility could be lower as sditypcan decrease with decreasing temperature.
Secondly, predicted solid solubility by those aggttes did not take into account the effect of
preparation processes. For instance, practical solubility of drugs in solid dispersions prepared

by hot melt extrusion can be higher than the ptediwvalue by theoretical models as extra energy
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in terms of high temperature and pressure durieggmation is imposed on the system. It has been

reported that the physical stability of solid dispens with the same composition prepared by
different processes varied significantly, which wetsributed to the different apparent solid
solubility in solid dispersions by different proses(73). Thirdly, those assumptions in the
prediction models may underestimate the complinatibthe real drug-polymer system (such as

the existing drug-polymer interactions), which ¢ead to the less accurate prediction.

1.6.6 Interactions between drug and polymer in sali dispersions

Interactions between drugs and polymers in sdigpersions have been reported as another
important factor responsible for the physical digbof amorphous solid dispersions (165, 166).
Firstly, the formed interaction between the drugeunoles and the polymer chains in amorphous
solid dispersions (such as hydrogen bonding) csinicethe molecular motion of drugs and hence
it can increase the physical stability. Secondig, formation of the interactions between drugs and
polymers has been considered to be related tortigemblymer miscibility and solid solubility of
drugs in polymers. Therefore, it might be intentiedelect polymers which can potential interact

with drugs when designing amorphous solid dispassio

One of the common interactions between drugs @oigmers is hydrogen bonding which is
formed by the presence of proton acceptors and rdotdydrogen-bonding is likely to occur
among the carbonyl groups (acceptors), amine grédmsors) and hydroxyl groups (donors and
accepters). Drugs and polymers with these groups high tendency to form hydrogen bonding in
amorphous solid dispersions. The effective toatctmfirming the interaction are FT-IR and solid
state NMR (126). In FT-IR, the frequency of vibosts within a chemical structure is very
sensitive to how the atoms and molecules inter#tt meighboring functional groups. Variation of
peak positions and intensities in the IR spectram lze the indicators of the presence of hydrogen
bonding (167). In solid state NMR, comparing theroftal shift of amorphous drugs and drugs in
solid dispersion could be useful in judging thenfation of hydrogen bonding. Hydrogen bonding
was found to have significant effect on the physstability of amorphous drug-polymer systems
(168). The mechanism as suggested by those stwdeshe restriction on the molecular mobility

of drug molecules and the enhancement of drug-padymiscibility.

Besides hydrogen bonding, other interactions ifdstilspersions such as acid-base were also
discovered to be favourable for the enhancememthgstical stability of solid dispersions(169).
These interactions shared the same mechanism asgeydbonding which reduced the molecular
mobility to prevent phase separation and recryssibn. However, this type of interaction could
be very limited as it is dependent on the properiedrugs and polymers, and thus might not be

widely utilised in solid dispersion formulation dgs.
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Although the importance of hydrogen bonding imabdising solid dispersions has been
emphasized substantially, there is a concern orr@mas solid dispersions aged under stressed
humidity. Certain polymers which contain carbonybugps can be hygroscopic, such as PVP and
PVPVA, and aged upon exposure to stressed humiditg, very likely for amorphous solid
dispersions prepared with them to absorb moistsfe §3, 170). The moisture uptake can disrupt
the formed hydrogen bonding between drugs and paiynsince water molecule is strong
hydrogen bonding acceptor and donor (35). Accoldinthe occurrence of phase separation
followed by recrystallization is highly possible these systems. This has already been proved in
Qi et al paper that phase separation occurredadifgne-PVP system within 24 hours aged under
stressed humidity (64). Therefore, the formulatstrategy of selecting hydrogen bonding donor
polymers for solid dispersions might not be engirebrrect. In order to balance the formation of
hydrogen bonding and the issue of hygroscopiditg, dpplication of polymer blends containing a
hydrophilic and a hydrophobic polymer could be etifee. Using immiscible polymer blends as a
formulation strategy in melt extrudates to enhattee physical stability of amorphous solid

dispersions was developed in this project and meudsed in Chapter 7.

1.7 Principal aims of the project

The application of amorphous solid dispersiors leen proved to be effective in improving the
dissolution performance of poorly water-solublegdrun numerous studies in the pharmaceutical
industry. Since the first application of solid disgpions was introduced in 1961, great effort has
been input by pharmaceutical scientists to undedssalid dispersions in various aspects such as
preparation methods, physical properties of solishersions and development of polymeric
carriers for solid dispersions. However, althougd formulation conception of solid dispersions
has been introduced for decades, there have omlly fmv commercial products in market. The
main issue lies in the intrinsic drawback of amawh solid dispersions, the physical stability, as
high energy level drug molecules in amorphous sdigersions tend to revert back to the more
stable crystalline form. The physical instabilitpy aging in the form of phase separation and
recrystallization can eventually affect the distiolu performance, resulting in the failure of the

entire formulation strategy of using amorphousdsdispersions to improve dissolution rate.

This project was mainly designed to gain a gredépth of understanding of the physical stability
of amorphous solid dispersions and a greater danion to the prediction and enhancement of the
physical stability of amorphous solid dispersidnsthis project, hot melt extrusion was selected as
the main method to prepare amorphous solid dispessiith model drugs (felodipine, fenofibrate,
celecoxib and carbamazepine) polymers (EUDRAGEPO and Kollidofi VA 64). The principal

aims of this project are composed of three aspects:
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1. By investigating physical properties of modelgh and polymers and combined with the real
time physical stability study of amorphous solidgpdirsions prepared with them under different
conditions, dominant factors which control the pbgkstability of amorphous solid dispersions
can be revealed. Physical properties of model dargscharacterised in Chpater 3. Real-time
physical stability studies of melt extruded systgrepared by hot melt extrusion are discussed in
Chpater 6.

2. To develop a practical method (milling method) the accurate prediction of drug-polymer
solubility in amorphous solid dispersions prepargdiot melt extrusion. Drug-polymer solubilities
(thermodynamic solubility) predicted by theoretiagproaches are discussed in Chapter 4. Milling
method which is developed for the prediction of gassing-related drug-polymer solubility is
discussed in Chpater 5. Comparing with the rea¢tphysical stability studies (Chapter 6), the
validation of the milling method can be tested. kighile, out of the practical point of view in the
pharmaceutical industry, the feasibility of thedtetical approaches in predicting drug-polymer

solubility can be investigated.

3. To develop two novel formulation strategiestf@ enhancement of amorphous solid dispersions:
using immiscible polymer blends (Chapter 7) intnegttruded formulations and using spin coating

(Chapter 8) as processing method for the preparafiamorphous solid dispersions.
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Chapter 2 Materials and methods

2.1 Introduction

With the increasing application of amorphous sdigpersions in the pharmaceutical industry, the
enhancement and prediction of the physical stghgibecoming more and more significant as the
physical stability of amorphous solid dispersioa®ne of the key challenges associated with the
formulation development of solid dispersion (1-B).order to investigate the dominant factors
which control the physical stability of solid dispimns and to further enhance the physical stgbilit
of amorphous solid dispersions, four model drugduiing felodipine, celecoxib, fenofibrate and
carbamazepine with different physicochemical prtoeer such as different glass transition
temperatures different melting points and differemystallization tendency of individual
amorphous drugs, were selected in this project)(E&JDRAGIT® EPO as the main model
polymer was mainly used to formulate with the madteigs by hot melt extrusion. EUDRAGIT
EPO is a hydrophobic polymer and thus it might @colamorphous drugs from recrystallization
under stressed humidity (7). KolliddiVA 64 was also used in this project and it wasrigiated
with EUDRAGIT® EPO together (immiscible polymer blends) in hottragtrusion to enhance the
physical stability of amorphous solid dispersiotis§ussed in Chapter 7).

To understand the physicochemical properties wiorphous solid dispersions, different
characterisation technologies were employed. Fsraite, Powder X-Ray Diffraction (PXRD)
results presenting amorphous halo rather than pealisate the majority of components in the
solid dispersion was mainly amorphous (8). A singlass transition detected by Differential
Scanning Calorimetry (DSC) in binary drug-polymespersion may indicate a single-phase
amorphous solid solution (9). Fourier Transformrdnéd Spectroscopy (FTIR) alone with solid
state NMR (ssNMR) can be used to judge if intecardti(e.g. hydrogen bonding) have been formed
between drugs and polymers in solid dispersionsdas the analysis of peak positions (10, 11).
Besides these conventional characterisation teakejgsome analytical technologies with high
spatial resolution, such as Atomic Force Microscopynbined with Localised Thermal Analysis
(AFM-LTA) and Photothermal Microspectroscopy (PT-M$&ere used to map the drug-polymer

distribution of amorphous solid dispersions at arom to sub-micron scale (12).

In this project, conventional technologies indhgd DSC, PXRD, ATR-FTIR, ssNMR and
localised technologies with high spatial resolutiociuding Scanning Electron Microscope (SEM),
AFM-LTA and PT-MS were applied to characteriseagdlispersions. Thermal gravimetric analysis

(TGA) was used to test the thermal stability of eniais for hot melt extrusion. Dynamic Vapour
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Sorption (DVS) was used to investigate the behavodwvater sorption of samples upon exposure

to stressed humidity.

2.2 Materials

Felodipine, fenofibrate, celecoxib, carbamazepiné EUDRAGIT EPO were kindly donated by
Evonik Industries AG, Darmstadt Germany. KollilodA 64 (PVPVA) was received as a gift
BASF, Ludwigshafen, Germany.

2.2.1 Felodipine

Felodipine (ethyl methyl 4-(2, 3-dichlorophengl)- 4-dihydro-2, 6-dimethyl-3, 5-
pyridinedicarboxylate), as shown in Figure 2.1,aisC&" antagonist and a member of the
dihydropyridine family with analogues including &dfipine, nitrendipine and nicardipine (13). It
has been widely used to treat hypertension. Comaleproducts containing felodipine are
available in market such as PIef*?dﬂAstraZeneca Pharmaceuticals, dose includes 2.&ndb
10mg/tablet). Felodipine is a typical BCS Il drughwa low agueous solubility of 0.5mg/L at room
temperature (14). Three polymorph of crystallinedgine has been reported with the onset value
of melting points of 144 for form |, 141.8C for form Il and 133.4C for form Il and amongst
these polymorphs form Il was most stable (15).idstate transition of different polymorphs of
crystalline felodipine has been reported wherelatihg the melt-cooled amorphous felodipine at
10°C/min melting points of different polymorphs weretected (4). However, it was not further
discussed if using different heating rates rechystion of polymorphs could controlled
specifically (4). In another study, crystallisingtdrom the felodipine solution in co-solvent (n-
hexane: methanol 10:1) at room temperature, foinfwith the melting point of 133°€ was
successfully prepared) (16). The Glass transitemperature of amorphous felodipine has also
been reported as 45 (14).

Figure 2.1: Chemical structure of felodipine.
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2.2.2 Celecoxib

Celecoxib is a non-steroidal anti-inflammatoryugir(NSAID) and selective cyclo-oxygenase
(COX-2) inhibitor used in the treatment of ostebatis, rheumatoid arthritis, acute pain (17). The
commercial product of celecoxib was manufacturedPfiger and was named as CeleBréstose
100mg/tablet). The chemical structure of celecagibhown in Figure 2.2. Celecoxib is a BCS I
drug that has low water solubility of 5Smg/L at roéemperature but good permeability (18). Three
polymorphs of crystalline celecoxib have been regabin literature with the onset melting points
of 162.8C for form 1, 161.8C for from Il and 160.& for form Il and form Il is the
thermodynamically stable form under ambient conoditi(19, 20). There were few articles
discussing the solid state transformation betwedtarent celecoxib polymorphs, and thus it was
not clearly understood the recrystallization bebawiof amorphous celecoxib. In this project,
celecoxib polymorphs with different melting pointeke detected on heating the melt-cooled
amorphous celecoxib (discussed in Chapter 3). Hewdkie mechanism was not understood. The

glass transition temperature of amorphous celedwxibbeen reported as’68(5).

/

°\\/©

S
H2N/ \\
¢}
Figure 2.2: Chemical structure of celecoxib.

2.2.3 Fenofibrate

Fenofibrate is clinically administrated to cottrcholesterol levels in patients at risk of
cardiovascular disease by reducing low-densitypliptein and very low density lipoprotein and
increasing high density lipoprotein (21). Fenoftbrdnas a broad clinical dose ranging from
48mg/capsule (i.e. TrictBby Abbots) to 200mg/capsule (Lofilfray Teva Pharmaceuticals). The
chemical structure of fenofibrate is shown in Feg@r3. It has been reported in literature that as
classified into BSC Il, the aqueous solubility ehbfibrate is extremely low (below 0.5mg/L) (22).
Two polymorphs of crystalline fenofibrate have beeported in literature with the stable form |
(melting point 86C) and metastable form Il (melting point°Z3 (23).Transformation between the
two polymorphs has been reported (23). By maimaimnelt-cooled amorphous fenofibrate at the
temperature of 4T and 76C, respective, recrystallized form | and Il werded¢éed using DSC

(23). Glass transition temperature of amorphousfferate was reported as “19(5).
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AT T

Figure 2.3: Chemical structure of fenofibrate.

2.2.4 Carbamazepine

Carbamazepine (CBZ) is an anticonvulsant and rst@bilizing drug used primarily in the
treatment of epilepsy and bipolar disorder (24)eréhhave been a few carbamazepine branded
products in different countries and the dose vdrms 100mg/tablet to 400mg/tablet (i.e. Tegretol
by Novartis Pharma with both doses). At least faunhydrous polymorphs of crystalline
carbamazepine and a dihydrate have been confir@g®e@8). Thermodynamically, form Il has
been reported as the most stable form and on IgeiatiDSC a double melting could be detected
with the first one being a combination of meltifgfarm 111 at 162°C and transformation into form
| and with the second one being the melting of fdrat 19£C (29). The dihydrate form was
reported to form by using form Ill of to directlptact with water and the water (30). The water
content in dehydrates was circa 13% (w/w) (30). he Tsolubility and bioavailability of
carbamazepine has been reported to vary dependipglgmorphs. Form Ill, the most commonly
available on the market, presents a very low agaisolubility of 17.7mg/L (31, 32). The chemical
structure of carbamazepine is shown in Figure P¥. glass transition temperature of amorphous

carbamazepine was reported a¥5b).

Figure 2.4: Chemical structure of carbamazepine.

2.2.5 EUDRAGIT® EPO

EUDRAGIT® EPO is a cationic copolymer which is composed dhethylaminoethyl
methacrylate and neutral methacrylic ester unitshkasvn in Figure 2.5. It is a pH-dependent
soluble polymer that dissolves at the pH belowE&BIDRAGIT® EPO is naturally amorphous with
a glass transition temperature of approximatelSC5(B3). EUDRAGIT EPO has been widely
applied in pharmaceutical industry in taste maskiiaythe preparation of solid dispersions or
microspheres with bitter drugs (13, 34-36). Duétgmon-hygroscopicity, EUDRAGITEPO was
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also used to protect amorphous solid dispersiam® fmoisture uptake to enhance the physical
stability (7).

CHa CHs
—CHy— (‘I—CHZ — (|:—
ls e
R ¥
|
Ny
R=CHs, C4Hyg

Figure 2.5: Chemical structure of EUDRAGIT® EPO.

Recently, EUDRAGI? EPO was used in amorphous solid dispersions tease the dissolution
rate of poorly water-soluble drugs (15, 37, 38)n iBuprofen tablet prepared from compressing
ibuprofen-EUDRAGIT EPO melt extrudates was reported to show a simdimolution profile to
the commercial Nuroféh(39). Increasing the drug loadings in the tablgt tu 40% w/w) a faster
dissolution rate was observed and it was attribtbeithe faster disintegration of the tablet due to
the higher loading of talc (39). In another reskaam efravirenz-EUDRAGITEPO melt extrudate
was prepared and compared with the physical mixwith the same drug-polymer ratio, the
dissolution rate from the solid dispersions incegagwo times higher (15). These studies
demonstrated the feasibility of EUDRAGITEPO in the hot melt extrusion and its ability of

dissolution enhancement of some poorly water-seldnligs.

In addition, phase separation behaviour of EUDRIXGEPO based amorphous solid dispersions
was also studied (13, 17, 36, 40, 41). Hot meltrueldtes prepared with paracetamol and
EUDRAGIT® EPO were studied by Qi et al, and it was repotted crystalline drug could be
detected even in 10% (w/w) drug loading sample.(PHApse separation including molecular drug-
polymer dispersion and crystalline drug were vékgly to present in the solid dispersions (17).
Felodipine-EUDRAGIT EPO solid dispersions prepared by hot melt exdrusias studied by the
same group (41). After 2 month aging under 20%RM40nly little amount of crystalline
felodipine was detected in 70% (w/w) drug loadiagple. These finds indicate that drug-polymer
solid solubility is drug-dependent and differenugs formulated with the same polymer can
present significantly different physical stabilityn addition, a very recent study on the
investigation of the physical stability of spin tee solid dispersions showed that EUDRAGIT
EPO can strongly protect solid dispersions fromsghaeparation under stressed humidity in
comparison to PVP K30 and Soluplus. This was aiteid to the low hygroscopicity of
EUDRAGIT® EPO and moisture uptake has been suggested ag fadter causing physical
instability of the studied solid dispersions (7prSequently, based on the good processibility of
EUDRAGIT® EPO in hot melt extrusion and its low-hygroscdpiciature, it was selected as the
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main model polymer to formulate solid dispersionthwnodel drugs by hot melt extrusion in this

project.

2.2.6 Kollidon® VA64

Kollidon® VA64 (PVPVAG4) is a hydrophylic polymer which isomposed of 6 parts of N-
vinylpyrrolidone and 4 parts of vinyl acetate (Fig2.6). It is an amorphous polymer with a glass
transition temperature of 10 (42). Kollidorf VA64 was originally invented as a binder for wet
granulation or dry binder for direct compressiomello the suitable glass transition temperature
and good thermoplasticity, Kollid6nVA64 was introduced as polymeric carriers in hatltm
extrusion (43). Amorphous solid dispersions prepdmg hot melt extrusion with Kollid6hvVA64
have been reported to show enhanced dissolutidorpence (44-46). In a study regarding the
improvement of a model poorly water-soluble drugganabinoid antagonist, newly synthesised),
the formulation prepared with 10% w/w drug and 9@%w) Kollidon® VA64 showed 100% drug
release whereas only 3% of the pure drug dissalvelér non-sink condition within the same time
period (21). The formulation was still confirmed asnorphous after 15 days aged under
75%RH/40C. In another study, bifendate was prepared irett extrudates with KollidohVA64
(47). In comparison to the commercial product, gnificant increase of dissolution rate was
observed in the melt extrudates with 10% (w/w) doagling. In addition, a relative bioavailability

of 145.3+35.3% compared with commercial product actseved.
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Figure 2.6: Chemical structure of Kollidon® VA64

As can be seen in the chemical structure (Figu8k Kollidor® VA64 contains exposed carbonyl
groups indicating its strong potential as an aarea form hydrogen bonding with drugs contain
donor groups (i.e. NH or OH) in solid dispersiofkis may lead to a high drug-polymer solubility
in amorphous solid dispersions (48). Although imparison to PVP K30, 40% of hydrophilic
components, vinylpyrrolidone, has been replacedymrophobic group, vinyl acetate, moisture
uptake by solid dispersions prepared with Kolliiarm64 was reported (49, 50). In this project,
Kollidon® VAB4 was used with EUDRAGIT EPO as an immiscible polymer blend matrix to
stabilise melt extruded solid dispersions with dighine. The hypothesis can be described as
follows. Firstly, the ability of Kollidofi VA64 to form hydrogen bonding with model drugs may

potential increase the overall drug-polymer soltybil Secondly, moisture uptake of solid
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dispersions prepared with KollidBiVA64 can be reduced with the addition of EUDRAGEPO.
Therefore, combined the two effects, the physitaibty of amorphous solid dispersions can be
enhanced if formulated with the immiscible polyni@ends. The application of the immiscible

polymer blends is discussed in Chapter 7.

2.3 Methods

Solid dispersions were prepared by hot melt extrusind spin coating in this study. In order to
investigate drug-polymer miscibility and solubilias well as characterise model drugs and solid
dispersions, several conventional characterisgtohnologies were used in this study including
MTDSC, ATR-FTIR and PXRD. Modulated temperature fatiéntial scanning calorimetry
(MTDSC) has been widely used in the pharmaceuinchlstry to provide the thermal properties of
materials in heating. Attenuated total reflectafoarrier-transform infrared spectroscopy (ATR-
FTIR) has been used to gain chemical informatiordiug-polymer solid dispersions. Powder X-
Ray diffraction (PXRD) can be used to distinguishyatem from crystalline to amorphous state.
Besides these technologies mentioned above whioWidae bulk properties of solid dispersions,
microscopy based technology including scanningtedae microscopy (SEM) and atomic force
microscopy (AFM) combined with local thermal anay$LTA) and photothermal microscopy
(PT-MS) were also used in this study to understdwedform, distribution and physical stability

occurred on a spatially resolved basis.

2.3.1 Preparation of drug-polymer solid dispersions

2.3.1.1 Hot melt extrusion

The principle and application of hot melt extarsiin the pharmaceutical industry has been
described in detail in Chapter 1 (section 1.4.B)this study, all melt extruded formulations were
carried out on a Thermo Scientific HAAKE MiniLab (Thermo Scientific, UK) with co-rotating
twin screws. In this study, the rotation speed le# twin screws was set at 100r/min unless
otherwise stated. The barrel temperature was g&need higher (~8C) than the melting points of
model drugs (it was specified in the case, if défé operation temperature was used). The dwell
time was maintained for 5 min for all formulatiotsensure the complete mixing and melting of

drug and polymer powder mixtures.

2.3.1.2 Spin coating

The mechanism and principle of spin coating feenbdiscussed in Chapter 1 (section 1.4.3). In
this project, spin coating was used to prepare pamorphous drugs to investigate
theircrystallisation tendency and physical stapilbolid dispersions were also prepared by spin

coating in order to compare the physical stabiliiyh solid dispersions prepared by hot melt
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extrusion and evaluate whether the physical stalifi the solid dispersions with the same drug-

polymer composition varies depending on differeepparation processes.

A G3P-8 spin coater (Specialty Coating Systenmreéyn) UK) as shown in Figure 2.7 was used to
prepare samples in this study. Generally a mixtfirethanol and dichloromethane with the ratio of
50:50 was used as the solvent to prepare soluttorspin coating since model drugs and polymers
all have high solubilities in this mixed solvem.dddition, the selection of the solvent ensures th
fast evaporation during spin coating as the boifgnt of dichloromethane is only 39@G This
can bring the boiling point of the solvent mixtugichloromethane and ethanol) to the value in
between 39.%€ and 78.2C (boiling point of ethanol). Solid concentratiohadl solutions was 15%
(w/v) which provides the viscosity to form the tHilm with suitable thickness (approximately
10um). In spin coating, a piece of square-cut nsicopy glass slide with the size of 25mmx25mm
was placed on the chuck (Figure 2.7). Vacuum wasiged underneath the chuck to ensure the
substrate was attached tightly during spinning. d&bsample preparations, the spinning speed was
maintained at 2000 r/min with a duration time ofi@m\ith this set of parameters, no residue
solvent was detected when testing the sample by -BTIR (no typical solvent peak was

observed).

Figure 2.7: A G3P-8 spin coater (Specialty Coatin§ystem, Surrey, UK).

2.3.1.3 Milling

In this project, milling was used for two purpsse€irst, it was used as a downstream method to
process strand form melt extrudates into powder ther dissolution test (particle size was
controlled using sieve to the size between 63 d6jiin). Second, milling was developed into a
practical method for the accurate prediction of épparent solubility of model drugs in melt
extrudates (details are discussed in Chapter 5S)ibfating ball milling (Retsch MM 400 Ball
Milling, Haan, Germany) was used in this projecig(ffe 2.8). The milling balls were made of
stainless steel with a diameter of 7mm. Paramdteisiding milling vibrating frequency and

milling time is discussed in the related chapters.
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Figure 2.8: Retsch MM 400 ball milling (a); milling chamber and the steel balls for milling (b).

2.3.2 Physicochemical characterisation techniques
2.3.2.1 Differential scanning calorimetry (DSC)

2.3.2.1.1 Basic principles

Differential scanning calorimetry (DSC) is a tmal analysis technique which was first
commercially introduced in 1963 (24). It providesalitative and quantitative information as a
function of time and temperature regarding thermransitions in materials that involve
endothermic or exothermic processes, or changéganh capacity (51). Generally, there are two
types DSC instruments: power compensation and fheat Power compensation DSC involves
two separated furnaces for the reference and rsdmple. The common principle of power
compensation DSC is to heat both the referencaledample simultaneously in such a way that
the temperature of the two is kept identical, ahd extra powder supply to maintain the
temperature is measured (52). Unlike power comgiemsBSC using two furnaces, heat flux DSC
uses two crucibles for the sample and for the eefee within one furnace as seen in Figure 2.9.
They are both heated from the same source aneémfgetature difference between the sample and
the reference is measured (52). The signal is ¢bemerted into the power difference as shown in

the following equation:
dQ/dt=AT/R Eg2.1

whereQ is the heatt is the time4T is the temperature difference between the sammdetize
reference and is the thermal resistance of the heat paths betues furnace and the crucible.
Therefore, if heat paths are identical, the heat filifference can reflect the temperature diffeeenc

between the sample and the reference.
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Figure 2.9: Opened furnace with two crucibles in Q000 MTDSC.

The total heat content of a material is in linedationship to its heat capacity,(@g°C) which is

the quantity of heat required to change the tentpex@f the material by 1K:
¢=dQ/dT Eq2.2
Rearranging this equation with time:
dQ /dt = g(dT / dt) Eq2.3

wheredQ / dtis the heat flow andT / dtis the heating rate. With this equation, the defgial
heat flow can be a measure of the sample heat ibap@SC data is normally expressed with the

heat flow as a function of the temperature. A tgp[@SC thermograph is shown in Figure 2.10.

Heat Flow (W/g)

T T T
50 100 150
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 2.10: DSC result of felodipine measured ahe heating rate of 16C/min.

2.3.2.1.2 Modulated temperature differential scanmg calorimetry (MTDSC)

Conventional DSC mentioned above is a powerfol to measure thermal event such as melting
accurately. However it cannot distinguish overlagpithermal events: glass transition and

relaxation could occur within the same temperatarge for some amorphous drugs and polymer
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(53). MT DSC was designed to separate overlapgiagnal events. Compared with conventional
DSC, a sinusoidal modulation is overlaid on theedin ramp, namely, a perturbed heating or
cooling process. As a result, there are three bimsarelated to DSC results and they are average
heating rate (underlying heat rate), amplitude ofdumation and frequency of modulation. With

effects of these variables, the equation describaag flow can be reorganised as follows:
Qddt =G, (dT/dt +f(t,T)) + f(t,T) Eq2.4

wheredQ / dtis the total heat flow comprises two contributiod$ / dt is the heating rateC,is

the heat capacityf (t,T) is the thermodynamic heat flow componeand f(t,T) is kinetically
limited heat flow (12). This equation shows thaatteat flow comprises two contributions: one is
function of heating rate (heating rate dependent) the other one is a function of time and
temperature (temperature and time dependent). iferite dependent transitions tend to be larger
when evaluated using faster heating rates andeae¥ging. For instance, the transition (i.e. heat
capacity) can be cycled by altering heating andlimgo(termed as reversing transition).
Temperature and time dependent transitions caremog\ersed once initiated and these transitions
are termed as non-reversing transitions, such lagateon or decomposition. Consequently, by
separating signals into reversing and non-revergésgonses, overlapping thermal events can be

distinguished.

In addition to separating reversing and non-raunegr thermal events, MTDSC is also able to
measure the heat capacity more accurately in casguato the conventional DSC. In MTDSC, the

heat capacity dataC() is calculated (54):
=Ko Aur / AR Eq 2.5

whereK. is the heat capacity calibration constaqi; is the amplitude of the modulated heat flow
andAyr is the modulated heating rate. Therefore, theiegpn of large amplitude in MTDSC can
increase the heat capacity precision by reducingen(b4). For amorphous drugs, heat capacity
value normally increased when crossing the glamssition region on heating in DSC, and thus
with the high precision of the detection of heapawmty, MTDSC can be highly sensitive in

detecting glass transitions of amorphous mateft=ls

2.3.2.1.3 Calibration and experimental parameters

A Q-2000 MTDSC (TA Instruments, Newcastle, USAgswsed in this study. It is a heat flux
MTDSC. As mentioned above, two crucibles were g#tiwone furnace for this type of DSC. In
any measurement, the thermal behaviour of the emsfer is compared with that of the sample.

Therefore factors which will affect the accuracglsas heat adsorption by the two crucibles and
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heat loss through convection need to be minimisedirder to provide accurate and consistent

results by DSC, it is necessary to calibrate DSIOrbét is used.

For the Q-2000 MTDSC in this study, in standambe (used as conventional DSC), three basic
calibrations were required and carried out. Theyewmseline calibration, cell constant calibration
and temperature calibration. The baseline calibnaiinvolved two stages and the first stage was
running DSC with empty cell (furnace) at a wide pemature range from -80 to 400°C at the ramp
of 20°C/min. The second stage was performed witiming two sapphire disks placed on sample
and reference crucibles, respectively. After baselcalibration, results will be saved in the
machine which can ensure the temperature variatiorscanning be minimised. Cell constant
calibration (enthalpy calibration) was performedhaunning indium through its melting transition.
The measured heat flow was compared with the vsiloeed in the machine and the ratio from
those two was the cell constant. Temperature eidor is designed to correct the thermalcouple
readings of temperature under experimental conmditid hree standards (n-octadecane Vijlof
28.24°C, indium withT,, of 156.60°C and Tin witf,, of 231.93°C) with high purity were used to

calibrate temperatures.

For MTDSC, addition heat capacity calibrationréquired. In order to run MTDSC, three
parameters are required to set up including ang@itwnderlying heating rate and period. The

relationship between these three parameters ismeemded by the manufacturer (55):
amplitudéheating rate x period) / (2 x 60) Eq 2.6

where the unit of heating rateS/min, the unit of period is s, and the number®fs$to adjust the
second into miniute. By changing the parametersDBIC measurement can be improved, i.e.
larger amplitude can increase sensitivity of détgcthermal events such as glass transition as
described above (56). In this study, an aluminiuxid® sapphire was used for heat capacity
calibration for modulated mode. The modulation paters used were +0.318°C/60 sec with a
2°C/min underlying heating rate. With this set afameters, thermal events such as glass transition
and recrystallization of model drugs and polymens lbe clearly detected. In this study, all samples
were tested in TA standard crimped pans. For eantpke, measurements were repeated at least

three times (n=3).

2.3.2.2 Thermogravimetric analysis (TGA)

Thermogravimetry is one of the oldest thermal ldiwal procedures and has been used
extensively in the study of polymeric systems (Botl et al, 1946). The technique involves
monitoring the weight loss of the sample in a choatmosphere (usually nitrogen or air) as a

function of temperature. It is a combination ofuitable electronic microbalance with a furnace, a
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temperature programmer and computer for controichvhllows the sample to be simultaneously

weighted and heated in a controlled manner, andngees, time and temperature to be captured. In
the pharmaceutical industry, TGA is applied to cosiponal analysis of drugs, the volatile
components of substances, effects of water vapouthe stability of crystalline drugs and
excipients, and the determination of the water eamntboth free and bound, of a wide variety of

materials (57).

In this study, TGA was used to determine thentadrstability of the drugs and polymers upon
heating to assist with selecting the operation tmamoire in hot melt extrusion to avoid thermal
degradation occurred in process. It was also usatbtect the quantity of water uptake by solid
dispersions upon exposure to high humidity. It igni§icantly important to measure the water
content in solid dispersions since water can aet algsticizer that can increase molecular mobility
of amorphous drugs and compete against drugs mirigr hydrogen bonding with polymers to

increase physical instability of solid dispersions.

2.3.2.3 Dynamic vapour sorption (DVS)
2.3.2.3.1 Basic principles

Dynamic vapour sorption is a gravimetric technolagiich measures the water uptake of
samples upon exposure to humidity as a functicimed. It is a powerful tool to study the kinetics
of moisture uptake of samples. DVS is normally usetivo modes to investigate the kinetics of
water adsorption and absorption. The first oneersnéd as isohumidity whereby samples are
exposed to certain humidity at a fixed temperatarea certain time length until the equilibrium is
obtained. The second one is termed as isothermahvitivolves a step increase of the provided

humidity at a certain temperature and monitor tlssrchange of the sample against time.

DVS has been widely used in the food and pharotaa industry to evaluate the behaviour of
moisture sorption onto samples as water is a wedlakn plasticiser which can affect physical
property of materials (25, 28, 31). The applicatid DVS is to investigate the kinetics of moisture
sorption of materials and use different fitting hexhatical models to evaluate the process of
waster uptake. The water uptake by materials wg delivery systems (i.e. solid dispersions) can
be complex, and is typically divided into two stegmsorption (where moisture covers the surface
of the samples) and absorption (where moisturetpaas into the bulk of the samples). Different
models have been developed to describe the twestafpe classic Brunauer-Emmett-Teller (BET)
theory is applied to the adsorption of moleculetodhe surface and was typically depicted as
sigmoidal shape (33, 35). However, it only appteshe materials with water activity up to 0.4.
For more complex systems with water activity raom§e-0.9, the semi-empirical Guggenheim-
Anderson-de Boer was introduced (34). In the fefldolid dispersions, the Fickian Diffusion and

Case Il Diffusion are mainly the two widely usedduats as the process of moisture uptake of
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amorphous materials is dominated by either of th{86) 58). Through fitting the DVS using

different models, the process of moisture uptakebzabetter understood which could be beneficial
for the selection of storage condition for samplies. food or pharmaceutical dosage forms),

especially for developing formulation using hygragic materials.

2.3.2.3.2 Experimental parameters

In this study, A Q-5000 SA dynamic vapour sorpti@® Instruments, Newcastle, USA) was
applied for the investigation of moisture uptake damples. Isohumic test were performed on
samples including EUDRAGFTEPO, Kollidorf VA 64 raw powder and different melt extrudates
with and without drugs. The samples were exposetb%RH at 2%C in DVS up to 10 hours to

study their kinetics of moisture uptake.

2.3.2.4 Attenuated total reflectance fourier transbrm infrared spectroscopy (ATR-FTIR)

2.3.2.4.1 Basic principles

Fourier transform infrared spectroscopy (FTIRpispectroscopic technique that can be used to
identify chemical bonds within a sample. An elegtegnetic wave in the infrared region
(wavelength between 750nm and 1mm) can stimulatecular vibrations and rotations at specific
frequencies which depend on the chemical natutieeofunctional groups. This allows generating a

characteristic spectrum which is unique for indixatichemical entity.

There are several modes in which FTIR measureameah be made. The commonly used
transmission mode requires specific sample preparédr solid samples, that is grinding samples
into a fine powder with potassium bromide (KBr) abeing compressed into thin disk. This
restricts the application of transmission FTIR las tnaterial may change structure during grinding
and compressing stages. The mode of attenuatddedtitectance (ATR) when applied to FTIR can
be used to probe a sample at or near a surfacehwiakes it possible to obtain FTIR spectra for a
surface of a sample without any additional sampéparation (59). The principle of ATR-FTIR is
shown in Figure 2.11. ATR method uses a high réfraéndex crystal such as diamond (59). The
sample which could be liquid or solid is placeddmtact with the diamond, and infrared light from
an FTIR source is allowed entering the diamond specific angle and reflecting at the surface
(59). The light can penetrate the sample. The depthenetrationd;, defined as the distance
normal to the interface which the intensity faltlslt/e of the intensity at the surface, is expressed
(60):

d = A/ (2an, (sirf 6 — A Eq 2.7

where /. is the wavelength of the light, the angle of imeide of the beam i@ and n;,is the

refractive index ratior(/ ny) of two media (air and diamond). Specific frequea®f the incoming
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radiation, corresponding to the fundamental vibral frequencies and vibrational overtones of the

sample material, are absorbed, and the rest dighieis reflected through the diamond and into a

detector. The resulting spectrum is very similaa 6TIR transmission spectrum.

l pressure

diamond ATR

crystal

IR source detector
Figure 2.11: Schematic illustration of using ATR-FTR method to test a solid form sample.

FTIR is one of most commonly used technique imeaustanding solid dispersions. It can
distinguish some chemical groups from drug molepuéssent differently in a FTIR spectrum when
changed from crystalline form to amorphous formisltalso capable to detect the formation of
hydrogen bonding between drug and polymer molednleslid dispersions. Some articles have
reported that the drug-polymer inter-molecule hgaro bonding in solid dispersions is essential to
stabilise solid dispersions on aging by inhibitpltase separation and crystallisation of amorphous
drugs (61, 62). This is due to the decreased mialemobility of amorphous drug molecules when
hydrogen bonded with the polymer molecules (61).

2.3.2.4.2 Experimental parameters

In this study, ATR-FTIR spectroscopic experimemtsre carried out on a IFS 66/S FTIR
spectrometer (Bruker Optics Ltd, Coventy, UK) fitteith a Golden GafeATR accessory with
heated top plate (Orpington, UK). The crystal issiagle reflection diamond element. The

resolution was 2 cif) and 32 scans were taken for each sample.

2.3.2.5 Powder X-Ray diffraction (PXRD)
2.3.2.5.1 Basic principles

Powder X-ray diffraction (PXRD) is widely usedr fthe identification of structures of different
crystalline materials. In the pharmaceutical indysPXRD is commonly employed to in the
identification of crystalline and amorphous compdsioy their diffraction pattern (63, 64). The

diffraction will occur if a crystalline material isteracted with a focused X-ray beam according to
Bragg's law,

h= 2dsirg Eq 2.8
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where the integen is the order of the diffracted beainijs the wavelength of the incident X-ray
beam,d is the distance between adjacent planes of attimsd{spacing), and is the angle of
incidence of the X-ray beam. By alteridgduring scanning, differerd-spacing can be obtained.
The characteristic set aFspacing generated by a typical PXRD scan is unigudandividual
crystalline material. Therefore, the "fingerpriof'each crystalline material can be obtained, which

is useful in identifying unknown materials.

PXRD is a fundamental tool for the investigatadrpharmaceutical solid dispersions whereby the
physical state of a solid dispersion can be rapiebted being amorphous or crystalline (65-67).
Simply, if no peaks are detected in a PXRD spectthm system can be considered as amorphous
initially. In addition, PXRD is also useful for thadetection of solid transformation (amorphous

drugs crystallised into different polymorphs) ididalispersions (68).

However, as a global characterisation technitieeissue of relatively low sensitivity of detegfin
crystalline drugs in amorphous solid dispersiongehzeen reported (69). A report by Lin et al (69)
concluded that PXRD failed in detecting acetamimaphbrystals if the crystalline impurities were
below 5% (w/w). Furthermore, in general sample arapon (i.e. prepare original samples into
powder form) are required in PXRD, which may resuiinconvenience and uncertainty if samples
were prepared by hot-melt extrusion, since theesthextrudates may alter by grinding after melt
extrusion. This effect has been confirmed in thgget and is discussed in Chapter 5. Nevertheless,
PXRD still remains a useful tool in evaluating aptosus solid dispersions due to the simplicity

and efficiency.

2.3.2.5.2 Experimental parameters

In this study, PXRD tests were performed at rommperature with a Thermol-ARL Xtra
diffractormeter (Thermo scientific, UK). Strand fiorextrudates were milled by mortar and pestle
before testing. Samples were placed on a zero bawkd samples holder and incorporated onto a
spinner stage. Cud{ was used as the X-Ray source (voltage: 45 kV.eotrrd0 mA). It was
mounted with the wavelength of 1.54 A. The angudaige (3-80° @) was scanned with a step size
of 0.01° and 0.5s per step.

2.3.2.6 Scanning electron microscopy (SEM)

2.3.2.6.1 Basic principles

Scanning electron microscope (SEM) is a typeletteon microscope that produces images of a
sample with higher magnification than normal lightroscopes. Basically, by scanning the sample
with a high energy electron beam, the interactioetsveen the beam and the atoms in the sample
can be detected (26). The scanning electrons in &&ivbe produced by a thermal emission source

such as the tungsten filament (most commonly used field emission cathode (provide the
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brightest beam with highest resolution but expez)sivihere are many possible interactions
generated by the scanning electron beam such asdaey electrons, back-scattered electrons,
characteristic X-rays and Auger electron. Theseegead interactions can be collected by various
detectors in the SEM chamber. The signal from elsthctor is then fed to the monitor which is
rastered in synchronisation with the electron belantheory, in addition to the observation of the
topography of samples, structural information can athieved if switching between different

detection technologies, (27).

SEM is commonly used as an auxiliary tool to gtedlid dispersions mainly focusing on the
morphology of samples (70, 71). It has been redotiat heterogeneity on the surface of melt
extrudated strand can be a sign of phase separsitioe the freshly prepared melt extrudates

present a smooth surface (41).

2.3.2.6.2 Experimental parameters

In this study, the samples were sputter coatéld Mi/Pd prior to SEM experaments. The images

of the samples were taken using a Phillips XL20 SEMillips Electron Optics, Netherlands).

2.3.2.7 Scanning probe microscopy based compositadranalysis methods

2.3.2.7.1 Basic Principles of Atomic Force Microsge (AFM)

Atomic-Force Microscope (AFM) is a tool for visuahg sample surfaces with micron or sub-
micro special resolution which belongs to the fgnof microscopes known as scanning probe
microscope (SPM). It was first invented in 1986 Byining et al as an extension of another
technique known as scanning tunnelling microsc@WM) (42, 72). An AFM consists of a sharp
tip at the end of a cantilever (probe) being braugto close proximity with the sample. As the
probe scans the surface the deflection of the leapti is monitored by an optical lever
arrangement formed by reflecting a laser beam ftwrback of the cantilever onto a photodetector.
Changes in the deflection of the cantilever prowige height of the sample at each x,y position
(73). The schematic diagram of AFM is depicted iguFe 2.12. An AFM experiment can be

operated with the tip either touching the samptsiact mode) or off the sample (non-contact).
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Figure 2.12: lllustration of instrumental design of Atomic-Force Microscope (73).

2.3.2.7.2 AFM contact mode

Contact mode is the simplest way to achieve taguigc images of the sample. As the name
suggests, the probe is in contact with the sampimg scanning. The deflection of the probe (and
so the force applied to the sample) is maintair@ws@ant (setpoint value) as the probe scanning
over the sample surface. As the tip is moved actbe sample, the cantilever will be bent or
deflected due to the imposed force (setpoint valuegsponse to the change of height. The signal
which is generated by adjusting the position ofghebe to the setpoint value is collected and used
to create the topographical image. Contact modeeisl for rigid samples such as solid materials

but not for soft samples such as biological samples

2.3.2.7.3 AFM tapping mode

To avoid physical contact of the tip to the samphesontact mode, AFM can be also operated in
tapping mode. In tapping mode, an oscillation ipased on the probe. The probe to sample
distance is set so that the probe tip only liglstiytacts (taps) with the sample. During scanning,
the interaction (i.e. probe dragged by the sampketd the stickness) between the sample and the
probe will cause the change of the imposed osailatThis change of oscillation amplitude or
phase will be monitored and can be used to gendhatgphase image. In addition to normal
topographic image, phase image can be achievednples were scanned in tapping mode. Due to
the different mechanical properties of differenttenmls within the scanning area (assume the
sample is a mixture with different components), ttwatact time of the probe with different
components will be different, which leads to th#edent phase constant change (74). Therefore,
materials with different mechanical properties saststiffness and viscosity can be distinguished
within the sample appearing as different phasekarphase image. This can useful in probing the

distribution of materials in a sample (74).
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2.3.2.7.4 Basic principles of localised thermal ahgis (LTA)

Localised thermal analysis (LTA) is an extensiontbé conventional AFM by replacing
conventional probes with thermal probes. The tipthese probes are composed of material with
high resistance to electrical current. When antetad current is applied, it causes the tip of the
probe to heat up (75). The probes have unique &agarthat not only can be used as normal
probes to generate topographical images but canbasused as a localised heating source. The
first LTA probe (named as Wollaston probe) was tgved in 1994 and first used in 1996 by
Hammiche et al (76). The probe consists of a 75gameter silver wire with a 5um platinum
filament core. The wire is manipulated to form aargh point at which the silver is
electrochemically removed to expose the filamergufe 2.13). This V-shaped wire is then used as
the sensor to perform the functions mentioned abbwe to its micron spatial resolution of the
technique, it is termed as micro-thermal analygiBA). There are several modes in which heated
probes can be used but one of the most common aarty out the thermal analysis on specific
locations on a sample surface (77). The probeadsepl in contact with the desired point. The
system monitors the position of the probe abovestiiéace as the voltage is applied. Once the
temperature at the end of the tip is sufficienilyhhto meet the softening temperature of the tested
sample, such as glass transition or melting, petieir of the tip into the sample will occur, which
is reflected as a decreased deflection of the pvoliage. Other applications of heated probe have
also been reported (74, 75). The LTA probe candegl @t a constant temperature as it is scanning
across the sample. Differences of thermal propexfematerials will cause the changes of heat
flow between the probe and the sample. The curreatls to be adjusted to maintain the constant
temperature. Therefore a map of relative thermaldaotivity can be generated by monitoring

these changes (74).

ceramic insulator
Wollaston wire

mirror
o7

e
-
platinum core

tip
Figure 2.13: Schematic design of Wollaston wire thieal probe (Price et al, 1999).

Recently, thermal probes with the similar dimensio conventional tapping mode probes were

invented, which allows the application of LTA stesliat a increase spatial resolution (sub-micron)
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in comparison to the Wollaston probe (77). The prbbs a length of circa 200um and the height

of the tip is below 1 um (75). This provides thelm with a topographic spatial resolution of 5nm
(78). The probe is made of highly doped silica witbron or phosphorus which has a high
electrical resistance (75). This allows the tippéoheated when an electrical current is applieé Du
to sub-micron resolution, it is named as nano-tla¢m@mnalysis (nanoTA). A typical nanoTA tip is
shown in Figure 2.14.

Figure 2.14: SEM images of a nanoTA probe (Image pvided by Analysis Instrument).

Localised thermal analysis can be used to iffemtiaterials (or same material with different
physical state, crystalline and amorphous) witfieddnt thermal transition temperature. Especially
in the area of solid dispersions, LTA has been usddvestigate phase separation at a micron to
sub-micrometre level (77). Bulk analysis technigaesh as DSC and PXRD may lack the ability
to detect localised phase separation or recryzatiliin in solid dispersions (40, 79). For instarece,
DSC or PXRD level amorphous solid solution may aonfow quantity of drug crystals which
cannot be detected by bulk analysis technology. é¥@w with the high spatial resolution provided
by LTA, phase separation and recrystallization loarclearly confirmed (this has been proved in
this study and is discussed in Chapter 8). OverdlA can be used as a powerful tool combined
with conventional characterisation technologiesutwlerstand the physical behaviour of solid

dispersions with greater depth.

2.3.2.7.5 Basic principles of transition temperatug mapping (TTM)

Based on the principles of LTA, a major developmbas been reported recently, transition
temperature mapping (TTM), which is an extensiothef localised thermal analysis (53). Instead
of manually selecting the tested locations acrbessample surface in normal LTA test, a defined
region of the sample can be detected in pixelsixal s defined as a LTA tested point, and the test
at a certain pixel will stop once a thermal trdoasitis detected. Subsequent, the probe will be
located to the adjacent pixel to carry on the LBAttuntil all pixels are completed within the
region. The distance between the two consecutxepcan be as close as 1um (53). The detected

transition temperatures within that area are assigm colour based on a particular palette and
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hence the coloured image is assembled based amnatifftransition temperatures. A typical TTM

result is shown in Figure 2.15.
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Figure 2.15: TTM result of the surface of hot melextruded EUDRAGIT® EPO-Kollidon® VA 64
(50:50 wiw).

In comparison to LTA, TTM can not only distingaislifferent materials or phases in the same
sample within a small area (i.e. 50umx50um), it @wo “draw” the borderline between different
phases in the same sample (as shown in Figure. Zhdjefore, it can be useful to investigate the

distribution of different materials within the salm@t a sub-micrometre level (7).

2.3.2.7.6 Basic principles of photothermal microsmtroscopy (PT-MS)

Another main development of LTA is the photothermatrospectroscopy (PT-MS) in which
LTA probe is used as a temperature sensor (80,3l temperature changes will occur if the
sample absorbs infrared radiation. In PT-MS thesa&llgemperature changes can be detected using
the thermal probe (normally the Wollaston probd}:NPS was first invented in 1999 by Hammiche
et al (56). The technique is implemented by int@rfg a conventional FTIR spectrometer with an
AFM equipped with the thermal probe. The signakdetd by the thermal probe can be Fourier
transformed to generate a spectrum which is vanjlasi to a conventional IR spectrum of the
material. Figure 2.16 shows a PTMS and a conveattii spectrum of EUDRAGIT EPO. It can
be seen that all peaks present in the absorbansge&®rum are detected by PTMS, but the relative
peak intensities are different. This is becausetwtetechniques are measuring different entities:
temperature changes for PT-MS and the amount lof tignsmitted for FTIR.
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Figure 2.16: PTMS and conventional IR spectrum of EDRAGIT ©® EPO.

PTMS can be operated by either placing the prolsentact with the sample surface or the probe
Is attached with a single particle (80, 82). Thendf# of using PTMS in comparison to
conventional FTIR is PT-MS is a localised technigwiich can be used to collect local
spectroscopic information of the sample. The cotiveal IR spectrometer is a tool to investigate
the composition of a sample at a global level. PTo48 be used as a localised technique to
achieve photothermal spectrum of a sample at miwraub-micron level. The resolution of PTMS
is dependent on two aspects: the size of the abiiermal probe and the thermal diffusion length
of the sample (56). Using Wollaston probe as théM8Tdetector, a micron level of spatial
resolution can be expected. The thermal condugtoan also affect the resolution. Materials with
high thermal conductivity can have a long thernitildion length. This may result in the detection
of average temperature changes of an area (thesarse@und the contacting point of the probe)
rather than the temperature changes at the camjaptiint (56). Despite the potential resolution
issue, PTMS has already shown the capability taudm as a compositional imaging tool. For
instance, it has been reported that PT-MS is a daw®ol to evaluate drug distribution in hot

melt extruded solid dispersions (12).

2.3.2.7.7 Calibration and experimental parametersfd_.TA and TTM

In this study, nano-TA and TTM were applied tsttgamples. Scanning topography images were
acquired at room temperature on samples usingibeC#FM (Veeco Instruments, Santa Barbara,
USA) equipped with a nano-thermal probe (EXP-ANB®.2Bsylum Research, Santa Barbara,
USA). TTM was carried out on a VESTA System (AnabBy&ruments, Santa Barbara, USA). In
order to detect the transition temperature acciyratg LTA, the temperature calibration is
necessary. The nano-thermal probe was calibratedefoperatures by supplying a scanning
voltage profile whilst in contact with polymeric teaials with known melting points (poly(e-

caprolactone) with J at 60°C, polyethylene withJat 130°C and polyethylene terephthalate with
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T, at 238°C). All LTA measurements were carried du aeating rate of 10°CsFor each tested

sample, at least three areas were selected to &suneel using LTA.

TTM was operated with the same probe (EXP-AN2;Z¥ylum Research, Santa Barbara, USA).
The temperature calibration for TTM was the sameTas by using the three standards. The tested

area is mentioned in the section where TTM is &plpli

For tapping mode, the phase image was obtained asCaliber AFM (Veeco Instruments, Santa
Barbara, USA) equipped with a silicon cantilevelCEAG60TS, Asylum Research, Santa Barbara,
USA). The spring constant of the probe was 42 Nith ¥he oscillation frequency of 300 kHz at
an amplitude of 2.5 V.

2.3.2.7.8 Experimental parameters of PTMS

In this study, PT-MS experiments were performedirtgrfacing (using a dedicated optical
interface) a Thermo-microscopes Explorer AFM (VecCd\, USA) equipped with a Wollaston
wire thermal probe (Vecco, CA, USA) and a FTIR spmoeter (IFS66/S model from Bruker
Optics limited, Coventry, UK). A single particleon the milled extrudates powder was
immobilised on the tip by placing the tip and paetiin contact. For each measurement 200 scans

were acquired at a resolution of 8cm-1.

2.3.2.8 Solid state nuclear magnetic resonance ($4R)

2.3.2.8.1 Basic rinciples

Nuclear magnetic resonance (NMR) occurs because fiuclei have a property termed as spin.
This spin can result in the nuclei having magnetmments which can re-orient themselves if a
large magnetic field is imposed on the sample @omg those spinning nuclei (83). Nuclei that
can spin are the isotopes which contain an odd eurob protons and/or of neutrons. When
exposed to a magnetic field, NMR active nuclei absorb electromagnetic radiation at a
characteristic frequency of the isotope. The resomdrequency, energy of the absorption and the
intensity of the signal are proportional to the aspd magnetic field. The most commonly studied
nuclei are'H and™C (84).

Based on the NMR phenomenon, NMR spectroscopy eeslabed and widely used in physics,
chemistry, medicine and pharmacy to investigatenoted structure of a material combined with
other spectroscopy techniques such as IR (85). mam parameters can be achieved from the
NMR spectroscopy: chemical shift and relaxationeti@hemical shift is measured based on the
interaction between the imposed large magnetia fasdd the magnetic field generated by the

spinning nuclei. It can provide information on tsteucture of molecules. Relaxation refers to the
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process that the nuclei return to the thermal dmiuin state after excited by absorbing energy
from imposed magnetic field. This process is aloned as “spin-lattice”Tg). It is used to

describe the mean time of this relaxation prodéssitation can be not only caused by the external
magnetic field, but also induced by the adjacemisspand the process from the excited state

induced by adjacent spins to the non-precessitdjiigermed as transverse relaxatidg).(

Solid state NMR (ssNMR) is an extensional developmadf conventional solution NMR for
studying solid samples. In solution NMR, the speeatonsist of very sharp transitions due to
averaging of anisotropic interactions by fast igpic molecular tumbling, whereas in solid state
this motion usually is absent. Consequently, tlkemances become very broad as the full effects of
anistropic interactions are observed. These amwigiatrinteractions can significantly lower the
resolution. However, with the development of spet@ahniques such as magic-angle spinning,
cross polarisation and special pulse sequences,ragplution ssSNMR has become possible and

widely used in solid state material characterisa(R6).

In the field of solid dispersions, ssSNMR has based to investigate the phase behaviour of solid
dispersions, the interaction between drugs andnpedy and miscibility between drugs and
polymers. The hydrogen bonding was confirmed betwB®S-488043 and PVP in spray dried
solid dispersions by ssNMR. The study concluded tha formed hydrogen bonding showed
stabilising effect on the physical stability of thgstem against high temperature (87). In another
study, by measuring the relaxation time of solispdrsions prepared by spray drying, miscibility
between nifedipine and hydrophilic polymers wasaoted (11). It was suggested in the study that
if two components were miscible, the relaxationajeof the mixture should be described by a
mono-exponential model, whereas an immiscible mighould be described by a bi-exponential
model. Their results showed good agreement wittXB€ results that PVP had better miscibility
with nifedipine than PHPA (11). In a study of hoelinextruded felodipine-EUDRAGIT EPO
systems, phase separation was confirmed in agetidispersions with high drug loadings (70%
w/w) by the detected double relaxations using ssSN¥E. These studies showed that SSNMR can

be a useful tool in characterising solid dispersion

2.3.2.8.2 Experimental parameters

In this study solid state NMR was applied to investigate phaseieur of melt extrudates. The
high resolution™*C CPMAS (Cross Polarization Magic Angle Spinningdsacarried out on a
Varian Infinity Plus 300 spectrometer operating 289.75 and 73.85MHz fofH and *°C,
respectively. Proton relaxation times of melt edties were measured on a Bruker Mg-20
spectrometer (19.95 MHz) with a protor? @ilse-length of 2.85us.
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Chapter 3: Physicochemical characterisation of modealrugs
and polymers

3.1 Introduction

Amorphoussolid dispersions have been widely used in therpheeutical industry to improve
dissolution rate of poorly water-soluble drugs. discussed in Chapter 1, the main issue in this
research domain still lies in the physical stap#iince the phase separation and recrystallization
amorphous solid dispersions can eventually affeetdissolution performance (1). Factors which
can potentially affect the physical stability ofidadispersions have been listed in Chapter 1: the
physicochemical properties of drugs and polymech &s glass transition temperature, miscibility
between drugs and polymers and solid solubilitydnfgs in polymers (2-4). The aim of this
chapter is focusing on the characterisation of jgoghemical properties of model drugs as this is
pre-requisite for a comprehensive understandinghef factors which can affect the physical

stability of amorphous solid dispersions.

Four model drugs including felodipine, celecoxXdmofibrate and carbamazepine and two model
polymers including EUDRAGIT EPO and Kollidofi VA 64 were used in this study. The model
drugs have very different thermal properties. Hwmtance, the glass transition temperature of
amorphous felodipine was reported as circ®C4fhereas the glof amorphous fenofibrate was -
19°C (5). Additionally, the four model drugs have beeported to have significantly different
recrystallization tendency, which may indicate tfiéerent molecular mobility between the four
model drugs and different physical stability of apiwmus drugs alone (5, 6). These diverse
physicochemical properties of the four model drogs assist understanding of the contribution of
amorphous drug intrinsic physical stability to tbeerall physical stability of amorphous solid

dispersions.

The two polymers also have different thermal prtps: the T of EUDRAGIT® EPO was
reported as 5C whereas the jlof Kollidon® VA 64 was reported as 1% (7, 8). EUDRAGIT
EPO has been reported to have the ability to pr@sworphous solid dispersions from moisture
sorption whereas Kollid6hVA 64 was reported to be hydrophilic (9, 10). Téfere amorphous
solid dispersions prepared with the two polymeispeetively may show significantly different
physical stability behaviour if aged under stressachidity. Structurally, EUDRAGIT EPO and
Kollidon® VA 64 both have carbonyl groups as shown in FiguBeand 2.6 which indicates that
they can potentially form hydrogen bonding with gbucontaining donor groups. It also can be
noted that the carbonyl group in KollidbA 64 is more exposed than that in EUDRAGIEPO,

which can possibly result in a stronger potent@lfarm hydrogen bonding with drugs than
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EUDRAGIT® EPO. This may lead to the difference of drug-paymmiscibility and the solid
solubility of the model drugs in polymers, which yneurther cause difference in the physical
stability of solid dispersions prepared by the pabymers. In summary, the characterisation of the
physicochemical properties of the model drugs asidnpers are essential for the understanding of

physical stability behaviour of solid dispersions.

Research objectives

1. To characterise the physicochemical properfi@saalel drugs and polymers.

2. To assess the physical stability of amorphouggialone prepared by melt-cool and spin coating

under 0%RH and 75%RH at room temperature.
3. To compare the thermodynamic behaviours of tbdeahdrugs.

3.2 Experimental methods

3.2.1 Modulated temperature differential scanning alorimetry (MTDSC)

Instrumental information and the parameters usedMTDSC refer to Chapter 2 (section
2.2.2.1.3).Melting points of crystalline model dsugere determined by DSC in standard mode at a

heating ramp of 1%T/min.

3.2.2 Determination of glass transition temperature of model drugs

In order to determine glass transition tempeest({iiy) of model drugs, a heat-cool-reheat process
in MTDSC mode was applied to transform drugs fraystalline form to amorphous form and
then further testedgValues. Crystalline drugs were accurately weignéol TA standard pans, and
then the sample pan was crimped and tested in MTB8de at the underlying heating ramp of
2°C/min until 5 degree higher than the melting paifithe crystalline drug. The above melting
point temperature was maintained for 3min, and tthensample was cooled down at the same
heating ramp to -10°C. For fenofibrate, it was edotlown to -40°C since it has been reported
amorphous fenofibrate has a glass transition temyer below -20C (11). After isothermal for
3min, the sample was reheated to melting point@tsame ramp. The glass transition temperature
was determined in the reheating process to remowepodtential factors, such as the amount of
trapped moisture, preparation methods and theristdriz, which could affect glass transition of
materials (12). EUDRAGIT EPO was tested by the same method.

3.2.3 Determination of fragility of model drugs

Different heating ramps of 1, 2, 5, 10 and 20°i@/mere applied to scan the sample to calculate

fragility. To summarise, crystalline drugs were teelaand cooled at the same scanning rate, and
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the Ty value from cooling was used to calculate the fitggparameter (13). For each heating rate,

triplicated samples were tested. For carbamazepmerphous drugs were prepared using melt-
cool method whereby crystalline carbamazepine welsenh inside a DSC pan by hot plate at the
temperature 5 degrees higher than the melting d@fC) for 10 seconds, and then samples were
removed from the hot plate to be cooled down una®bient condition. The melt cooled
carbamazepine was heated t@0n DSC and then cooled down to %COat different rates

including.

3.2.4 Preparation of melt-cool amorphous drugs fophysical stability test

Amorphous model drugs were prepared to test gigisical stability under dry and high humidity
conditions at room temperature. Crystalline modetd were weighed into DSC standard pans and
were melted on a hotplate (IKA LABORATECHNIK BadRCT stirrer hotplate, Germany) at the
temperatures 5 degree above their melting poimd@sec, and then samples were removed from
the hotplate and cooled down under ambient comditidlelt-cool amorphous drugs were then
stored under 0%RH (provided by@2) and 75%RH (provided by over-saturated sodiumraigo
water solution), respectively, at room temperatare were tested by MTDSC in 1, 3, 7 and 14

days.

3.2.5 Preparation of spin coated amorphous drugs fahe physical stability test

The spin coated amorphous drugs were prepared erS5@65 G3P-8 spin-coater (Specialty
Coating Systems, Surry, USA). The solvent for thia £oated solution consisted of a mixture of
ethanol and dichloramethane with the ratio of 50:6@ystalline drugs were dissolved in the
solvent to prepare drug solutions with solid comions of 15% (w/v) for all samples. The
spinning speed was set at 2000 r/min. The accelaratas 5 second and the duration time of
spinning was 2min. The drops of the solution wezpasited by a glass pipette manually on a cut
microscope glass slide with size of 25mmx25mm. $p@ted samples were stored under 0% and
75%RH, respectively, at room temperature and wese&dtl by polarised microscopy and ATR-

FTIR spectroscopy.

3.2.6 Observation of model drug crystals on spin ebed amorphous drugs using polarised
light microscopy

Polarised light microscopy studies were conductdgia Leica DM LS2 polarised light
microscope (Wetzlar GmbH, Germany) connected tal@ovcapture system. Fresh and aged spin
coated amorphous drugs were tested under the ggdamicroscopy for the observation of

recrystallised drugs.
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3.2.7 Attenuated Total Reflection — Fourier Transfom Infrared Spectrometer (ATR-FTIR)

ATR-FTIR spectroscopy was used to investigateptingsical state of the spin coated amorphous
drugs. Spectra were collected in absorbance mode wspectrometer IFS/66S from Bruker
Instruments (Coventry, UK) equipped with a Goldeatd> ATR accessory (Specac Ltd, Coventry,
UK). 64 scans were collected at a resolution ofr? éor each sample over the wavelength region
from 550 to 4000 cih

3.3 Results and discussion

3.3.1 Thermodynamic properties of model drugs

Preparation of amorphous model drugs includeigdipine, celecoxib and fenofibrate has been
discussed in section 3.2.2.2. Evident glass triansitcan be observed in MTDSC results for
felodipine, celecoxib and fenofibrate as shown igufe 3.1. However, for carbamazepine,
recrystallization occurred in cooling, which resulh the failure of detecting glass transition
temperature in reheating. This may be due to tler glass forming property of carbamazepine

which makes it difficult to be transformed to amuops form (5).
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Figure 3.1: Glass transition of amorphous felodipie, celecoxib and fenofibrate detected by MTDSC.

The failure of preparing amorphous carbamazepynBSC can be attributed to the applied slow
cooling rate. Cooling from melts is one the mosnownly used method to transform materials
from crystalline to amorphous state (14). Upon itgpa melt, the material can behave in two ways
(15). At a slow cooling rate, the melted liquid cmansform back to the crystalline structure.
However, at a fast cooling rate, molecules do meehsufficient time to re-establish the crystalline
structure, leading to the formation of the amorghmaterial. Thus the cooling rate is essential for
the preparation of amorphous materials. Crystaltemdamazepine was weighed into standard DSC

pan, instead of melting and cooling in MTDSC, theple was heated to melt on top of a hot plate
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at the temperature 5 degree above the melting pointOs, and then it was cooled down under

ambient conditions. The pan was then immediateiymed and tested in MTDSC mode at the
underlying heating rate of 2°C/min. With this medhglass transition of amorphous carbamazepine

was clearly detected (Figure 3.2), and the glasssition temperature was determined as 5¢.02
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Figure 3.2: Glass transition of amorphous carbamazgne detected by MTDSC.

Glass transition temperatures (midpoints of gteesssition area in MTDSC results) of amorphous
model drugs and melting points of crystalline modieigs are summarised in Table 3.1. As can be
seen from the table that Values of selected model drugs vary in a relatiatge range from -
19.7 to 58.2°C, which will possibly enable the urstiending of the effect of jTvalues of
amorphous drugs on the physical stability of sdigpersions prepared by hot melt extrusion with
them. This will be discussed in Chapter 6.

Table 3.1: Thermodynamic properties of model druggn=3).

Materials felodipine  celecoxib  fenofibrate carbamazepine

Mid point of T, (°C) 46.5+0.2 58.240.2 -19.740.4 50.1+0.3
Onset of T, (°C) 143.14¢0.1  160.8+0.3 80.410.1 189.540.2
Peak of T,(°C) 146.6+0.1  163.1+0.3 81.6+0.1 190.5+0.2

3.3.2 Thermodynamic properties of model polymers

Glass transition temperatures of the two model pelg were studied using heat-cool-reheat
method at a scanning rate 82 Clear glass transitions were detected for bothnpers as shown

in Figure 3.3. The Jvalue of EUDRAGIT EPO was determined as 5Cland the Jvalue of
Kollidon® VA64 was determined as 10838 In comparison to EUDRAGIT EPO, Kollidorf
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VA64 has a significantly higher glass transitiomperature, which may possibly improve the

physical stability of solid dispersions (16). Tissattributed to the reason that polymers with high
T, can increase the,©f the amorphous drug-polymer solid dispersionamparison to polymers
to the Tyof the drug, and thus the molecular mobility inidalispersions can be reduced, leading to
enhanced physical stability (17). The comparisorthaf physical stability of solid dispersions
prepared by different polymers is discussed in @rap
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Figure 3.3: glass transition of EUDRAGIT® EPO and Kollidon® VA64 detected by MTDSC.

3.3.3 Fragility of amorphous model drugs

The concept of fragility is of interest in reseafighd of formation of amorphous drugs since it is
considered as one of the key factors that corr&litte glass forming ability and physical stability
of amorphous systems (18, 19). The fragility patemen is related to an average degree of
molecular mobility reflected in the structural pedtion near glass transition. If the fragility
parametem, also called steepness index, is smaller thanti®@lass is defined as a strong glass
or a strong glass former. If the valuenofs in between 100 and 200, the glass is definedvasak
glass or a weak glass former(20). Fragile glassiéos have a molecular mobility that increases
drastically at temperatures acrossif comparison to that occurring in strong glassniers. It has

been suggested that strong glass is more physataliye than a fragile glass (21).

Fragilities of amorphous model drugs in this stuelgre calculated by using the theory of
extrapolating configurational entropy to zero (285 discussed in Chapter 14 T a kinetic
parameter of amorphous material whereby usingréiffiecooling rate form the melts, differenf T
values can be obtained. The activation energyesthuctural relaxation at the glass transition was
estimated by using different scanning rates to eahidifferent | values as expressed in the
following equation:
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m =E / (2.303R7]) Eq. 3.1

where m is the fragility parameter of the materidl, is the activation energy ar@ is gas
constant(13)E, /R is the slope of plottind/T; againsin(q) (q is heating or cooling rate) as shown
in Eq.3.2:

din(q) / d(1/J = -E. IR q.B.2

whereq is heating rate, an is the fictive temperature defined as the tempeeadf intersection
between the equilibrium volume or entropy/tempertiguid curve and the linear extrapolation of
glassy curve. However, as discussed in Chapter Has been proved that has a very similar

value toT, thereforeTl; was replaced by in this study (20).

The plots of heating rates against detectg@lU00/ Ty) of individual amorphous model drug is
shown in Figure 3.4 (regression plot usiag. 3.3. By using activation energy values calculated
using Eq. 3.2 fragility parameters of felodipine, celecoxibnédibrate and carbamazepine were
calculated as 52.6, 106.7, 56.8 and 116.7. Thicates that felodipine and fenofibrate are more
capable of forming a glass than celecoxib and caslzepine.
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Figure 3.4: Plots of In (q) against inverse glassansition temperature (K) of amorphous felodipine @),
celecoxib (b), fenofibrate (¢) and carbamazepine Jd
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The different glass forming ability between therfeoodel drugs were also evident in the heat-

cool-reheat test using DSC. After being meltediist fheating, no melting can be detected in
cooling and reheating for felodipine and fenofibrathereas recrystallization followed by melting
was observed for celecoxib (recrystallization iheating) and carbamazepine (recrystallization in

cooling) (Figure 3.5 a and b).
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Figure 3.5: MTDSC thermograph of celecoxib (a) andarbamazepine (b) testeeg by heating-cooling-
reheating.

In summary, by evaluating the fragility of amoopls model drugs, the order of the glass forming
ability of model drugs used in this study is fefude ~ fenofibrate > celecoxib carbamazepine.
The fragility (glass forming ability) may have noatt relationship with the physical stability of
amorphous drugs alone or the physical stabilitarmbrphous solid dispersions, but it is a useful
parameter for the calculation of molecular mobitfyamorphous material. This is discussed in the

following section.

3.3.4 Calculation of relaxation time of amorphous radel drugs

Many crystalline drugs are poorly water solublesulting in low bioavailability (22).
Transformation of crystalline drugs into their apioous form can improve the apparent aqueous
solubility up to hundreds of folds for certain dsug3). As mentioned in Chapter 1, amorphous
drugs remained at non-equilibrium state and teod@dnvert back to more stable crystalline form.

This procedure of approaching the equilibrium isnied as structural relaxation, and relaxation
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time is the time length where relaxation occurs, (24, 25). Relaxation is caused by molecular
mobility of amorphous drugs which is reciprocalrédaxation time. It has been suggested that
molecular mobility was associated with the physgtability of pure amorphous materials whereby
high molecular mobility could lead to poor physis#bility of amorphous materials, and this has
been discussed in Chapter 1 (17). The calculatforelaxation time has been well described in
articles such as using empirical Kohlrausch-Willawatts (KWW) equation with endothermic
enthalpy measured at relaxation by DSC or the A@dbis-Vogel (AGV) equation (26-30). In
this study, in order to compare physical stabitifypure amorphous model drugs, the relaxation
times of model drugs were calculated using the Aibbs-Vogel (AGV) equation. The model

has been briefly introduced in Chapter 1, and scdeed more in more detail here as shown below:

7= 70eXp (DBH/(T(1-T/Ty)) gB.3

wherer is the relaxation time at temperatifer, is a constant (about 1&econd) (31)D andT,
are the Vogel-Tammann-Fulcher (VTF) equation patarsavhich can be calculated as follows(24,
32, 33):

D=2.303 (i )/(M-Mhyir) Ed.3.
milog(zrgo)= 109(100/10*)=16 Eq.3.5
T=Tg4(1- Myi/m) Eq.3.6

where 74 represent the relaxation time & and were assumed to be 100s as suggested in
articles(for most super-cooled liquids,, takes values between 16 and 17), and the fragility
index (31). As mentioned above, fictive tempemilythas a very similar value M, thereforeT

is used in relaxation calculation insteadlpf

Results of calculated relaxation time values ifferdnt temperatures (26 is considered as
normal room temperature and°@0is the temperature generally used for acceletatage test) of
the amorphous model drugs are summarised in Tabldtan be seen that felodipine, celecoxib
and carbamazepine have similar relaxation timesreds fenofibrate showed a relatively fast
relaxation time, indicating amorphous felodipinelecoxiband carbamzepine may have lower
molecular mobilities than fenofibrate and hence rmhaymore physically stable. The order of the
level of molecular mobility of amorphous model dsug celecoxibx carbamazepine felodipine <

fenofibrate .
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Table 3.2: Calculated relaxation times of amorphousnodel drugs

Drugs felodipine celecoxib fenofibrate  carbamazepine
T at 25C (s) 2.47x10 1.31x1d 3.51x10" 1.78x10
T at 40C (s) 1.91x10 9.11x16 7.92x10° 2.63x16

3.3.5 Physical stability of amorphous model drugsroaging

Little research has been carried out to investighe relationship between physical stability of
solid dispersions and physical stability of amonghadrugs alone. It was reported in a study that
physical stability of amorphous solid dispersionrepared by spin coating (aged under high
humidity) showed the same order as the physichllgyaof amorphous drugs (9). It may indicate
that physical stability of amorphous drugs aloneyrba a key factor influencing the physical
stability of amorphous solid dispersions. Therefarerder to gain a comprehensive understanding
of the factors which control the physical stabildf amorphous solid dispersions, the physical
stability study of pure amorphous drugs were cdraet in this project. It has been reported that,
physical stability of pure amorphous drugs variegehding on the processing methods (melt-cool
and spin coating) (5, 6). Therefore, in this stirdyrder to avoid the influence of the processing
methods and to understand the physical stabilihat@ur of amorphous drugs more completely,
amorphous model drugs were prepared by melt-cooigléing based method) and spin coating (a
solvent evaporation based method), respectivelyi-dboled and spin coated amorphous drugs
were stored under dry (0%RH) and high humidity éoos (75%RH) at room temperature,
respectively, to evaluate and compare their phiystabilities. In addition, the calculation of
relaxation time showed that amorphous felodipirgeaxib and carbamazepine should have
similar physical stability and they should be mable than amorphous fenofibrate. By
investigating the real-time physical stability omarphous drugs alone, the accuracy of the

relaxation calculation can be tested.

3.3.5.1 Physical stability of melt-cooled amorphousiodel drugs
3.3.5.1.1 Physical stability of melt-cooled modelkdgs aged under 0%RH/room temperature
3.3.5.1.1.1 Felodipine

MTDSC results of melt-cooled amorphous felodipimeaging under 0%RH/room temperature is
shown in Figure 3.6. It can be seen that afterweeks aging under 0%RH at room temperature,
no recrystallization or melting can be detected dotorphous felodipine, indicating amorphous
felodipine can be stable for at least two weekseunidy condition at room temperature. Relaxation

enthalpy of amorphous felodipine increased witliéasing aging time. Amorphous materials often

105



Chapter 3

experience a gradual loss in energy in terms disdpy due to the effect of molecular motions
occurring on aging (34). The amount of lost enemyyamorphous materials on aging can be
compensated on heating in DSC acrogdue to the requirement of re-establishing theidicaiate
above T (35). The detected relaxation was the contributiom molecular mobility of amorphous
felodipine on aging. Therefore, the increased mlar enthalpy of amorphous felodipine on aging

reflects an increased molecular mobility.
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Figure 3.6: Results of MTDSC test of melt-cooled aamphous felodipine on aging under 0%RH/room

temperature.

Relaxation enthalpy of amorphous feldopine agdin® is shown in Figure 3.7. KWW equation
has been reported to calculate the relaxation toheamorphous drugs using the measured

relaxation enthalpy on aging (17). The empiricalagpn can be expressed by (17):
@ (t) = exp (-(t0)) Eq3.7

where® (t) is the extent of relaxation at timiécan be calculated using the measured enthalpy by
DSC on aging at tim8, 7 is the mean molecular relaxation time ghid a constant. However, the
data did not fit in the KWW equation. Nevertheldbg, increased relaxation enthalpy on aging still
indicates the increased molecular mobility of neeibled felodipine on aging under 0%RH/room

temperature.
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Figure 3.7: Relaxation enthalpy of amorphous feldoipe and celecoxib against time on aging under

0%RH at room temperature

3.3.5.1.1.2 Celecoxib

Recrystallization and melting on heating wereedetd by DSC for melt-cooled amorphous
celecoxib (Figure 3.6) suggesting the transfornmatad celecoxib from amorphous form to
crystalline form occurred very fast during heatitig.comparison to amorphous felodipine, this
indicates that recrystallization of amorphous cetdle is sensitive to heat treatment. It also can be
seen that temperatures of the exothermic peaks/ (Megly to be recrystallisation) and the
following melting points for crystalline celecoxitm not show any particular trend. For example, as
shown in Figure 3.8, after one day aging, amorphmiecoxib recrystallized into a mixture of
form | (majority) (with a onset melting point of 26°C) and Ill (with a onset melting point of
160.2C) , but after 3 days aging, recrystallized celédzdr heating was a pure Form |. Even
within the same testing time point, results werereproducible amongst three repeats. The reason
of this phenomenon was still not clearly understd®elaxation enthalpy of amorphous celecoxib
at glass transition on aging is also summarisdegaore 3.5. It can be seen that relaxation enthalpy
did not increase with increasing storage time,dating molecular mobility reached a high level
only after 1 day aging under 0%RH/room temperatiitee relaxation pattern did not fit in the
KWW equation.
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Figure 3.8: Results of MTDSC test of melt-cooled aamphous celecoxib on aging under 0%RH/room

temperature.

3.3.5.1.1.3 Carbamazepine

Consistent melting points were achieved for metited amorphous carbamazepine aged for
different time periods under 0%RH/room tempera@aseshown in Figure 3.9. After 1 day aging
under 0%RH/room temperature, recrystallizationoked with melting was detected in melt-cool
amorphous carbamazepine. This indicates that armoosplearbamazepine can be triggered to

recrystallize on heating and it was less stable #morphous felodipine.

In comparison of the melting point to the valueni the literature (36), it was confirmed the
recrystallized carbamazepine was form I. It haslreported that form Ill of carbamazepine was
the most stable form at room temperature, althduggiting form 1ll in DSC can lead to a solid
transformation at 17& and the melting of form I at 192 (37). Form 1l with lower melting point
but higher physical stability than form | was expé by the “density rule” (38, 39) whereby if a
modification of a molecule crystal has a lower dignthan the other, it may assumed to be less
stable at absolute zero (OK), and this is the éasearbamazepine that form | has lower density
than form 11l (37). No solid transformation at Z5was detected in the any aged melt-cooled
carbamazepine (Figure 3.7), and combined with tkethermic peak detected at circa®90
(recrystallization) it indicates all amorphous @razepine was recrystallized into form | on
heating. The DSC study showed that melt-cooled phwrs carbamazepine on aging under
0%RH/room temperature had a strong tendency oystadlization on heating, which was similar

to the results of celecoxib.
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Figure 3.9: Results of MTDSC test of melt-cooled aamphous carbamazepine on aging under

0%RH/room temperature.

3.3.5.1.1.4 Fenofibrate

Results of physical stability study of amorphéeisofibrate under 0%RH/room temperature were
different from other model drugs. As described ahdenofibrate has a very low glass transition
temperature (-19°C) leading to a high molecular mobility at room fEmature, which can result
in a fast recrystallsation. In this study, it wascdvered that crystalline fenofibrate was veryyeas
to be transformed into amorhopus form by melt-goethod, and can be physically stable for very
long time if recrystallization was not triggeredir® amorphous fenofibrate at room temperature is
a liquid-like due to the low gvalue, and its recrystallization can be triggergdntany external
factors such as surface disruption (touched byzers2 and high humidity. Freshly prepared melt-
cooled feofibrate showed no birefringence undeampgtd microscopy (Figure 3.10a). Once the
recrystallization was triggered, the crystals gr@wa fast rate. Figure 3.10 (b and c) shows the
crystals growth recorded by polarised microscopimiSmin. Evident birefringence can be seen
under polarised microscope, proving recrystall@anf fenofibrate. As can be seen in Figure 3.10,
within 5min, a relatively large area of amorphoesdfibrate was chaged into crystalline form.
Some preliminary work showed the results that afteepared by melt-cooled method some
samples were still amorphous detected by DSC &tErys storage under 75%RH/at room
temperature. But some samples recrystallised wihinday aged under 0%RH/room temperature.
These observations indicate that amorphous feratébinas low nucleation rate but high crystal
growth rate. The accurate control of the recryigition was difficult to achieve and no further
experiment was carried out as this was not of ttape of the study. Therefore, the physical
stability test of melt-cool fenofibrate cannot barreed out precisely. However, these studies of

fenofibrate still proved its high recrystallizatitendency.
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Figure 3.10: Freshly prepared melt-cooled fefibratg(a) and a 5min period of the recrystallisation of

amorphous fenofibrate recorded under polarised lighmicroscopy (b and c).

Aging under 0%RH/room temperature up to 2 wedies,order of the physical stability of melt-
cooled amorphous drugs is felodipine > celecoexitarbamazepine > fenofibrate. This is different
from the molecular mobility predicted using the A@bdel, which may indicate it is necessary to
carry out the real-time physical stability study arhorphous drugs to compare their physical
stabilities.

3.3.5.1.2 Physical stability of melt-cooled model rdgs aged under 75%RH/ room
temperature

3.3.5.1.2.1 Felodipine

MTDSC results of the melt-cooled amorphous fgdott aged under 75%RH/room temperature
are shown in Figure 3.11. Melting can be detectgdamorphous felodipine after 1 week aging.
This indicates that the physical stability of anfayps felodipine can be affected by high humidity.
This is very likely to be attributed to the wat@take of amorphous felodipine under high humidity.
The moisture uptake can increase molecular mopiéding to the recrystallisation of amorphous
drugs as reported in articles that the plasticigfigct of absorbed water in solid dispersions can
significantly decrease physical stability (24, &)-4Water uptake in amorphous felodipine was
reflected by a decrease ig \falues on aging. Freshly prepared amorphous faloelishowed a g
of 45.5C, and after 2 weeks aging under 75%RHd&creased to 40@. Using Gordon-Taylor
equation as described in ChapterEl (1.1and 1.2) the quantity of water uptake in amorphous
felodipine was calculated as 0.95% (w/w) after Zkgeaging under 75%RH/room temperature. It
also should be noted that after 2 weeks aging uAB#RH/room temperature, a relatively large
recrystallization peak was detected (Figure 3.Whjch suggests there were still certain amount of
amorphous felodipine left.
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Figure 3.11: Results of MTDSC test of melt-cooledmaorphous felodipine on aging under 0%RH/room

temperature.

The relaxation enthalpy of melt-cooled amorphdei®dipine on aging under 75%RH/room
temperature was measured as shown in Figure 3.tanlbe seen that relaxation of amorphous
felodipine almost reached a plateau after 1 daggagihe decreased relaxation enthalpy after 1

week aging was due to partial recrystallised feddi within the sample.
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Figure 3.12: Relaxation enthalpy of amorphous feldaine and celecoxib against time on aging under

75%RH/room temperature.

3.3.5.1.2.2 Celecoxib

Amorphous celecoxib aged under 75%RH/room tentperahowed similar results to that under
dry condition (Figure 3.13). Recrystallisation osating followed by melting was detected after
one day aging. The irregular recrystallisation terafures of amorphous celecoxib were detected.

A decrease in Jof amorphous celecoxib was observed from %38.@resh) to 51.ZC (after 2
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weeks aging) due to the water sorption on aging.uByg Gordon-Taylor equation, the water

uptake was calculated as 1.51% (w/w) after 2 wagks.

The relaxation enthalpy of celecoxib continuedréasing with increasing aging time as depicted
in Figure 3.11, indicating increased molecular rigbion aging under high humidity. In
comparison to the results of the relaxation enthalp the samples aged under 0%RH/room
temperature, the physical instability of amorph@etecoxib was significantly increased under

75%RH/room temperature.
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Figure 3.13: Results of MTDSC test of melt-cool anmphous celecoxib on aging under 0%RH/room

temperature.

3.3.5.1.2.3 Carbamazepine

Amorphous carbamazepine aged under 75%RH/roorpeeature showed similar results to that
aged under 0%RH/room temperature as shown in Fi@utd. Recrystallisation on heating
followed by melting was detected after one day g@giBame to the results of amorphous
carbamazepine aged under 0%RH/room temperaturamaliphous carbamazepine recrystallized
into form | on heating as proved by the detectedtingepoint (190.8C). A decrease in glwith
increasing aging time was observed from 8D.{fresh) to 33.%C (after 2 weeks aging). Using
Gordon-Taylor equation, the water uptake was catedlas 5.18% (w/w). It has been reported that
carbamazepine can form a dihydrate if the drug wasontact with water directly (43, 44).
However, as all detected melting peaks on agingvetaconsistent value of the melting point of
form I, it can conclude that amorphous carbamazegiil recrystallised into form | after 2 weeks

aging under 75%RH/room temperature.
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Figure 3.14: Results of MTDSC test of melt-cool amphous carbamazepine on aging under

0%RH/room temperature.

In short summary, the order of physical stabiifyamorphous drugs aged under 75%RH/room
temperature is still felodipine > celecoxitcarbamazepine > fenofibrate. However, in compariso
to the amorphous model drugs aged under 75%RH/temperature, a decreased physical stability
was observed for amorphous drugs aged under 75%8B/temperature. This indicates the

physical stability of amorphous drugs can be sigaiftly affected by stressed humidity.

3.3.5.2 Physical stability of amorphous drugs prepad by spin coating

Results of the physical stability of melt-cooledaphous drugs showed that felodipine were the
most stable amorphous drug under both dry and 75%driditions. Celecoxib and carbamazepine
showed similar and less stable physical stabiléhaviour than felodpine. However, it was noted
that on aging under 75%RH/room temperature, meitetbcelecoxib was still translucent after 3
days aging. Melt-cooled carbamazepine changed firanslucent to cloudy after 1 day aging under
75%RH/room temperature. These observations indibateamorphous celecoxib may have better
physical stability than carbamazepine at room teatpee. It is very likely that recrystallization of
amorphous celecoxib is sensitive to temperaturd, tns recrystallization and melting were
observed by DSC. In addition, as mentioned eatther physical stability of amorphous drugs was
reported to be dependent on processing metho@3. (bherefore, in order to gain a comprehensive
understanding of the physical stability of amorphduwgs, amorphous drugs were prepared using
spin coating for the physical stability study. Smoated amorphous drugs was stored under

0%RH/room temperature and 75%RH/room temperataspgctively.
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3.3.5.2.1 Physical stability of spin-coated amorphus drugs aged under 0%RH/room
temperature

3.3.5.2.1.1 Felodipine

Images of spin coated amorphous felodipine ageccru®&RH/room temperature taken by
polarised microscopy are shown in Figure 3.15ait be seen that no evident birefringence can be
observed for freshly spin coated felodipine, intiiwa felodipine was amorphous after fresh spin
coating. After two weeks aging, areas with birafance were observed, suggesting the occurrence
of recrystallization on storage. Freshly prepaned aged spin coated felodipine was also tested by
ATR-FTIR. The ATR-FTIR results showed that aftew@eks aging felodipine was still amorphous
(Figure 3.16). For felodipine, the transformatioani crystalline form to amorphous form after
spin coating can be identified by NH peak shifnir8365 to 3331cit(45). After two weeks aging,
despite felodipine crystals were observed by psgarimicroscope, the NH peak position remained
the same. This suggests the low level of recryssibn of spin coated felodipine was possibly

below the detection limit of IR.

fresh 0%RH 2weeks
felodipine felodipine

celecoxib celecoxib

Figure 3.15: Images of spin coated felodipine andetecoxib taken by polarised light microscopy on

aging under 0%RH/room temperature.

114



Chapter 3

©
—

-|_crystalline carbamazepine

1day

crystalline felodipine

fresh (amorphous

| 2 weeks

| crystalline celecoxib
g —M

T T T T T T T T
3700 3600 3500 3400 3300 3200 3100 3000
Wavenumber cm-1

1.4

1.2

1.0

Absorbance Units
0.8

0.6

0.4

0.2

Figure 3.16: ATR-FTIR results of NH (felodipine) ard NH, (celecoxib, carbamazepine) groups from

spin coated amorphous model drugs aged under 0%RH3om temperature for different time periods.

3.3.5.2.1.2 Celecoxib

Figure 3.15 shows the images of spin coated dmooip celecoxib aged under 0%RH/room
temperature taken by polarised microscopy. Sinitathe spin coated felodipine, no evident
birefringence was observed for the freshly spintedaelecoxib, indicating celecoxib amorphous
after fresh spin coating. After two weeks aging em®@%RH/room temperature, areas with
birefringence were seen, indicating the occurresfaecrystallization of amorphous celecoxib on
storage. However the recrystallized celecoxib waisietected using ATR-FTIR (Figure 3.16). The
ATR-FTIR results of spin coated celecoxib showeat thfter 2 weeks aging celeocixb was still
amorphous (Figure 3.16). A doublet peaks at 3222 2829cr in IR spectra of crystalline
celecoxib form 11l were attributed to the N-H stieing vibration of NH group (46). After spin
coating, the two peaks shifted to 3264 and 3362aspectivelywith broader peak bands. Similar
to spin coated felodipine, spin coated celecoxib stdl amorphous after 2 weeks aging according

to the ATR-FTIR spectra, which indicates the mayoof the sample remained amorphous.

3.3.5.2.1.3 Carbamazepine

Compared with spin coated felodipine and celdmo%pin coated carbamazepine present very
poor physical stability under the same storage itiond As seen in Figure 3.17, a large area with
birefringence was observed on spin coated carbgmezeafter 1 day aging under 0%RH/room
temperature, indicating a high level of recrystallion occurred within a short time period. This
was also confirmed by ATR-FTIR spectroscopy as showrigure 3.16. Nklgroup represented

by a band at 3463chfrom aged spin coated carbamazepine showed anddepbsition in IR
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spectrum to original crystalline form Ill carbampizee, whereas the peak from freshly prepared
amorphous drug was at 3478tmA shoulder peak at 3483¢mext to 3463cm also can be seen,
and this peak indicates the presence of form | @eagpwith the peak position from the literature
(37). Therefore, on aging under dry condition, smated carbamazepine recrystallized rapid into a

mixture of Form | and Il with the majority of Foriti.

fresh 0%RH 1day
carbamazepine carbamazepine |

fenofibrate fenofibrate within:40min

Figure 3.17: Images of spin coated carbamazepine)(and fenofibrate (b) taken by polarised light

microscopy on aging for different time periods unde 0%RH/room temperature.

3.3.5.2.1.4 Fenofibrate

For fenofibrate, although freshly prepared sampés amorphous as confirmed by polarised
microscopy, recrystallization continued and almaxstomplished within 40min as shown in Figure
3.17. ATR-FTIR measurements of spin coated fenafébrconfirmed its fast recrystallsation as
depicted in Figure 3.18. Originally positioned @&4&cn', the carbonyl group from fenofibrate
shifted to 1656c¢h after changed from crystalline form to amorphaarsrf Spectra of spin coated
fenofibrate were taken continuously with an intéref 2min. A peak shift from 1656cMto
1648cm’ was completed in 40min indicating the solid transfation from amorphous state to
crystalline state was accomplished in 40min. Aginder 0%RH/room temperature up to 2 weeks,
the order of the physical stability of spin coatdorphous drugs is felodipire celecoxib >

carbamazepine > fenofibrate.
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Figure 3.18: ATR-FTIR results of carbonyl group from spin coated fenofibrate tested at ambient

environment for 40min.

3.3.5.2.2 Physical stability of spin coated amorplus drugs aged under 75%RH/room
temperature

3.3.5.2.2.1 Felodipine

Areas with birefringence in spin coated felodipimere observed by polarised microscope after 3
days aging under 75%RH/room temperature as showigure 3.19a, indicating high humidity
can accelerate recrystallization of amorphous fplod in comparison to the samples aged under
0%RH/room temperature. The results were similarthi® melt-cooled amorphous felodipine
whereby recrystallization was detected by DSC famples only aged under 75%RH/room
temperature. Recrystallisation of aged spin codédodipine was also detected by ATR-FTIR
(Figure 3.20). After 2 weeks aging under 75%RH/raemperature, the NH peak from freshly
spin coated felodipine shifted from 3331tivack to 3365 cih(crystalline felodipine form 1). This
indicates that a higher level of recrystallizatioocurred in comparison to samples aged under

0%RH/room temperature.
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Figure 3.19: Polarised light microscopy images ofpin coated felodipine (a) and celecoxib (b) agedrfo

2 weeks and carbamazepine (c) aged for 1 day upoxp®sure to 75%RH at room temperature.
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Figure 3.20: ATR-FTIR results of NH (felodipine) ard NH, (celecoxib, carbamazepine) groups from
spin coated amorphous model drugs aged under 75%Rdt room temperature for different time

periods.

3.3.5.2.2.2 Celecoxib

Areas with birefringence in spin coated celecowibre observed after 3 days aging under
75%RH/room temperature (Figure 3.19b), indicatitg toccurrence of recrystallization. In
comparison to the same samples aged under 0%RH/temperature, recrystallization of spin
coated celecoxib aged under 75%RH/room temperataoeirred at a greater level. Physical
stability studies of melt-cooled celecoxib only wlead an increased molecular mobility as
demonstrated by the increased relaxation enthaggsored by DSC on aging. However, by using
spin coating, it clearly proved that stressed hitgni@’5%RH) can induce recrystallization for
amorphous celecoxib. Recrystallisation of spintedaelecoxib was also detected by ATR-FTIR
after 2 weeks aging under 75%RH/room temperatuseas in Figure 3.20. The doublet NH peaks
at 3264 and 3362 chirom freshly spin coated celecoxib shifted to 322®1 3329 cr after 2
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weeks aging, indicating a higher level of recrystation compared with the same sample stored

under 0%RH/room temperature.

3.3.5.2.2.3 Carbamazepine

Carbamazepine showed large birefringent area aitdy 1 day aging as shown in Figure 3.19c.
The sizes of the observed birefringent areas irptesraged under 75%RH/room temperature was
similar to that in samples aged under 0%RH/room peyature. This indicates amorphous
carbamazepine has high potential to recrystallid@ch is less affected by the aging condition.
Recrystallization of spin coated carbamazepine alss studied by ATR-FTIR (Figure 3.20). It
can be seen that the recrystallization of spin esbatarbamazepine under 75%RH/room
temperature was different from the results undeRB#oom temperature. Unlike the detection of
both recrystallized form | and 11l in samples agedler 0%RH/room temperature, only form | was
detected after 2 weeks aging under 75%RH/room teatyre. This indicates that the aging
condition can affect the solid state transformatbcarbamazepine. Furthermore, recrystallisation
behaviour between melt-cool and spin coated carbepnae are different since only form | can be
detected by MTDSC for melt-cool samples. This isgialy because although aged under different
conditions (dry and humid), heating induced re@lisation of amorphous carbamazepine in the

MTDSC test tend to configure molecules into for(d3).

3.3.6 Summary of the physicochemical characterisath of model drugs

Thermodynamic properties of the four model drugsedkin a broad range. For instance, th@fT
fenofibrate was -19°C but the T of celecoxib was 58°€ measured by DSC. The four model
drugs also showed different glass forming abilitging the AGV equation, relaxation time of the
four amorphous was calculated and results showatlttie four amorphous model drugs had
different molecular mobility. In addition to thesemmonly evaluated physical properties of drugs,
the real-time physical stability of amorphous drugse studied under 0%RH/room temperature
and 75%RH/ room temperature. In order to avoidéfiect of processing methods, amorphous
drugs were prepared using melt-cool and spin ogatimespectively. Results showed that
irrespective of the preparation methods, the oafethe physical stability of amorphous was
felodipine > celecoxib > carbamazepine > fenofibrdthe results of the physical stability study

also showed that stressed humidity can induce stdlization of amorphous model drugs.

Factors including glass transition temperaturésamorphous drugs, molecular mobility of
amorphous drugs and the physical stability of afmous drug have been reported to be associated
with the physical stability of amorphous solid disgions (9, 17, 47). However, there have been
few studies combining these factors to disclosecwiaf them are most relevant to the physical
stability of amorphous solid dispersions. In Chagiethe real-time physical stability studies of

amorphous solid dispersions prepared with theseehtrdigs are evaluated. Therefore, comparing
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the physical stability of amorphous solid dispemsiavith the physical properties of model drugs,

dominating factors affecting the physical stabibfyamorphous solid dispersions may be revealed,
which can be potentially helpful for the enhancen@inthe physical stability of amorphous solid

dispersions.

3.4 Conclusions

In this chapter, physicochemical properties of nhabttegs and polymers were investigated, and
these properties have been considered to be rdiatdee physical stability of solid dispersions.
These properties including glass transition tempega fragility and molecular mobility, varied in
a wide range as proved by the calculation. Physitatbility of amorphous drugs prepared by
different methods was tested under dry and highidlityncondition. Although prepared and aged
differently, the order of the physical stability amorphous drugs was felodipine > celecoxib >
carbamazepine > fenofibrate in all cases. Theeaeli characterisation results could be further
used in combination with miscibility/solid solultyli prediction at the next stage for fulfilling the
method development of predicting and enhancingipalystability of solid dispersions prepared by

hot melt extrusion.
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Chapter 4

Chapter 4: Prediction of drug-polymer miscibility and solubility
using different theoretical approaches

4.1 Introduction

The application of amorphous solid dispersions besn proved to be effective in enhancing
dissolution rate of poorly water-soluble drugs 2}, However, as mentioned in Chapter 1, the
physical stability of amorphous solid dispersioassiill the main challenge for the formulation
development in the pharmaceutical industry (3-5he Toccurrence of physical instability in
amorphous solid dispersions, including phase s#parar recrystallization can lead to the
appearance of drug crystals in formulations, whiohy further affect dissolution rate and

bioavailability as crystalline drugs do not havehagh dissolution rate as amorphous forms (4, 6).

Several factors such as molecular mobility, gteesssition temperature, miscibility between drugs
and polymers and drug-polymer solid solubility hdde=n evaluated to correlate their relationship
with the physical stability of solid dispersionsiT). It has been proposed by articles that drug-
polymer miscibility and solid solubility of drugs ipolymers was one of the most significant
factors in impacting the physical stability of amloous solid dispersions (9, 12-14). Therefore, to
fulfil the development of prediction methods forypltal stability of solid dispersions, drug-

polymer miscibility and solubility is evaluated thyeoretical approaches in this chapter.

Miscibility originally is a property to describmixing of liquids to form a homogeneous solution,
for instance mixing of phenol and water depictety@ical miscibility phase diagram of a A-B
binary system with the “inversed U” shape as disedsn the literature (Figure 4.1) (15). Above
the critical temperature, A and B are completelgaitile with each other, whereas below the
critical temperature the mixed system becomesagilgrtniscible containing A-rich phase or B-rich
phase. The compositions of A-rich phase, B-richsphand the miscible phase can be determined
from the phase diagram. In amorphous drug-polyrokd slispersions, miscibility is applied to the
mixing property of drugs and polymers at a certamperature (16). If within a certain range of
drugs to polymers ratios at a certain temperatusingle phase system can be achieved by mixing,
it may indicate that the amorphous drug and therphmus polymer are miscible within the range.
An amorphous solid dispersion prepared with dragliegs falling into the miscible drug-polymer

ratios is likely to be thermodynamically stable I&.
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Figure 4.1: Liquid-liquid phase diagram of phenol aad water (miscibility gap between phenol and
water) (19).

Drug-polymer solid solubility is also a concemriged from aqueous solution theory. Unlike
miscibility regarding the mixing of two liquids, lebility is defined as dissolving a solid state
material into a solvent until the equilibrium maxim concentration at a certain temperature under
a certain pressure. In amorphous drug-polymer stibgersions, the maximum amount of drug
molecules which can be molecularly dispersed imtlyrper chains to form a single phase system
(at a certain temperature under a certain presguoensidered as the solid solubility of the diug
the polymer (16). It can be expected that if thegdpading is below the solid solubility of the dru
in the polymer, the amorphous solid dispersionshmphysically stable as the drug concentration
is not sufficiently high to recrystallize out. Tleéore, the determination and prediction of solid

solubility of drugs in polymers are essential foe formulation development of amorphous solid
dispersions.

In this chapter, several most widely used tbeoal approaches in predicting drug-polymer
miscibility and solubility including solubility pameter, melting point depression and recently
developed enthalpy methods were applied to preatetdrug-polymer miscibility and solubility
between model drugs and EUDRAGIEPO (20-22). The predicted miscibility and solitpimay

assist formulation design of melt extruded solghdrsions with enhanced physical stability.

Research objectives

1. To predict drug-polymer miscibility and solubjlusing the solubility parameter approach.
2. To predict drug-polymer miscibility and solubjilusing the melting point depression approach.

3. To predict drug-polymer solid solubility usirfietenthalpy method.
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4.2 Experimental methods

4.2.1 Preparation of physical mixtures of crystaliie model drugs and EUDRAGIT® EPO

Physical mixtures of model drugs and EUDRAGEPO with different drug-polymer ratios were
prepared in standard DSC pans with a total massoxzippately of 3mg. The drug-polymer
physical mixtures with drug concentrations from 1@#®0% (w/w) were prepared by weighing the
drugs and the polymer together within the DSC ahimm standard pans. After mixing by gently
tapping, the lid was crimped and tested by DSC ithately.

4.2.2 Standard differential scanning calorimetry (C5C)

Instrumental information of DSC refers to Chap2esection 2.2.2.1.3). Different heat rates

including 0.2,1 and C/min were used to different samples.

4.3 Results and discussion
4.3.1 Solubility parameters approach

4.3.1.1 Theoretical background

The detailed development of solubility paramétgrhas been described in Chapter 1. In this
chapter, details of using the group contributiorthd to calculate solubility parameters of model
drugs and EUDRAGIT EPO will be discussed. Originating from polymeiesce, so far the
employment of solubility parameter in the pharmaicaliindustry has been mainly focused on the
comparison of solubility parameters of drugs antympers to evaluate miscibility between them
(20, 23). It has been suggested that compoundsanstiiubility parameter difference smaller than

7.0 MP&”? were likely to be miscible, otherwise were likédybe immiscible (23).

Solubility parameters of low molecular weight erél can be directed measured by their
evaporation energy according to the definition @tibility parameter as mentioned in Chapter 1.
However, this cannot be applied to the materiath Wwigh molecular weight, such as polymers. In
1928, Dunkel suggested that for low molecular weiglaterials, cohesive enerd,, was an
additive property, and therefore the cohesive gnefdiquids at room temperature can be divided
into different functional groups (group contribut)o(24). Following the conception of the group
contribution method, Hayes, Di Benidetto, and Fedapplied the group contribution method to
predict solubility parameters of high molecular g¥ai molecules (25-27). In this study, Fedors
group contribution method was applied to calculstdubility parameters of model drugs and
EUDRAGIT® EPO (20, 27). As mentioned in Chapter 1, solybpiarameter is the square root of
cohesive energy densityfELy. Fedors calculated contributions K., for a great number of
structural groups and their molar volumg &t 298.15K dividing the structure of a compountbi
these functional groups, the solubility parametan de predicted (27). An example of the

calculation of solubility parameter of a model drtenofibrate (Table 4.1), is given as follows.
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Table 4.1: Group contributions to fenofibrate by Felors method (27).

Yojxc

Fenofibrate

Groups Quantity Econ (kd/mol) V (cm*mol)
CH; 4 4.71 335
C 1 1.47 -19.2
COo, 1 18 18
(0] 1 3.35 3.8
Phenyl 2 31.94 714
CO 1 17.37 10.8
Cl 1 11.55 24
CH 1 3.43 -1

Therefore, solubility parameter of fenofibrate:

8 = (2 Econ/ 2 V)?= 20.98MR Eq 4.1

2 Econ= (4.71%x4 +1.47x1+18x1+3.35x1+31.94x2+17.37x1+11.5861+3.43x1)=137.89x1GJ/mol

X V=(33.5%4 -19.2x1+18x1+3.8x1+71.4x2+10.8x1+24x1-1x] =313.2cni/mol

4.3.1.2 Prediction of miscibility and solid solubity by the solubility parameter approach

The calculated solubility parameters of model dragd EUDRAGIT EPO are summarised in
Table 4.2. It can be seen that the difference hibdlity parameters between the model drugs and
the monomer of EUDRAGITEPO is very little. The highest discrepancy olubdlty parameter
of model drugs to EUDRAGITEPO occurs in carbamazepine, which is 4.07#iAccording to
the discrepancy value mentioned above that if twatenmls have difference of solubility
parameters smaller than 7 M they are very likely to be miscible (23). Therefovia comparing
predicted solubility parameters between model damg EUDRAGIT EPO, it suggests that the
model drugs are likely to be miscible with EUDRAGIEPO.

Table 4.2: Calculated solubility parameters of modedrugs and EUDRAGIT® EPO by Fedors group
contribution method.

Materials % Econ (kJ/mol) ZV (cm¥mol) 6 (MP,13

felodipine 143.8 287.4 22.37
celecoxib 124.75 285 20.92
enofibrate 137.98 313.2 20.98
carbamazepine 106.2 190.8 23.59
EUDRAGIT°EPO (monomer) 96.32 252.7 19.52
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The predicted solubility parameter may theordficauggest a high likelihood of miscibility

between model drugs and polymers. By further deietp this method, the solid solubility of
model drugs in EUDRAGITEPO can be calculated. Flory-Huggins lattice-bakedry derived in
1953 was established to depict thermodynamics tfnpeEr solutions based on the Gibbs free
energy law (28). It assumed that the polymer smtutiad a structure similar to crystalline lattise a
schemed in Figure 4.2. Basically, the solutionassidered to be composed by lattices and the
monomer of the polymer and the solvent moleculd wdlcupy a single lattice in the whole

structure. A polymer chain with a polymerisatiorgae of x will occupy x lattices.

B | < | | x| <
el [ o | e
X | X \i@&»{x
< x| x| x

< x| x| ] <

W =————————  solvent molecule

=

Figure 4.2: Schematic model of Flory-Huggins lattie based theory of polymer solution.

polymer

The thermodynamics of mixing a polymer with avsokt based on the Flory-Huggins lattice
theory can be described by (28):

AG = AH-TAS = RT (mln Di+nnd,+ng @2){12) Eq 4.3
AH=RT n @;x1» Eq4.4
TAS = -RT (Aln @1+ nin @) Ed4

whereAG is the free energy change of mixing the polymahwhe solventdH is the enthalpy
change of mixing the polymer with the solven§ is the entropy change of mixing the polymer
with the solventn; is the number of moles of the solvent molecnjés the number of moles of the
polymer, @ ; is volume fraction of the solven , is volume fraction of the polymer, ang, is
called Flory-Huggins interaction parameter betwgmnsolvent and the polymer (28). This lattice-
based theory was further developed to describe-plobigner mixing by Taylor's group assuming
the drug molecule is the single lattice (21). Gaesng the amorphous drug molecule as a solute

molecule, the Flory-Huggins equation can be writign

AGM /(RT) = r’Hrugln@drug + npolymelln@polymer'}' ndrugqspolymeﬁ{ Eq 4.6
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where4Gy is the free energy change in the mixing procegs, is the number of moles dfug,
Npoiymer IS the number of moles of polymed, 4 is the volume fraction of the dru@poymeris the
volume fraction of the polymeR is the gas constant,is the Flory-Huggins interaction parameter
between the drug and the polymer, ands the temperature at which the mixing of drugd an
polymers occurs. The relationship between the actevn parameter and the solubility parameters

of drugs and polymers is described by:
X= Vsie/ RT 6drug _5polymea 2 Eq 4.7

where Vs is the volume of the hypothetical lattice, and sitize volume of the polymer chain is
significantly larger than that of the drug, the arololume of the drug is used as the site volume
(21). Results of calculated interaction parametdrsnodel drugs with EUDRAGIT EPO are

summarised in Table 4.3.

Table 4.3: Calculated interaction parameters of modl drugs with EUDRAGIT® EPO

materials feldoipine celecoxib fenofibrate carbaemaze

X 0.9417 0.4712 0.2603 1.2705

Combining the calculated solubility parameter #émgl interaction parameter, the free energy of
drug-polymer mixing can be calculated by uskgy4.6 One should note that cohesive energy and
molar volume from Fedors method were calculate@5€ (298.15K) under standard pressure,
and thus the resultant free energy of mixing bys thiethod can only be applied at room
temperature (298K) under standard pressure. Thegpldrug ratios in drug-polymer mixtures
against calculated free energy of mixing betweedehdrugs and EUDRAGITEPO is shown in
Figure 4.3. It can be seen that through the edting-polymer ratio range, from 5% to 95% (w/w),
the mixing of model drugs and EUDRAGITEPO is thermodynamically favourable at room
temperature (298.15K) since the calculated freegee® of mixing are all negative. This indicates a
good miscibility between model drugs and EUDRAGIEPO, which is in agreement with the
prediction by the comparison of solubility parameteetween model drugs and EUDRAGIEPO.

It also can be noted that there exists a lowestevaf the calculated free energy change of mixing
for individual model drug in a certain drug weigidrcentage. With the drug-polymer ratio equals
to that value the mixing process of amorphous mattas and EUDRAGIT EPO is most
thermodynamically favourable. This may suggest #mbrphous solid dispersions prepared with
model drugs and EUDRAGfTEPO are very likely to be physically stable if tireig loadings are
close to these values. Consequently, it can beoprapthat this particular value can be used for the
mixing of individual drug in EUDRAGIT EPO in the preparation of amorphous solid dispessi
since the demixing of drugs and EUDRAGIEPO will not occur spontaneously. This value ¢soli
solubility of the drug in EUDRAGIT EPO) is circa 25% (w/w) for felodipine, 35% (w/fior
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celecoxib, 35% (w/w) for fenofibrate and 15% (wha) carbamazepine. It should be noted that the
observed value where the mixing of drugs and thenper are most thermodynamically favourable
might not be the thermodaynamic drug-polymer sditybiHowever, in the view of fomulaton

development for amorphous solid dispersions, tHeevanay be considered as apparent drug-

polymer solubility.

0.00 4 u felodlplne
i ® celecoxib vVYYwm
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Figure 4.3: Plot of drug ratios in drug-polymer mixtures against calculated free energy changed G/RT)
of mixing of model drugs and EUDRAGIT® EPO.

Although the predicted model drugs-EUDRAGIEPO miscibility and solubility can be applied
to room temperature, some potential issues regarttie accuracy of the method should be
clarified. Solubility parameter theory only accomrfor the direct contact energies between
components and does not take into account thetefté@ntropy or the free volume of amorphous
solids (29). It also should be noted that this thes based on regular solution theory and
deviations from solution behaviours such as chanmgeslume on mixing must be accounted for
(23). Therefore, the factors mentioned above miightesponsible for the inaccurate prediction of

drug-polymer miscibility and solubility in companis to real drug-polymer cases.

4.3.2 Melting point depression approach
4.3.2.1 Theoretical background

The melting point depression method was firgtoithiced to be applied to predict the solid-solid
miscibility between two polymers in 1975 (30). Frahen on, it was widely used in polymer

science to investigate whether the crystalline pellyand the amorphous one were miscible when

being mixed together on heating (31-33).
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In the field of polymer science regarding the estigation of the miscibility between two
polymers, the interaction parametgrfrom the Flory-Huggins lattice-based theory waseated
with the melting point depression. Basically, oelting of a physical mixture of a crystalline
polymer and an amorphous polymer alone in equilibrstate, the solid—liquid chemical potential
(calculated as partial differential of the free mgyefrom Flory-Huggins model) change of the
crystalline polymer should be equivalent to thencical potential difference (change) of the
crystalline polymer in liquid state and in the aptwous polymer phase. Therefore the relationship

between melting point depression and Flory-Huggioslel was established &g 4.8:(30, 33, 34)
(1P —L/TP"y) = —RIUHzs [In D1+ (LImy —1/my) Do+ y D7 Eq 4.8

where T™, is the melting temperature of the crystalline pady in the mixture with another
amorphous polymef?"", is the melting temperature of the crystalline matgdHy is the heat of
fusion of the polymer crystal, amdy andm, are the degree of polymerization (the number ¢itkat
of the individual polymer chain occupies) aRlis the universal gas constant. A negative
interaction parameter may indicate the two polymams miscible as the negative interaction
parameter can lead to a negative free energy chahgeixing (Eq 4.3, whereas a positive

interaction parameter may indicate the two polynaegesimmiscible or partially miscible.

The melting point depression method was furthewetbped and applied in amorphous solid
dispersions to predict the drug-polymer miscibibityd solid solubility by Taylor’'s group (12, 21).
The melting of a pure drug occurs when the chenpo#ntial of the crystalline drug equals to the
chemical potential of the molten drug (35). If theig is miscible with a polymer, the mixing of the
drug and the polymer is thermodynamically favoueabwhich is reflected by a negative free
energy change of the mixture. Thus the chemicargatl (partial Gibbs free energy) of the drug in
the mixture with the polymer on melting will be dieathan the chemical potential of the pure
crystalline drug on melting without the existenddte miscible polymer, resulting in the melting
point depression of the crystalline drug Chemiacatieptial is a function composed of pressure,
temperature and Gibbs free energy and thus a decrednemical potential can lead to a decreased
melting point (34). In contrast, if the drug andypoer are immiscible, no melting point depression

Is expected because of unchanged chemical poteftia¢ melted drug.

In amorphous drug-polymer solid dispersions,eithe volume of a drug molecule is significantly
smaller than a polymer chaiBg 4.8was modified assuming the lattice size is the siza single

drug molecule (21):

(AT —1/TPU") = —RIAHzs [IN Byrugt (1 —1/M)Bpoiymert xPpoiymer] Eq 4.9
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where T™), is the melting temperature (depressed meltingtpaihthe crystalline drug in the

e

mixture with the amorphous polymeF"", is the standard melting pointHss is the heat of
fusion of the crystalm is the ratio of the volume of the polymer to tioéta single lattice site
(defined here by the volume of the drug). Rearmag@iq 4.9 one can easily notice the linear

relationship:
(1/ﬁrXM _1/-|-pureM) X (A Hrud _R) _In((pdrug) _(1 _1/m)¢polymer:){¢polymer2 Eq 4.10

The interaction parametey, can be calculated as the slope of the lineaessgwn between the
left (calculated by the detected depressed mefivigts and the physical properties of drugs and
polymers) and the righwﬁ,o.ymef) of Eq 4.10 The achieved interaction parameter can be used to
judge whether an amorphous drug and a polymer aseibie by calculating the free energy

change of mixing the drug and the polymer ustiggl.6

To further use the melting point depression metioochlculate the drug-polymer solubility, it is
essential to understand classic thermodynamic Bi&uln liquid theory. In liquid solutions,
solubility occurs at equilibrium state where thewrical potential of the solute in solid state sdoul
be equivalent to that in the solution. Based oa theory, the relationship between the solubility

and temperature can be written by:
dInS/dT =tHys/ (RT) Eqs

whereS is the solubility of the material at temperatiliran the solution4Hy, is the heat of fusion

of the solid. One can easily rewrlg 4.11ith certain temperatures into:
INS =AHqus /R (1 — 1/Ty) Eq 4.12

ure

Therefore, considering, and T;as T™ and v from Eqg 4.9 respectively, the solubility of

the drug in the polymer can be calculated by combgikq 4.9andEq 4.12(21):
InSirug =1In @drug"' (1 _1/m)¢polymer+){@polymer2 Eq 4.13

whereSq is solubility of a drug in a polymer at the temgdere at which solubility parameter is
calculated, and in terms of melting point deprassigproach the temperature should be the

depressed meting points under standard pressure.
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4.3.2.2 Prediction of miscibility and solid solubity by the melting point depression approach

4.3.2.2.1 Effect of heating rate on the melting pii depression

The influence of heating rates on the melting oiott felodipine in the 50% (w/w) physical
mixture with EUDRAGIT EPO is shown in Figure 4.4. It can be seen thabtiset value of the
melting points of felodipine decreased from 14C.30 138.1C, as well as the melting enthalpy
decreased from 35.16 to 25.88J/g, as the heattegreduced from 10 to F@/min. It indicates
that melting point depression can be significamtfiected by the applied heating rate. This is
because the low heating rate may provide the ditigsufficient time to interact with the polymer.
Based on these results, the heat rate ¢Cn@in was used for the melting point depressionystu

of felodipine as the most significant depressedingepoint was achieved at this rate.

°1  0.2°C/min phy mix 50% (w/w) 258005 E
1 142.05°C
N 1°C/min phy mix 50% (w/w) ey
143.29°C
3]
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- ]
£ +1 10°C/min crystalline felodipine lgge  TEE
]
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146.51°C
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Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure 4.4: Influence of heating rate on melting pimts and melting enthalpy of felodipine in 50% (w/vy
felodipine-EUDRAGIT ® EPO physical mixture.

Melting point depression of celecoxib and carbzepine in EUDRAGIT EPO detected by DSC
at the ramp of IC/min is shown in Figure 4.5. It can be seen thiatemt depressed melting points
can be achieved for both drugs. The onset valueedfing decreased from 160&Gto 155.7C for
celecoxib and from 186°@ to 180.5C for carbamazepine. This demonstrates that théngeate
of 1°C/min was sufficiently low for investigating the Hieg point depression of celecoxib and
carbamazepine in this project. Compared with feliodi, the degree of depressed melting points of
celecoxib and carbamazepine were more signifieamn felodipine was tested at a heating rate of
0.2°C/min. Physical mixtures of fenofibrate and EUDRAGIEPO were tested by DSC as well.
However, no melting point depression was obseroe&®% (w/w) fenofibrate-EUDRAGITEPO
even with the lowest heating rate ({2nin). The absence of melting point depression of

fenofibrate indicates a low miscibility between déibrate and EUDRAGIT EPO by this approach.
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Figure 4.5: DSC results of 50% (w/w) physical mixtte of (a) celecoxib and EUDRAGIT EPO, and (b)
carbamazepine and EUDRAGIT® EPO at the heating ramp of 16C/min.

Different melting point behaviours of physicalxtires of model drugs with EUDRAGTTEPO
were observed. As mentioned earlier, melting pdégression is caused by the miscibility between
the two components. It has been reported thatrtiiégibility was associated with interactions
between the two components (21). As can be seémeichemical structures of model drugs and
EUDRAGIT® EPO (Chapter 2), felodipine, celecoxib and carkmapme all have hydrogen
bonding donor groups and EUDRAGIEPO contains carbonyl groups which can act hydroge
bonding acceptors. However, this is not the casefdnofibrate. Therefore it is possible that
felodipine, celecoxib and carbamazepine at meltatk swith high mobility can interact with
EUDRAGIT® EPO stronger than fenofibrate, leading to the tgredepressed melting points. The
reason why celecoxib and carbamazepine showed wthepeessed melting point values than
felodipine at the same heating rate is not cleaswéver, according to the definition of the
interaction parameter, it demonstrates that therastion between carbamazepine, celecoxib and
EUDRAGIT® EPO are stronger than that between felopdipineEAIdRAGIT® EPO (36).
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4.3.2.2.2 Predicted drug-polymer miscibility and skd solubility by the melting point
depression approach

Physical mixtures of model drugs and EUDRA&HPO with drug-polymer ratios from 10% to
90% (w/w) were tested by DSC dCImin for celecoxib and carbamazepine, and &rgin for
felodipine. As no melting point depression was deite for the physical mixture of fenofibrate and
EUDRAGIT® EPO at the heating rate of 8C2min, the melting point depression method was not
applicable to fenofibrate. The physical propertésnodel drugs and EUDRAGFTEPO required

for the melting point depression method are liste@iable 4.4.

Table 4.4: Physical properties of model drugs and BDRAGIT ® EPO required for the melting point

depression method.

Materials Mw (g/mol) Density (g/chP AHgys (kI/mol¥
Felodipine 384.26 1.28 30.740.1
Celecoxib 381.37 1.52 37.2+0.2
Carbamazepine 236.27 1.30 24.0+0.1
EUDRAGIT® EPO 4840.06 1.1¢' -

a: assume 20 repeat units in the polymer (12).

b: obtained from Cambridge Structure Database

c: measured by DSC (n=3)

d: obtained from the instruction of commercial EUBRT® EPO product

Felodipine- EUDRAGIT EPO physical mixtures are discussed here as anpdeaf using the
melting point depression method. UsiBg 4.10with the detected depressed melting points from
physical mixtures of felodipine and EUDRAGIEPO, the plot of1/T™, —1/T""%,) x (4Hwnd —R)
—IN(Parug) —(1 —L/M)Dpoiymer againstqﬁpo.ymer2 was carried out as seen in Figure 4.6. It shoeld b
noted that the linearity can only be achieved wiigh drug concentration physical mixtures. The
absence of linearity across the entire concentratmge (data not shown) may reflect the well-
known composition dependence of the interactionameter as well as the increasingly
unfavourable kinetics of the drug-polymer (12). Mtihe acceptable linearity coefficient, according
to the theory aforementioned, the interaction patemcan be achieved as the slope of the

regression analysis, -1.0267 (felodipine).
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Figure 4.6: Regression analysis of melting point greession approach with low polymer volume

fraction square.

Applying the same method to celecoxib and cadxepine, interaction parameters were
calculated as -0.9247 for celecoxib and -0.8549ctrbamazepine. Predicted negative solubility
parameters for felodipine, celecoxib and carbamiaeemdicate that three model drugs present
good miscibility with EUDRAGIT EPO (12, 21).

The good miscibility between felodipine, celedpgind carbamazepine with EUDRAGIEPO
can also be proved by usirfgg 4.6 to calculate free energy change of mixing drugd an
EUDRAGIT® EPO (Figure 4.7). Through entire drug-polymerastimixing is thermodynamically
favourable as demonstrated by the negative freeggnehange values. Although interaction
parameters predicted by solubility parameter anltimgepoint depression approaches are different,
they mutually suggest good miscibility between dighine, celecoxib and carbamazepine with
EUDRAGIT® EPO. Despite predicted high miscibility and sditppibetween fenofibrate and
EUDRAGIT® EPO by solubility parameter approach, it is vékely that they are immiscible or
partially miscible, since no melting point depressiwas observed. As mentioned earlier, this
immiscibility between fenofibrate and EUDRAGIEPO on heating is very likely to be associated
with the incapability of the formation of strongenaction (hydrogen bonding) between them. The
study of the formation of hydrogen bonding in anfmys solid dispersions between model drugs
and EUDRAGIT EPO will be discussed in Chapter 6.

135



Chapter 4

m felodipine u
® celecoxib n ®
0059 o carbamazepine .,
u ]
) | [
-0.10 1 . -
° " e
— n [ |
x 2 . ¢
-0.15 u (]
(49 ® g g w " °
o °
® )
® o o0
-0.20
-0.25
T T T T T T T T T 1
0% 20% 40% 60% 80% 100%

Drug ratio (w/w)

Figure 4.7: Free energy change4G/RT) of mixing calculated using interaction parametempredicted by

melting point depression approach.

It can be noted that the calculated values & ®aergy change of mixing model drugs with
EUDRAGIT® EPO was different between the solubility parametethod and the melting point
depression method. This is because the Flory-Hsgmiteraction parameter applied in the two
methods was calculated in different walgg) @.7for the solubility parameter method ad 4.10
for melting point depression method). The free gpechange of mixing model drugs and
EUDRAGIT® EPO was dependent on the enthalpy change of miasmgthe entropy change of
mixing. The solubility parameter was associatedhwlie enthalpy change of mixingdq 4.4. The
entropy change of mixing always thermodynamicallydured the mixing as after mixing the
system was more disordered than the individual dnapolymer. Therefore even with a positive
interaction parameter (as calculated by the sdtylparameter method), the mixing of drugs and
polymer could still be thermodynamically favourddhie entropy change of mixing was superior
over the enthalpy change of mixing. This result \wk® reported in the literature that nifedipine

was miscible with PVP k29/30 even with a calculatedraction parameter of 0.5 (21).

UsingEq 4.12combined with calculated interaction parametesmfthe melting point depression
approach, solid solubility of model drugs in EUDRAG EPO can be predicted. The predicted
solubility of model drugs in EUDRAGIT EPO is listed in Table 4.5. Since the interaction
parameter was obtained from melting point depresajproach, the calculated solubility listed in
Table 4.5 should be considered under the DSC rgneoiindition, more specifically, at the
temperature close to the melting point of the allise drug. It also can be seen from Table 4.5

that the predicted solubility increased with ingiag temperature, which can be considered as a
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reasonable phenomenon that the solubility is likelyincrease if temperature is increased.

Moreover, e.g. at the temperature close to melpomt of crystalline felodipine (409.74 to
413.50K), the variation of predicted solubility very limited, ranging from 29.02% to 32.20%
(w/w), which indicates that the equilibrium solidlsbility of felodipine in EUDRAGIT EPO is
likely to be within this range, and averagely ciBd%o (w/w). Using the same calculation method,
solid solubility of celecoxib and carbamazepin€WDRAGIT® EPO was calculated as 41% (w/w)

for celecoxib and 46% (w/w) for carbamazepine.

Table 4.5: Predicted solid solubility of felodipinein EUDRAGIT ® EPO by melting point depression

approach.
drug felodipine celecoxib carbamazepine
concentration temperaturé  Solubility | temperaturé  Solubility | temperaturg  Solubility
i the (K) (wiw) (K) (wiw) (K) (wiw)
mixture
(w/w)
10% 407.28 14.01% 415.42 13.74% 442.58 13.58%
20% 409.38 22.36% 419.82 16.64% 446.72 23.14%
30% 408.35 27.38% 423.25 24.32% 448.75 27.96%
40% 410.40 30.31% 426.92 31.10% 451.90 35.38%
50% 411.42 31.78% 427.14 36.57% 453.59 41.18%
60% 411.58 32.20% 428.34 40.38% 454.22 45.11%
70% 413.22 31.74% 432.01 42.26% 455.89 47.04%
80% 413.50 30.65% 433.40 42.06% 457.27 46.98%
90% 414.33 29.97% 434.32 41.81% 459.43 45.08%

a: the measured depressed melting temperature dlrtly in the physical mixture by DSC

Using the melting point depression approachhamazepine was predicted to have the highest
solid solubility (46% w/w) amongst model drugs, s using the solubility parameter method
the solubility of which was the lowest (15% w/wi. &ddition, solid solubility of felodipine and
celecoxib in EUDRAGIT EPO predicted by the melting point depression oettvere both
higher than that predicted by the solubility parsanenethod. In addition to the limitation of the
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solubility parameter approach mentioned in 4.3.th@,restriction of the melting point depression
approach should also be discussed. The results thhemmelting point depression approach can
only be valid to describe the drug-polymer misdipiand solubility to a narrow temperature range
which was close to the melting points of model drag the interaction parameter was calculated at
that temperature range. At temperatures closeetaniglting points of model drugs, equilibrium of
drug-polymer miscibility and solubility can be dstahed rapidly as both the drugs and the
polymer were in the liquid state with low viscosityhis can possibly lead to the accurate
prediction of drug-polymer miscibility and solultyli(16). At temperatures below, Dr at room
temperature, the establishment of the equilibriam take very long time period due to the high
viscosity of drugs and polymers. Therefore using thelting point depression approach may
overestimate the drug-polymer miscibility and sdltypin comparison to using the solubility

parameter approach.

It can be noted in Figure 4.4 and 4.5 that mgltenthalpies of felodipine, celecoxib and
carbamazepine detected by DSC from their 50% (yahy)sical mixture with EUDRAGIT EPO
are disproportional to those of pure crystallineigdt This may indicate the occurrence of
dissolution of model drugs into EUDRAGITEPO on heating whereby the exothermic enthalpy
from the drug dissolving into the polymer offsetse tendothermic melting enthalpy of the
crystalline drug, leading to the disproportionalliing enthalpy of the crystalline drug. Based on
this phenomenon, a model was established by aetyidgscribing the behaviour of drug-polymer
physical mixture on heating to predict the drugypmr solubility (22). This recently developed

model was also applied in this project and willdiscussed as in the following section.

4.3.3 Melting enthalpy approach
4.3.3.1 Theoretical background

The estimation of the solubility of drugs in polymeaising the melting enthalpy of crystalline
drugs in drug-polymer mixtures measured by DSCheadated back to 1974 (37). The principle of
the method can be described simply as that théidraof the drug dissolved in the polymer does
not contribute to the melting endotherm associatitd the dispersed drug fraction. Accordingly,
through plotting the measured melting enthalpy esllas a function of a series of drug
concentrations in physical mixtures and extrapotatd zero enthalpy, the solubility of the drug in
the polymer could be estimated as the x-interckfiteoplotted line. However, the validation of this
method required a rapid heating rate to avoid tissotution of the drug into the polymer on
heating, and hence the exothermic dissolution moll offset the melting endotherm. This was
further confirmed by the study in which a hyper D&@s used with different heating rates to
determine the solubility of metronidazole (a crilsta drug) in silicone elastomer (38). In that

study, different heating rate from 20 to 400min was applied to test the physical mixtures &n
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was found that the determined solubility was depahdn the heating rates: the higher the heating

rate, the more accurate the determined solubilitg predicted solubility increased with increasing
heating rates. This demonstrated that the dissolutif crystalline drugs into polymers in the
physical mixture was difficult to be avoided on tieg even at a relatively high heating rate
(L0C°C/min).

This melting enthalpy measurement based approashapwglied in this study to calculate the
solubility of felodipine in EUDRAGIT EPO using the DSC data obtained by testing ttiejsipal
mixtures with different ratios at the heating rafe10°C/min. The plot of the melting enthalpy
verses drug-polymer ratios is illustrated in Figdr&. It can be seen that the solubility is beld#¥o
and after calculation the exact value is as lo\2.44% (w/w). However, tested at the heating rate
of 0.2C/min, no melting can be observed for 5% (w/w) ptgls mixture (data not shown),
indicating solid solubility should at least be héghthan 5% (w/w), which in turn proved the

inaccuracy of this method.

60 7

y=75.974x - 1.8456
50 - R?= 0.9978

Enthalpy (J/g)
w
o

0% 10% 20% 30% 40% 50% 60% 70% 80%
Drug loading (w/w)

Figure 4.8: Melting enthalpy as a function of diffeent drug loadings in the physical mixture of
felodipine and EUDRAGIT® EPO at the heating rate of 10°C/min.

Qi et al modified the melting enthalpy method aheleloped a new model predicting the
solubility of the drug in the polymer (22). Theysamed that the enthalpy value of the endothermic
peak was composed of the energy involved the disgpldition into the softened polymer and the
melting of the crystalline drug. In this theory, was suggested that different drug-polymer
dissolution behaviours may occur depending on tlig doncentrations in the physical mixtures.
Firstly, if the drug concentration is consideralbbyver than the solubility of the drug in the
polymer, drugs will completely dissolve into thelysoer on heating and the linear relationship of
the measured endothermic enthalpy against drugeodration should cross the (0,0) point (Figure

4.8). Secondly, for the extremely high drug conedidn systems in which the polymer
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concentration is lower than the solubility of thelymer in the melted drug, the polymer will

completely dissolve into the drug and the linedatienship of the measured endothermic enthalpy
against drug concentration still exists but withiatercept (Figure 4.8). Thirdly, with the drug
concentration in the physical mixtures in betwdantivo extremes, both the drug dissolution into
the polymer and the polymer dissolution into thegdwill take place simultaneously and this gives
another linear relationship of measured endothesnibalpy against drug concentration (Figure
4.8). Given the three situations mentioned abadeally, one should expect to see three areas of
drug-polymer behaviours as demonstrated in Figl@eThe two values on the x-axis from the two
breaking points on the curve are the solubilityhef drug in the polymer and the solubility of the

polymer in the drug (depicted ag &1d R).

P =solubility of the drug in the polymer (w/w %)
100-Pg=solubility of the polymer in the molten drug (w/w %)

Polymer loading
below the solubility of
the polymer in the

molten drug
Drug loading above the
solubility of the drug in

the polymer

Drug loading below
the solubility of the
drug in the polymer

Enthalpy value (J/g)

¥

K Ho— Pa Pg high drug
DD loading

‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Drug concentration in the mixture(% wiw)

Figure 4.9: Three possible regions of drug-polymemixing behaviour (22).

The detailed calculation of the drug-polymer batar is described as follows. The process

occurring at low drug loading region can be exprddsy:
H/ (Mp + Mp) = Xp (Hr + Hp) Eq4.14

whereH; is the total amount of heat change of the exotheaiak,Mp is the mass of the drug
dissolved in the polymelr is the mass of the polymef; is the weight fraction of the drug in the
whole mixture Hs is the heat fusion of the drug aHd is the heat of dissolution of the drug in the

polymer (assumed to be exothermic).
The intermediate region is represented by:

t HMp + Mp) = Xp (Hs - KpHp + KpHp) + KpHp Eq 4.15
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whereKp is the solubility of the drug in the polyméfr is the solubility of the polymer in the

melted drug an#lpis the enthalpy of dissolution of the polymer ie trug.
The high drug ratio region can be written by:
H/ (Mp + Mp) = Xp (Hr - Hp) +Hp Eq 4.16

4.3.3.2 Solid solubility predicted by the enthalpypproach

The same data sets used in the melting point dgipreapproach was also used for this approach
(physical mixtures of fenofibrate and EUDRAGITEPO were tested at the heating rate of
1°C/min). The plot of melting enthalpies of model gsun physical mixtures with EUDRAGTT
EPO against drug ratios is shown in Figure 4.10e@&llrug-polymer behaviours were observed for
all physical mixtures of model drugs and EUDRAGIEPO. According to the theory mentioned
above, two breaking points in the regression lireedefined as solid solubility of the drug in the
polymer and solid solubility of the polymer in tdeug. Therefore, solid solubility of model drugs
in EUDRAGIT® EPO is circa 20% (w/w) for felodipine, 20% (w/vox fienofibrate, 30% (w/w) for
carbamazepine and 40% (w/w) for fenofibrate.
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Figure 4.10: Plot of melting enthalpies of model drgs in physical mixtures against drug ratios (a:
felodipine; b: celecoxib; c: carbamazepine; d: feniibrate).
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Solid solubility of model drugs in EUDRAGITEPO predicted by this approach was still

restricted to a high narrow temperature range whictiose to the melting points of the crystalline
model drugs. This is because the drug-polymer hebies mentioned in the theory occurred at
high temperatures where the equilibrium of thealiggon of model drugs into the polymer can be
established rapidly due to their low viscosity &ghbhtemperature. Therefore, there may still be

deviation from the true drug-polymer solubilityrabm temperature.

Solid solubility of model drugs in EUDRAGFT EPO predicted by different theoretical
approaches are summarised in Table 4.6. It caneba that the predicted solid solubility of
individual drugs in EUDRAGIT EPO varies significantly depending on the methpplied. For
instance, predicted solid solubility of carbamarepin EUDRAGIT EPO varies ranging from 15%
to 46% (w/w) by different approaches. Several fexctoan contribute to the discrepancy of
predicted solid solubility. Firstly, the appliedppaches are all based on different assumptions and
they all have limitations and restrictions, whichyrbe far different from real drug-polymer cases.
Secondly, solubility is a parameter associated vathperature and pressure, and it is reasonable
that solid solubility predicted by the solubilitarameter method is different form that by melting
point depression method since the former is onbidEs at room temperature and the latter is
applied at the temperature close to melting powoftsmodel drugs. Thirdly, predicted solid
solubility by theoretical approaches are thermodyinasolubility which is not related to the
preparation process, for instance apparent solidbiity of drugs in polymers can vary
significantly between prepared by film casting d&ydspray drying (39). Therefore, the application
of theoretical approaches may not be accurateddigirthe physical stability of amorphous solid

dispersions prepared by different processing method

Table 4.6: Predicted solid solubility of model drug in EUDRAGIT® EPO by different theoretical

approaches.

APIs Solubility by solubility  Solubility by melting Solubility by thermal
parameter (w/w) point depression (W/R) detection method (w/Af)

felodipine 25% 31% 20%
celecoxib 35% 41% 20%
carbamazepine 15% 46% 30%
fenofibrate 35% - 40%

a:condition of 298.15K, standard pressure; b: dwmiof temperature close to melting points of uidial drug,

standard pressure; c: condition of temperatureediosnelting points of individual drug, standarégsure.
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4.4 Conclusions

In this chapter, three commonly used theoreticgdr@gches, including solubility parameter,

melting point depression and a enthalpy method,ewapplied to predict model drugs-
EUDRAGIT® EPO miscibility and solubility. Discrepancies ogicted results can be found due

to the fact that the applied approaches are baseatifferent assumptions and solid solubility was

also predicted at different temperatures. It hamnbmgreed that solid solubility is one of the key

factors which plays important impact on physicabdity of solid dispersions. However, predicted

drug-polymer solubilities by different theoreti@g@proaches vary in a relatively large range, which

may indicate these methods are less accurate. igmédicantly, these theoretical approaches did

not take into account the effect of processing oettbn the drug-polymer solubility. Therefore, in

order to predict drug-polymer solubility more acuety, processing related prediction method is

required to be established. Accordingly, in thetrdsapter, a practical method for the prediction of

the solubility of drugs in melt extrudates is deysd.
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Chapter 5 Development of milling method for the préiction of
apparent drug-polymer solubility in hot melt extruded solid
dispersions

5.1 Introduction

The prediction of solid solubility of drugs in paters has attracted increasing amount of interests
from pharmaceutical researchers since it has beesidered as one of the most significant factors
in affecting physical stability of amorphous soligspersions (1-3). Several methods including
Flory-Huggins lattice based theory, solubility paster method, rheology test based method and
melting enthalpy measurement based method, have temrted to be used to predict drug-
polymer solid solubility (4-7). The involved assumps and limitations of those methods may
lead to a less accurate prediction in comparisdheaeal value. For instance, using melting point
depression method may lead to the over estimafiainug-polymer solubility in comparison to the
true solubility at room temperature as the methas wnly applied to the prediction of the
solubility at temperatures close to the meltingngoiof crystalline drugs. More significantly,
theoretical based predictions do not take into actthe effect of preparation process, whereby the
apparent solid solubility can be significantly héghthan the theoretical value (thermodynamic
solubility) since the extra energy imposed by praflan process can disperse drug molecules
evenly into polymer chains forming solid soluti@).(This has been demonstrated by studies that
the physical stability of solid dispersions pregafdey different processing methods can be
significantly different and this could be assodiatwith the different apparent drug-polymer
solubility caused by the different processing mdh(®, 10).

Mechanical milling has been widely used in thearpimaceutical manufacturing, mainly for
particle size reduction (11, 12). Recently, the oailling to create amorphous pharmaceuticals
and solid dispersions has been increasingly expl¢i8-19). However, although the effects of
milling on crystalline drugs in terms of solid tedarmation, physical stability has been
substantially studied, the effect of milling on thieysical stability of amorphous solid dispersions
on aging is still poorly understood (13, 20-22)llMg is an essential downstream process for hot
melt extruded products (5, 23-25). So far, theredssystematic study reporting how milling can
affect the stability of hot melt extruded solid mhssions, and how the milling process should be
controlled to minimize any negative effects if theyist. In this chapter, firstly the impact of
mechanical milling on the physical stability ofddipine-EUDRAGIT EPO was investigated. By
studying this model system, an effective and pecattmethod to predict drug-polymer solid
solubility in melt extrudates was proposed and iedpto other model drugs including celecoxib,

fenofibrate and carbamazepine.
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Previously, solid solubility of model drugs in BRAGIT® EPO was predicted by theoretical
approaches in Chapter 4. However, as mentionedealiozoretically predicted solid solubility can
deviate significantly from the values in solid dispions prepared by different processes. Therefore,
in order to measure the solid solubility more aately (taking into account of the physical
stability), a practical method, mechanical millingas developed and applied in predicting the
apparent solid solubility of drugs in hot-melt extates. In combination with theoretical values, it
is anticipated that this approach will provide astuaate and reliable measurement of solid
solubility that can be practically applied in hotlinextruded formulations in the pharmaceutical

industry.

Research objectives

1. To investigate the effect of milling on the picgs stability of felodipine-EUDRAGIT EPO

melt extrudates.

2. To develop a milling based method for the prigaticof apparent drug-polymer solubility in melt

extrudates.

3. To predict apparent apparent solid solubilitynoddel drugs in melt extrudates using milling

method.

5.2 Experimental methods

5.2.1 Hot melt extrusion

Hot melt extrusion was performed using a Thermwie@ific HAAKE MiniLab Il (Thermo
Scientific, UK) with co-rotating twin screws. Crg#itne model drugs and EUDRAGITEPO
powder with ratios from 10:90 to 70:30 (w/w) weneqmixed in mortar and pestle before melt
extrusion. The operation temperature was set at 3 degree higher than the melting points of
crystalline model drugs with a dwell time in thereder of 5 minutes. The rotating speed of the

screws was 100rotation/min. A round shape die digimeter of 2mm was attached to the extruder.

5.2.2 Ball milling

Strand form extrudates were milled by Retsh MMB@l Milling (RETSH, Haan, Germany). For
felodipine-EUDRAGIT EPO systems, samples were milled for 5, 10, 36, 8hminutes at the
frequency of 30HZ by a single 7mm stainless sta#ltb investigate the effect of milling periods.
For other model drugs-EUDRAGTTEPO systems, samples were milled for 10min. Théicha

size of the milled powders used for testing wadrotled by sieve to between 63 and 106um.
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The strand form and milled feIodipine-EUDRA@l'EPO extrudates were stored under 75%RH
at room temperature for up to 6 months and weraackerised by modulated temperature
differential scanning calorimetry (MTDSC), powderRay diffraction (PXRD), attenuated total
reflectance-fourier transform infrared spectroscop(ATR-FTIR) and scanning electron
microscopy (SEM) at regular intervals. For othestegns including milled celecoxib-EUDRAGIT
EPO and carbamazepine-EUDRAGIEPO extrudates, samples were stored under 75%RH at

room temperature for different time periods andentested by MTDSC.

5.2.3 Physicochemical characterisation

Parameters of characterisation technology inagddTDSC, PXRD, ATR-FTIR and SEM refers
to Chapter 2 (2.2.2.1.3 for MTDSC, 2.2.2.4.2 for®AFTIR, 2.2.2.5.2 for PXRD, 2.2.2.6.2 for
SEM)

5.3 Results and discussion

For an amorphous molecular dispersion based fotrmnlahaving a drug loading lower than the
solid solubility of the drug in the polymer has bemiggested as the safest option for minimizing
the physical instability of amorphous solid dispans on aging (4, 26). However, so far it is still
difficult to accurately measure the solid solulilif drugs in amorphous solid dispersions. In
addition, although the effects of milling on thehbeiours of crystalline drugs, such as solid state
transformation, have been substantially investijfi&, 20-22), very few studies have been carried
out to evaluate the effect of milling on the beloavs of amorphous solid dispersions. Therefore,
firstly in this chapter, the effect of mechanicallimg on the recrystallization behaviour of milled
hot melt extrudates was investigated. Secondlythéaevaluation of the impact of milling on the
physical stability of melt extruded felodipine-EUBRIT® EPO systems, a practical approach to

predict apparent solid solubility of drugs in mettrudates, mechanical milling, was developed.

5.3.1 Effects of milling on the physical stabilityof felodipine-EUDRAGIT® EPO melt
extrudates

5.3.1.1 Effect of drug loading

Felodipine-EUDRAGIT EPO melt extrudates with drug loadings from 1097066 (w/w) were
milled for 5min. PXRD results of freshly preparamiamilled samples are shown in Figure 5.1. It
can be seen that samples with all drug loadingsveticamorphous halos rather than crystalline
peak features, indicating no significant amount retrystallized felodipine was generated

immediately after 5min milling.
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Figure 5.1: PXRD results of freshly prepared and mied (5min) felodipine-EUDRAGIT® EPO melt

extrudates.

Freshly milled felodipine-EUDRAGIT EPO melt extrudates were also tested by MTDSC. No
recrystallization or melting can be detected fesk formulations with the drug loadings below 50%
(w/w), and the MTDSC results of freshly milled 1®@% (w/w) extrudates were identical to the
corresponding freshly prepared strand from extesléFigure 5.2). This suggests milling has no
instant effect on the physical state of felodipfFl8DRAGIT® EPO melt extrudates with drug
loadings at and below 50% (w/w).
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Figure 5.2: MTDSC results of 10%-50% (w/w) freshlyprepared and milled (for 5min) and fresh
strand form extrudates.

However, MTDSC measurements of 70% (w/w) extresl@atave significantly different results as
seen in Figure 5.3. In comparison to 70% (w/w)retréorm extrudate, the freshly milled 70%

(w/w) extrudate (milled for 5min) was detected wdth evident recrystallization and a subsequent
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melting. To calculate the amount of recrystallizeibdipine in the extrudates measured by

MTDSC, the following equation can be used:
ch/O = (AHextrudate/ AHdrug )X Wdrug loading Eq 5.1

whereW,,%0 is the percentage of the detected crystalline 8u®SC in the systemiHeirudate S
the melting enthalpy of crystalline drug in therediates measured by DS@H,4 is the melting
enthalpy of the pure drug (felodipine) measuredD8C, Wyg 0ading iS the drug loading in the
extrudate and\y,% is the amount of crystalline drug in the extrudatdsing Eq 5.1the total
amount of crystalline felodipine measured incredsath 0.1% (un-milled strand) to 21.5% (w/w)

(5min milled powder).

0.1

Fresh strand form

5mins milling

136 138 110

10mins milling

Heat Flow (W/g)

30mins milling

60mins milling

-0.3

T T T T T
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Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure 5.3: MTDSC results of 70% (w/w) strand formand milled for different time periods felodipine-
EUDRAGIT ® EPO samples.

It can be seen in Figure 5.3 that no recrystiin was detected in the 70% (w/w) freshly
prepared strand form sample, and thus the detémtedmount (0.6% w/w) of melted crystalline
felodipine by DSC was highly likely to be the urstitved crystalline drug in the preparation of hot
melt extrusion. In contrast, a large amount ofyst&llization followed by melting was observed in
the 5min milled 70% (w/w) extrudates. This indicathat milling can instantly affect the physical
state of 70% (w/w) felopdipine-EUDRAGITEPO extrudates. The detected recrystallization of
amorphous felodipine in the milled extrudates destrates that after milling, a certain portion of
amorphous felodipine had already phase separaigdtfre bulk amorphous solid dispersions. This
separated amorphous felodipine phase can instaatttystallize if treated by heating (such as the
heating during a DSC scan). The amorphous felodigthe amount of instable felodipine in
amorphous solid dispersions) generated by millingy nmot recrystallize instantly at room

temperature after milling, but it may have a highemtial to convert back to crystalline form on
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aging under stressed conditions (stressed humiditgmperature), and may consequently affect

dissolution performance.

In summary of the milling effect on extrudateghwdifferent drug loadings, milling only had
impact on the physical state of felopdipine-EUDRAGIEPO melt extrudates with high drug
loading (70% wi/w). It can instantly generate aaertevel of amorphous phase separation in the
70% (w/w) extrudates. Compared with the predictdlslity by different theoretical approaches
in Chapter, it can be concluded that those methodenrestimated the apparent solubility of
felodipine in melt extrudates. Even for 50% (w/wgradates (higher than all predicted solubility),

there was no instant effect of the physical behavad this sample.

5.3.1.2 Effect of milling time

Milling was proved to have the potential to affehe physical stability of 70% felodipine-
EUDRAGIT® EPO extrudates. In order to understand the miléiffgct on the physical stability
more thoroughly, the study of different milling dtion time on freshly prepared 10%-70% (w/w)
felodipine-EUDRAGIT EPO extrudates was carried out as the prolongdiihgnitime may
influence the physical state more significantlyedfly prepared 10%-70% (w/w) samples were
milled for different time periods up to 60min. Hovee, even with 1 hour milling time, no
recrystallization or melting was detected by DSGhia freshly milled 10%-50% (w/w) extrudates,
which indicates prolonged milling time (as longlakour) has little instant effect on the physical
state of these samples. The DSC results of 10-B0A&) extrudates milled for 1 hour were

identical to those milled for 5min.

Freshly prepared 70% (w/w) extrudates milled ddferent time periods showed significantly
different results. As can be seen in Figure 5.8)pas milled with different duration time (from
5min to 1h) all showed exothermic recrystallizatipeaks at 96-9€ suggesting milling can
increase physical instability of 70% (w/w) extrueginstantly as mentioned above. The calculated
crystallinity of felodipine in the system usitify] 5.1showed that after 20min milling, no further
increase of the amount of recrystallized felodipimas observed and the crystallinity reached
plateau (Figure 5.4). This possibly indicates if®%670n/w) extrudates only a certain amount of
felodipine can be made instable by milling. Thethromic enthalpy of recrystallization of 70%
(w/w) samples milled for different time length weadso studied as seen in Figure 5.4. The
enthalpy values of the recrystallization peak sheductions with increasing milling time periods
from 5 to 30min, and seem to reach a plateau &fdemin. The melting enthalpy of crystalline
felodipine was mainly contributed by the recrygtallion of amorphous felodipine induced by
milling as discussed above. Therefore, given thrg ese values of crystallinity of felodipine in

sample milled for different time periods (10minlb), the reduced recrystallization enthalpy may
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suggest that the amount of felodipine crystalsaalyepresent in the system after milling (before

heating by MTDSC) increases slightly with the mifjitime.
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Figure 5.4: Calculated crystallinity in 70% (w/w) HME felodipine-EUDRAGIT ® EPO systems milled
for different timeperiods based on the total meltig enthalpy and their corresponding recrystallization

enthalpy.

10%-70% (w/w) felodipine-EUDRAGITEPO melt extrudates milled for different time pels
were further studied by ATR-FTIR. ATR-FTIR resutis 10%-50% (w/w) samples milled for 1h
showed identical spectra to the corresponding fegsdnd samples (Figure 5.5), indicating long
milling time did not destabilise felodipine-EUDRAGI EPO melt extrudates with these drug
loadings. The ATR-FTIR results showed good agre¢mth the DSC results for 10-50% (w/w)

milled extrudates.
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crystalline felodipine
50% (w/w) fresh strand
| 50% (w/w) 1h milled
30% (w/w) fresh strand
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Figure 5.5: NH group from felodipine in 10-50% (w/w) felodipine-EUDRAGIT® EPO freshly prepared

strand form and 1 hour milled melt extrudates.
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ATR-FTIR results of 70% (w/w) freshly milled exttates for different time periods also showed
good agreement with MTDSC results. It has beenrtegahat NH group from felodipine was an
evident indicator of the drug being amorphous gstalline (27). As seen in Figure 5.6, freshly
prepared 70% (w/w) strand form extrudates beforkinmishows a single NH peak at 3343tm
which is in between the NH peak from crystallinkodpine (3367cril) and the NH peak from
amorphous felodipine (3333¢ This NH peak position in the solid dispersiosgikely because
that the carbonyl groups from the polymer can affee hydrogen bonding formed between two
felodipine molecules via competition with the camplogroups from felodipine molecules. It has
been discussed that hydrogen bonding between thamifgne molecules was stronger in
amorphous form than in crystalline form (27). Thiere, although lack of the evidence of forming
hydrogen bonding between felodipine and EUDRAGEPO, this competition effect is possible to
weaken the hydrogen bonding between two drug mtdedeading to the NH peak shift.

After 5min milling, the original single 3341¢hpeak (from 70% w/w strand form extrudates)
separated into two peaks, 3367cnepresenting crystalline felodipine and 3335crapresenting
amorphous felodipine. The occurrence of phase agparproved that milling could significantly

affect the physical stability of 70% (w/w) extrudateven without the treatment of heat.

Crystalline felodipine

Absorbance Units

3343cm!

N7 3333cm-

Fresh strand form

Amorphous felodipine

3550 3500 3450 3400 3350 3300 3250
Wavenumber cm-1

Figure 5.6: NH group from felodipine in 70% (w/w) felodipine-EUDRAGIT® EPO melt extrudates
milled for different time periods (from top to bottom: crystalline felodipine, milled for 60 min, milled

for 30 min, milled for 10 min, milled for 5 min and amorphous felodipine).

It also can be seen form Figure 5.6 that the iitenmatios of crystalline peak (3367¢into
amorphous peak (3335¢min 70% (w/w) samples increased with increasintiimgi time periods
from 5min to 30min, and plateaued after 30min. Thés proved by the calculation of ratios of

these two peaks from 70% (w/w) extrudates milleddiéferent time periods as shown in Figure
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5.7. The reaching plateau after 30min milling carckearly seen. This suggests that milling could

not generate more felodipine crystals in the 70%vjvextrudates after 30min milling processing,
which explains the plateau of recrystallizationhafhpy after 30min milling detected in the DSC

results (Figure 5.4).
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Figure 5.7: Peak intensity ratio of 3367 to 3335 fim 70% (w/w) extrudates milled for different time
periods.

5.3.1.3 Effect of heat-treatment after milling

As mentioned previously, amorphous phase separadiorbe instantly generated by milling in 70%
(w/w) felodipine-EUDRAGIT EPO melt extrudates, and the recrystallizatiorthef generated
amorphous felodipine phase can be induced by lgpatinDSC. In order to gain better
understanding of the behaviour of the phase seggheanhorphous felodipine generated by milling,

VT-ATR-FTIR was used to test freshly prepared strform and 5 min milled extrudates.

5.3.1.3.1 Freshly prepared strand form extrudates

VT-ATR-FTIR was applied to 10%-70% (w/w) freshastd form extrudates. Results showed that
no recrystallization or melting was detected ontihgain any sample. Therefore, only the VT-
ATR-FTIR results of freshly prepared strand forn%Qwnv/w) extrudates are discussed here as an
example to show the effect of heat-treatment orfréngh strand extrudates (Figure 5.8). It can be
seen in Figure 5.8c that the NH peak from felodpim 70% (w/w) amorphous solid dispersion
shifted from 3343cih(in between the amorphous 3335tand crystalline 3367cmNH peak) at
30°C to 3358crit at 160C. After heating up to the melting point, no NH kdeom crystalline
felodipine (3367ci) was detected, indicating no recrystallization roelting of crystalline
felodipine occurred during heating in the 70% (wfrésh strand extrudates. The NH peak shift is
due to the increased molecular motion on heatinglwtesults in the weakened hydrogen bonding

between two felodipine molecules. The absorbandhetwo peaks (3343chand 3358cr) on
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heating was recorded and the trend of the absogbatmanging of the the two peaks was identical

(Figure 5.8b). This trend can also be clearly saehe result of 3D graph (Figure 5.8a). The VT-
ATR-FTIR results showed that no recrystallization roelting in fresh strand extrudates was
induced by heat-treatment. The results correlaté with the previous MTDSC tests (Figure 5.3
fresh strand form).

"' 3343emt
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Temperature (°C)

3358cmt
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Figure 5.8: NH group of freshly prepared strand fom 70% (w/w) felodipine-EUDRAGIT® EPO melt
extrudates tested by heated up from 30 to 160 at the ramp of 2C/min (a: 3D spectra of the NH peak
on heating; b: the absorbance of 3343cthand 3358cnt on heating; C: 2D spectra the NH peak

position on heating).

5.3.1.3.2 Freshly prepared and milled extrudates

Freshly prepared and milled (for 5min) felodipBEDRAGIT® EPO melt extrudates were tested
by VT-ATR-FTIR. No crystalline felodipine was deted in 10% and 30% (w/w) sample the
spectra on heating. This result is identical to slhand form samples, indicating heat-treatment

could not induce phase separation in these samples.

Freshly milled 50% (w/w) extrudates showed indéirgy IR spectra on heating as shown in Figure
5.9. The NH peak of felodipine shifted from 3353t 30C to 3372critat 166C (Figure 5.9c).
A separation of the single 3353¢rmpeak (into 3353cihand 3372cil) was observed with
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increasing temperature and it became evident afCl4This may suggest the occurrence of
recrystallization in the milled 50% (w/w) induceg the heat-treatment as the 3372geak was
very close to crystalline felodipine NH peak (336i73. However, the trend of the absorbance
change on heating of the two peaks (3353amd 3372cil) was identical (Figure 5.9b), which
indicates that there was very little recrystaliiaat(if large recrystallization occurred on heatiag
increased absorbance of crystalline felodipine Midkpshould be observed on heating). Therefore,
the VT-ATR-FTIR results may suggest that the phglsstate of the freshly milled 50% (w/w)

extrudates could be affected by heating instanityab a very low level.
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Figure 5.9: NH group of freshly prepared and milled50% (w/w) HME felodipine-EUDRAGIT ® EPO
extrudates tested by heated up from 30 to 160 at the ramp of 2C/min (a: 3D spectra of the NH peak
on heating; b: the absorbance of 3353ctand 3372cnt on heating; C: 2D spectra the NH peak

position on heating).

Freshly prepared and milled 70% felodipine-EUDRRGEPO extrudates showed significantly
different results in comparison to the correspogditrand form samples as seen Figure 5.10. On
heating to 12%C, the intensity of 3335cmpeak which represents amorphous felodipine coetinu
increasing with increasing temperature, indicatmgre and more amorphous felodipine was
separating from the bulk amorphous solid dispessiom heating. When the temperature reached

140°C, the peak at 3367chrepresenting crystalline felodipine became the idant band. This
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was proved by the trend of the absorbance of thepeaks (3335cm-1and 3367&non heating as
well. A drastic drop of 3335cm peak (amorphous felodipine) can be observed withi
temperature range from 120 to 2@0 In contrast, the intensity of the 3367trpeak kept
increasing with increasing temperature within taee range (120 to 140). The peak shift and
peak intensity change demonstrates phase separaftidghe amorphous felodipine and solid
transformation from amorphous felodipine to crysial felodipine on heating. This confirms that
there is a reasonable amount of phase separataplzons felodipine generated by milling and the

amount of which can recrystallize if induced by tivea
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Figure 5.10: NH group of freshly prepared and millel 70% (w/w) HME felodipine-EUDRAGIT ® EPO
extrudates tested by heated up from 30 to 160 at the ramp of 2C/min (a: 3D spectra of the NH peak
on heating; b: the absorbance of 3353ctand 3372cnt on heating; C: 2D spectra the NH peak

position on heating).

5.3.1.4 Effect of aging

The effect of milling on the physical stability foeshly prepared and milled 10%-70% (w/w) was
studied and results showed that milling could inyagenerate phase separation in fresh strand
form 70% (w/w) extrudates. With the imposed enesgythe extrudates by milling, the physical
stability of amorphous solid dispersions might Beced on aging under stressed conditions (high

humidity or temperature) as milled drug-polymerredates may exist at a higher energy level in
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comparison to the strand form extrudates. Therefoig essential to evaluate the behaviour of the

real-time physical stability of milled extrudates fa fuller understanding of the milling effect on
the physical stability of felodipine- EUDRAGITEPO melt extrudates. Freshly prepared strand
form and milled 10-70% (w/w) extrudates were starader 75%RH/room temperature to compare

the effect of aging on the milled samples.

SEM images of strand form and milled extrudatessiown in Figure 5.11. As seen in the SEM
images, no particles were observed on the freslilgdrextrudates. On the contrary, crystal-like
small particles with the size below 10um were obmsgron the surface of 50% and 70% (w/w)
fresh strand form extrudates. This is possibly beeafter milling the small amount of particles on
the surface of 50% (w/w) and 70% (w/w) fresh exated were diluted whereby the low quantity of
the surface crystals were dispersed into the buylknblling. After 6 months aging under
75%RH/room temperature, a large amount of partisle® observed both on 50% (w/w) and 70%
(w/w) strand form and milled extrudates. In comgani to strand form samples, the number density
of particles from milled samples was higher thae @orresponding strand form extrudates. In
addition, given the fact that milled extrudates éavsignificantly larger surface area to volume
ratio (due to the small particle size) than tharsdrform extrudates, it could be expected that the
particle number density in total is significantligher in milled extrudates than the strand form
extrudates. It has been suggested that the appeacdrparticles on the surface of felodipine-
EUDRAGIT® EPO melt extrudates could be a strong indicator pbise separation or
recrystallization (28). Therefore, the SEM resuttay indicate that milled extrudates were less

stable than the strand form extrudates on aginguns?RH/room temperature.
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a Freshly milled extrudates b Fresh strand form extrudates

b

d Strand form extrudates after aging

10% 30%

E® . d
¢ Milled extrudates after aging
10%

Figure 5.11: SEM images of the surface of freshlyrppared and milled and felodipine-EUDRAGIT®
EPO melt extrudates and 6 months aged strand formral milled felodipine-EUDRAGIT® EPO melt
extrudates under 75%RH/room temperature (a: the suface of freshly prepared and milled extrudates;
b: the surface freshly prepared strand form extruddes; c: the surface of milled extrudates after 6

month aging; d: the surface of strand form extrudags after 6 months aging).

Strand form and milled extrudates on aging un@%RH/room temperature were also studied by
MTDSC. For 10%-50% (w/w) strand form samples, ndtimg of felodipine was detected after 6
months aging. A small melting peak was detected(% (w/w) strand form extrudates after 6
months aging (Figure 5.12). The calculated crisipl using Eq 5.1was 1.31% (w/w) after 6
months aging (Figure 5.13).

For 10%-30% (w/w) milled extrudates, no meltingsadetected by DSC after 6 months aging,
which indicates milling had no significant impact the physical stability of milled extrudates with
drug loadings at and below 30% (w/w) on aging. Hesveevident melting was observed in the 50%
(w/w) milled sample (depressed melting point obéibine at 132C) after 6 months aging under
75%RH/room temperature (Figure 5.12). In additioriite detected melting in 50% (w/w) milled
extrudates, an exothermic peak (recrystallisatioefore the melting was also detected, which
indicates that the amorphous drug phase separggoerated by milling in the 50% (w/w)

extrudates occurred on aging.
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The effect of milling on the physical stabilityn caging of feIodipine-EUDRAGﬁ‘ EPO
extrudates was more evident in 70% (w/w) samplegu(E 5.12). The detected melting peak was
significantly larger in the 70% (w/w) milled extraés than in the corresponding strand form
extrudates, which proves the influence of millingthe physical stability. It should be noted that
the recrystallization peak remained evident befordting in the 70% (w/w) milled extrudates,
which may indicate that the system may still mailbbpéyamorphous solid dispersion and the phase

separation needed to be induced by heating.
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Figure 5.12: MTDSC results of strand form and millel felodipine-EUDRAGIT® EPO extrudates with

50% and 70% (w/w) drug loadings after 6 months agig under 75%RH at room temperature.

Detailed crystallinity calculation in milled andtrand form extrudates on aging under
75%RH/room temperature are shown in Figure 5.1§st@linity of felodipine in systems was
calculated usindg=g5.1 After 6 months aging, the amount of crystallieéodipine in 70% (w/w)
milled extrudates increased from 21.57% to 24.5%3). The quantity of crystalline felodipine in
this system reached a plateau after 2 months agidglid not increase with increasing aging time.
For 50% milled extrudates, no crystalline felodginas detected by MTDSC after 1 month aging.
Evident melting can be observed in this sample &fteonths storage, but the melting enthalpy did
not increase with increasing aging time periodse Thystallinity of felodipine in 50% milled

extrudates was calculated as 3.42% (w/w) after Bthsoaging.
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Figure 5.13: Crystallinity of felodipine in milled and strand form extrudates on aging under 75%RH at
room temperature calculated by using melting enthady.

This phenomenon of reaching plateau of maximurownof recrystallized drug in the milled
extrudates on aging was also confirmed by ATR-F§tRdy as seen in Figure 5.14. For 50%
milled extrudates, after 2 months aging the peaR3#7cni representing crystalline felodipine
appeared but its intensity did not increase on@qgdior 70% milled extrudates, after 2 months
aging, the peak intensity ratio of crystalline fiifiine peak (3365cH) to amorphous felodipine
peak (3335ci) did not increase with increasing aging time iatling phase separation and
recrystallization reached a steady state. No diystdelodipine was detected by ATR-FTIR in 10%
and 30% (w/w) milled samples after 6 months agimgleu 75%RH/room temperature. This
suggests that after milling felodipine-EUDRAGIEPO solid dispersions can be maintained as
amorphous solid dispersion up to 30% (w/w) drugdiog after 6 months aging under

75%RH/room temperature.
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Figure 5.14: NH group from 50% (a) and 70% (b) miled felodipine-EUDRAGIT® EPO extrudates on

aging under 75%RH/room temperature.
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ATR-FTIR study was also applied to the 10-70%wétrand form extrudates, however, after 6
months aging, no crystalline felodipine can be ctetin the cross section of the strand extrudates.
The spectra were identical to the freshly prepateahd form extrudates, which indicates a high
level of bulk physical stability of strand form exdlates. The results of the aging effect on the
milled extrudates clearly demonstrate milling camlyogenerate a certain amount of phase

separated amorphous felodipine in melt extrudatesging.

5.3.1.5 Prediction of solid solubility using millig method-method development

The recrystallized amount of amorphous felodipiinecrystallized during heating in DSC)
generated by milling in 50% and 70% (w/w) systeinsutd be considered as an instable portion in
systems at room temperature, which is very likelphase separate and crystallise out on aging (as
proved by the results of 50% w/w milled samplesaging). Therefore the stabilised amounts of
felodipine remained as amorphous solid dispersianmiilled extrudates after 6 months aging
under 75%RH/room temperature were calculated a43%6.(w/w) (using 70% minus 24.57%
which was calculated from aging study) for 70% edllextrudates and 46.58% (w/w) for 50%
samples. It is worthwhile to mention again thatcngstalline felodipine can be detected by ATR-
FTIR or MTDSC in milled systems with drug loadingslow 50% (w/w). Thus the amount of
felodipine which remained molecularly dispersednelt extrudates was circa 45% (w/w) after 6

months aging under 75%RH/room temperature.

By evaluating the impact of milling on the phydistability of felodipine- EUDRAGIT EPO
extrudates on aging, it demonstrated that for systeith high drug loadings (50% and 70%), after
a certain time periods, recrystallization and phsejgaration seemed to reach a plateau, and the
amount of molecularly dispersed felodipine in bexttrudates was similar. This may indicate the
obtained equilibrium state of the molecular disjger®f felodipine into EUDRAGIT EPO in the

extrudates after long time period aging at roomperature.

In comparison to the milled extrudates, the stréorm extrudates showed substantially high
physical stability on aging after 6 months unde¥R31/room temperature even with 70% (w/w)
drug loading, which suggests that it may requirgltme period for the strand form extrudates to
reach equilibrium at room temperature. Consequgitthan be proposed that milling could be used
as a practical and relatively fast approach to iptegpparent solid solubility of drugs in solid
dispersions prepared by hot melt extrusion. Inctiee of felodipine, the apparent solid solubility i
EUDRAGIT® EPO processed by hot melt extrusion is circa 4&%) (as calculated previously).

In Chapter 4, predicted solid solubility of felpthe in EUDRAGIT® EPO by theoretical
approaches was all below 40% (w/w). This is becdliseretical approaches were used to predict

the thermodynamic solubility which did not take adnaccount the influence of preparation
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processes. Therefore, the processing-related dslygapr solubility (apparent drug-polymer
solubility) could be different from the theoreticalues. It has been reported that solid solubifty
drugs in solid dispersions can vary depending @pagmation methods (9, 18, 29). In hot melt
extrusion, the extra energy in the form of high penature and high pressure is input into to drug-
polymer mixtures, whereby drug molecules can betedeand dispersed evenly into polymer
chains and form homogeneous drug-polymer solidedspns molecularly (30). Therefore, it is
reasonable to believe that apparent solid solyhiftdrugs in melt extrudates should be higher

than theoretical values.

The application of mechanical milling in predigi apparent solid solubility of drugs in melt
extrudates can be briefly described as follows. At) appropriate drug loading at which
oversaturation in the amorphous drug-polymer salispbersions can be generated should be
identified. In the case of felodipine, for examp8% (w/w) drug loading was considered as super-
saturated drug loading since instant effect ofingllon the physical state of 70% (w/w) extrudates
was observed. 2) Melt extrudates should be prepartd this super-saturated drug loading. 3)
Mechanical milling should be performed on the figgirepared super-saturated melt extrudates.
The applied time periods of milling may vary depegdn the drug-polymer systems. For instance,
as shown earlier in this chapter, after 10min mujlino significant further increase of melting
enthalpy can be determined in 70% felodipine-EUDRRGEPO extrudates. Therefore it is
suggested that the milling time should be deterthidepending on the individual drug-polymer
system. Different time periods of milling should lsed to the targeted system until the
equilibrium (plateau) is achieved as shown by toeysof felodipine-EUDRAGIT EPO systems.

4) Although the instant effect of mechanical mijican be observed on super-saturated extrudates,
to ensure the accuracy of the prediction of apgaselid solubility, milled extrudates should be
stored under accelerated stressed condition (fegiperature or high humidity, and results of
felodipine-EUDRAGIT EPO melt extrudates regarding aged under stresseperature will be

discussed in Chapter 6) until a plateau of rechyzasion is achieved.

5.3.2 Prediction of solid solubility of model drugsin extrudates by milling approach-case
studies

Solid solubility of model drugs in EUDRAGFT EPO have been predicted by theoretical
approaches in Chapter 4. However, as aforementidhedretical approaches did not take into
account the effect of preparation processes whiap generate a system comprising higher drug
concentrations than the drug-polymer solubility. retaver, due to assumptions, limitations and
restrictions of those theoretical approaches, sebtlbility predicted by which may not be
sufficiently accurate and thus cannot be applietiwally to improve formulation design. In this
chapter so far, it has been demonstrated that mahanilling can be used as a practical and

relatively rapid method to predict the solid solityiof drugs in melt extrudates. Subsequently,
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model drugs including celecoxib, fenofibrate andrbaaazepine were formulated with
EUDRAGIT® EPO by hot melt extrusion with high drug loadinigspredict their apparent solid

solubility in the polymer using this milling method

5.3.2.1 Apparent solid solubility of celecoxib in EDRAGIT ® EPO

In Chapter 4, the apparent solid solubility of cekb in EUDRAGIT® EPO was predicted by
theoretical approaches as 35% (solubility paramepgroach), 41% (melting point depression
approach) and 20%w/w (enthalpy method). As disaigs€hapter 4, these theoretical approaches
did not take into account the effect of processimgghods, which may lead to an underestimation
of the apparent drug-polymer solubility in amorpbaolid dispersions. Therefore, in order to
predict the apparent drug-polymer solubility mooewately, in particular for hot melt extruded
systems, milling approach was applied to calcullagesolubility of celecoxib in melt extrudates.
Following the procedure of using milling to predsulid solubility described above, celecoxib-
EUDRAGIT® EPO extrudates with 70% (w/w) drug loading werepared by hot melt extrusion.
Freshly prepared extrudates was then milled by iéling for 10min. Milled extrudates were
stored under 75%RH at room temperature. As seBigimre 5.15, a significant increase of melting
enthalpy can be detected after milling in comparisw the freshly prepared strand form sample,
indicating physical instability of 70% (w/w) celedb-EUDRAGIT® EPO melt extrudates was
induced by mechanical milling. Using melting enfiyato calculate crytallinity of celecoxib in 70%
(w/w) celecoxib-EUDRAGIT EPO melt extrudate€( 5., it increased from 13.12% for strand
form sample to 27.50% (w/w) for freshly milled sdep

0.00] 70% fresh strand form

70% fresh milled

70% milled and aged for 1m

Heat Flow (W/g)

70% milled and aged for 2m

T T T
0 50 100 150
Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure 5.15: MTDSC results of fresh strand form andmilled 70% (w/w) celecoxib-EUDRAGIT® EPO

melt extrudates on aging under 75%RH at room tempeature.

Freshly prepared and milled samples were themdtonder 75%RH/room temperature up to 2

months. It can be seen in Figure 5.15 that mekimidpalpy did not increase with increasing aging
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time periods, indicating milling time of 10 min wasfficient to induce the physical instability of

70% celecoxib-EUDRAGIT EPO melt extrudates. Detailed results of crystigyliof celecoxib in

70% system was carried out and shown in Figure.5Th& amount of crystalline celecoxib
detected by MTDSC in this system was circa 28% {wdnd did not increase on aging up to 2
months, indicating equilibrium may has been achdevEherefore, the amount of celecoxib
remaining as solid dispersions in the 70% (w/w)ywktes can be calculated as 42% (w/w) (using
drug loading minus 28%), which could be consideasdhe apparent solid solubility of celecoxib
in celecoxib-EUDRAGIT EPO solid dispersions prepared by hot melt extrudn comparison to
the predicted solubility of celecoxib in EUDRAGIEPO by theoretical approaches, the value by
milling method was similar to the melting point degsion method (41.42%) but higher than the
values by solubility parameter method (35.00% wangdl modified melting enthalpy method (20.00%
w/w). This suggests that the apparent solubilitgeiecoxib in EUDRAGIT EPO can be affected
by the processing method compared with the themdetialues and milling could be a more

practical and accurate method for the predictiodrag-polymer solubility in melt extrudates.

35%

30% —:. § %

25%

®  fresh strand form extrudates with 70% (w/w) druglo  ading
® milled extrudates with 70% (w/w) drug loading

20%
15%

"
10%

Crystalline celecoxib (%)

5%+

0%

T T T T T T T T T T T T
0 10 20 30 40 50 60

Time (day)

Figure 5.16: The amount of crystalline celecoxib in70% strand form and milled celecoxib-
EUDRAGIT ® EPO melt extrudates.

5.3.2.2 Apparent solid solubility of fenofibrate inEUDRAGIT ® EPO

The milling approach was attempted to predicoféamate solid solubility in EUDRAGIT EPO.
Fenofibrate-EUDRAGIT EPO extrudates with 70% drug loading were prepdngchot melt
extrusion. However, due to the low glass transitemperature of amorphous fenofibrate (-18)7
the glass transition temperature of 70% (w/w) waduced to a temperature below ambient

temperature. Using Fox equation to estimate thef The 70% (w/w) system (31):

1Jm-iE: W1/ Tgl + (1-W1) / ng Eq 5.2
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whereTymix is the glass transition temperature of the druger systemJg, is the glass transition
temperature of component 1 (fenofibrate, -10)5 Ty, is the glass transition temperature of
component 2 (EUDRAGIT EPO, 56C) andw; is the weight fraction of component 1. Thgof
70% fenofibrate-EUDRAGIT EPO system was calculated as -183)1which is significantly
below room temperature. As calculated, the frephdypared 70% extrudates had liquid-like state at
room temperature. Thus milling is not applicablefhis system. However, a rapid recrystallization
in the form of samples solidifying and appearankbanging from transparent to off-white was
observed, if surface disruption, such as touchiith & spatula, was imposed to this system. With
the impact of the surface disruption, immediateys&tallization was detected by MTDSC as seen
in Figure 5.17. Evident recrystallization followby a melting was detected in freshly prepared and
touched 70% (w/w) sample. Usiiitg 5.1 the amount of crystalline fenofibrate was caltedaas
57.39% (w/w) in 70% (w/w) extrudates. After 6 mamntiging under 75%RH at room temperature,
the crystallinity of fenofibrate in this system weaculated as 57.52% (w/w) which is very close to
the freshly prepared and surface-disrupted saniptiésating the imposed surface disruption can
induce the physical instability and rapidly leadthe equilibrium level. It should be noted that
there was no recrystallization peak (exothermickpeketected by MTDSC in the aged sample,
which indicates that the portion of originally iabte amorphous fenofibrate induced by surface
disruption had completely converted to crystallioem on aging. The amount of fenofibrate
remained in the amorphous solid dispersions, nariysolid solubility of fenofibrate, in 70%

(w/w) melt extrudates was finally calculated aga@it3% (w/w).

0.0

70% freshly prepared

70% aged for 6m

-0.34

-0.4+

Heat Flow (W/g)

-0.54

-0.6

-0.7

T T T T
0 20 40 60 80
Ex0 Up Temperature (°C) Universal V4.3A TA Instruments

Figure 5.17: MTDSC results of freshly prepared andouched, and aged 70% fenofibrate-EUDRAGI T

EPO melt extrudates under 75%RH at room temperature

The predicted apparent solubility of fenofibramemelt extrudates was lower than the drug-
polymer solubilities predicted by theoretical agmioes. This is very likely because thgvalue of

amorphous fenofibrate was very low (*2), which can bring theglvalue of the melt extrudates to
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a low degree (lower than room temperature for 70% sample). Therefore, at room temperature,

high molecular mobility of fenofibrate in 70% (w/wnelt extrudates can cause the fast
recrystallization, leading to the low drug-polynmsslubility (at room temperature). Amorphous
materials at the temperatures above thgivalue will have a great molecular mobility leaditog

the fast recrystallization.

5.3.2.3 Apparent solid solubility of carbamazepinén EUDRAGIT ® EPO

5.3.2.3.1 Thermal stability of carbamazepine

Carbamazepine-EUDRAGITEPO systems with 70% (w/w) drug loading were pregay hot
melt extrusion for using milling method to predibe apparent drug-polymer solid solubility. In
order to achieve a completely amorphous drug-potysgstem, it is necessary to run the extruder
at the melting point of the drug when preparing i@ with extremely high drug loading since the
small portion of polymer will not be capable todditve a large amount of the crystalline drug at
lower temperature. However, it has been reportatidarbamazepine was likely to degrade at the
temperature close to its melting point (I®) (32). Therefore, in order to ensure the thermal
stability of carbamazepine in processing at highperature (close to its melting point), a thermal
gravimetric analysis (TGA) test was carried out.eTiesult (Figure 5.18) showed that after
isothermal at 19 for 5min, the amount of degradation was 0.99%wjw/indicating the

processing temperature of £&lin hot melt extrusion is acceptable.

100.2

100+ . —
+

0.9884%

Weight (%)

T T T T T T T T
20 40 60 80 100 120 140 160 180 200
Temperature (°C) Universal V4.3A TA Instruments

Figure 5.18: TGA result of crystalline carbamazepie tested by isothermal at melting point for Smin.

70% (w/w) carbamazepine-EUDRAGIEPO extrudates were prepared by hot melt extrusion
the temperature of 180 with the retention time of 5min. However, MTDSE€sults of freshly
prepared sample showed an endothermic peak oaguatih40C as seen in Figure 5.19. The peak
position of this endothermic peak does not agréle any melting point of reported carbamazepine
polymorph. PXRD and ATR-FTIR was applied to chaegskt this sample, but characteristic peaks
detected by PXRD and ATR-FTIR from this sample dimt show agreement with the results
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reported by the literature (33). A heating-coolregeating procedure was applied to investigate
the thermal stability of crystalline carbamazepi@eystalline carbamazepine was heated up to
200°C at the ramp of “Z/min and then cooled down to “@immediately and followed by a
reheating to 20 at the same ramp as shown in Figure 5.20. TwaotBadnic peaks can be
detected on first heating corresponding to theingelbf form Il (solid transformation from form

[l to form | occurred at the same temperature edrand I, which is in good agreement with the
reported data (33). After cooling, an exothermiakpeccurred at a temperature of 3@5svhich is
very close to the detected values from the 70%udates on second heating. No further
endothermic peaks were detected up to’Q00Io articles have reported this phenomenon so far
and thus with the thermal test it is reasonabldeduce the occurrence of thermal degradation in
the process of melt extrusion. Besides, the addibbingredients in formulations could possibly

assist the APIs to be more sensitive to thermaletizgion.

Heat Flow (W/g)
)
2

0 100 150 200
BoUp Temperature (°C) Universal V34 TA Instumens

Figure 5.19: MTDSC result of freshly prepared 70% arbamazepine-EUDRAGIT® EPO melt
extrudates.

first heating

cooling

Heat Flow (W/g)

re-heating

T T T
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ExoUp Temperature (°C) Universal V4.5A TA Instruments

Figure 5.20: MTDSC result of crystalline carbamazeme tested by heating-cooling-reheating.

Although the TGA results showed that the degifedegradation was low at the temperature of

19C°C, it is still possible for carbamazepine to degradmelt extrusion. Two reasons can be taken
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account for with the first one that local temperatwithin the extruder barrel can be higher than
the set temperature since the shearing generatedebsotation of twin screws can increase the
temperature to higher degree locally. Secondlysguree imposed by twin screws combining high

temperature is possible to cause the degradation.

5.3.2.3.2 Approximate estimation of solid solubilit of carbamazepine in EUDRAGIT® EPO

In order to avoid thermal degradation of carbamemem hot melt extrusion, a lower process
temperature, 188 was applied to prepared samples. 70% carbamazEpiDRAGIT® EPO melt
extrudates were prepared at that temperature witlvedl time of 5min. A high torque value was
observed during the process, which was caused byhigh viscosity due to the fact that
carbamazepine did not completely melt in prepanatithis resulted in an extremely low yield,
below 10% w/w. Freshly prepared sample was tdsyddTDSC as seen in Figure 5.21. It can be
seen that no endothermic peak was detected atCl4iddicating the absence of thermal
degradation. The detected melting point ({85s in agreement with the depressed melting point
detected in physical mixture with same drug-polymatio (tested at the same heating rate,
2°C/min), and it can be confirmed as depressed ngeftaint of form | according to the literature
(33). The freshly prepared 70% (w/w) sample showeldrge melting enthalpy (Figure 5.21)
indicating the physical mixture of crystalline camazepine and EUDRAGITEPO was not
completely transformed into amorphous solid digpessby hot melt extrusion. Therefore, the 70%
(w/w) carbamazepine-EUDRAGFTEPO melt extrudates prepared at the temperatuesviibe
melting point cannot be guaranteed as supersaturateorphous system. Milling was still
attempted to be applied to this system to appradipaestimate the solid solubility in of

carbamazepine in the melt extrudates.

0.0

70% drug-polymer physical mixture

-0.2

185.40°C
0.4

=

70% freshly milled extrudates
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185.09°C
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0 50 100 150
Exo Up Temperature (°C)

Figure 5.21: DSC results of 70% w/w freshly preparé strand form carbamazepine-EUDRAGIT® EPO

melt extrudates and physical mixture.
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Freshly prepared 70% (w/w) carbamazepine-EUDR@GE[lPO extrudates were milled for 10min
and then tested by MTDSC. Results are shown inr€igu22. By usind=q 5.1 the amount of
crystalline carbamazepine in freshly prepared 70%) strand and milled samples was 51.92%
and 52.08% (w/w), respectively. After 1 month agaigoom temperature under 75%RH, melting
enthalpy of milled 70% (w/w) extrudates did notrgsse as seen in Figure 5.22 and the calculated
crystallinity was 52.10% (w/w). Therefore, the apga solid solubility of carbamazepine in
EUDRAGIT® EPO is estimated as circa 18% (w/w). Due to therntal degradation of
carbamazepine at high temperature, low operatimpéeature was applied in hot melt extrusion,
which results in the preparation of partially calihe melt extrudates. The predicated apparent
solubility of carbamazepine by milling method magt e accurate as the method requires the
preparation of super-saturated amorphous solidediggns. In this study, therefore, only an
approximate estimation of the solubility of carbaeygine in the extrudates can be achieved. This
could be the disadvantage of the milling method:dimgs which are sensitive to high temperature
and easy to degrade at high temperature, milling ma& be applicable to predict the drug-polymer
solubility as amorphous over-saturated melt exteglacannot be prepared with these drugs.
However, for those thermal sensitive drugs, hottnesfrusion may not be the appropriate

processing method to prepare amorphous solid diispes.

0.2

70% fresh strand extrudates

0.0 70% freshly milled extrudates

70% milled extrudates aged for 1 month

0.2

Heat Flow (W/g)
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Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 5.22: MTDSC results of 70% (w/w) freshly pr@ared strand carbamazepine-EUDRAGIT® EPO
extrudates, and 70% (w/w) freshly milled and aged>arudates for 1 months under 75%RH at room

temperature.

By using mechanical milling, solid solubility omodel drugs in solid dispersions with
EUDRAGIT® EPO prepared by hot melt extrusion were predieted they are circa 45% (w/w)
for felodipine, 42% (w/w) for celecoxib, 13% (w/wpr fenofibrate and 18% (w/w) for
carbamazepine. In comparison to the predicted sahye theoretical approaches, a significant

discrepancy can be observed. For example, the mehsyparent solubility of felodipine in the
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extrudates was 45% (w/w), which is significantlygliner than the values from all theoretical
approaches. The developed mechanical milling methoghore practical and more specifically
applied to the solid solubility prediction of drugsmelt extrudates. Theoretical approaches could
be applicable to many drug-polymer cases and masebeed as a general method in predicting
solid solubility. The required assumptions and tatons of those theoretical models, however,
may result in a less practically accurate predimctahich might not be capable to improve the
formulation development of amorphous solid dismersi Moreover, as emphasized earlier, the
apparent drug-polymer solubility can vary signifidg depending on the processing methods.
Therefore, it is reasonable to propose that theharical milling method developed in this project
can predict solid solubility of drugs in melt exdaies more accurately and more concisely in the

context of solid dispersions prepared by hot meitusion.

5.4 Conclusions

In this chapter, the impact of milling on the phygistability of felodipine- EUDRAGIT EPO as
a model system was evaluated. Four main factorg (dading, milling period, aging, and external
heating) were explored in terms of their effecttio@ milled hot melt extruded solid dispersions. It
shows that mechanical milling can induce phaseraépa and recrystallization of melt extrudates
with high drug loadings for as little as 5min mmtl. On studying the aging effect under high
humidity, an equilibrium of physical state of 50%da70% (w/w) felodipine-EUDRAGIT EPO
was observed with the crystallinity of felodipine both systems circa 45% (w/w), which is
considered as the apparent solid solubility ofdgdme in melt extrudates. Therefore, mechanical
milling is applied as a practical method to prediotid solubility of drugs in melt extrudates.
Applying the milling method, the solid solubilityf anodel drugs in melt extrudates with
EUDRAGIT® EPO was calculated as 42% (w/w) for celecoxib, 18#w) for fenofibrate and 18%

(w/w) for carbamazepine.

The milling method can be used as a practicatcgmh to predict the drug-polymer solubility in
melt extruded amorphous solid dispersions accyralieprovides a tool for the selection of the
“safe” range of drug loadings when developing nealfruded amorphous solid dispersions at the
early stage as amorphous solid dispersions witldthg loading below the predicted solubility by
milling should be physically stable. Therefore, tHeveloped milling method may make a
contribution to the prediction and enhancement hif physical stability of amorphous solid

dispersions prepared by hot melt extrusion.
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Chapter 6: Physical stability studies of hot melt etrudates on
aging

6.1 Introduction

Amorphous solid dispersions have been widely usetl pgoved to be effective to enhance the
dissolution rate of poorly water-soluble drugshe pharmaceutical industry (1-3). The mechanism
of the dissolution enhancement by amorphous sabgedsions has been well understood that
drugs in amorphous solid dispersions have highgra@mt solubility in aqueous solution in

comparison to their crystalline forms due to theklaf lattice crystalline structure (4-6).

However, the physical stability of amorphous galispersions still remains the main challenge
for the formulation development of solid dispersiorAs mentioned previously, molecularly
dispersed drugs in amorphous solid dispersiongiegiat high-energy level tend to spontaneously
(according to the Gibb’s free energy law) revetko the more physically stable crystalline form.
Therefore, in order to enhance the physical stghifi amorphous solid dispersions, it is essential
to clearly understand the physical instability ire@ depth. In this chapter, model drugs were
formulated with EUDRAGIT EPO by hot melt extrusion. Real-time physical #itgtstudies of
the melt extrudates were carried out under diffestorage conditions. Therefore, comprehensive
results of physical stability studies can be aalikvand the effect of the storage condition on the
physical stability of amorphous solid dispersioas ©e understood. In addition, the validation of
the milling method in predicting drug-polymer salitp developed in Chapter 5 can be tested

combined with the real-time physical stability sesd

In Chapter 3, physical properties including glasmnsition temperatures, relaxation time of
amorphous drugs, and physical stability of amorghadruigs alone have been studied. These factors
have been suggested in articles to be correlatéu twe physical stability of amorphous solid
dispersions (7-10). Therefore, by comparing thespa} properties of the model drugs with the
results of the real-time physical stability studégnelt extrudates, dominant factors which control

the physical stability of amorphous solid dispensican be revealed.

In Chapter 4, drug-polymer miscibility and solitpiwere predicted using different theoretical
approaches. Predicted drug-polymer solubility afividual drug varied significantly between
different approaches due to the limitations ofeatiéint theoretical approaches as discussed earlier.
In Chapter 5, a practical method, milling, was deped for more accurate prediction of the
solubility of drugs in melt extrudates. The predéittvalue of individual drug by milling method

was different from the values by theoretical apphes. It has been suggested that drug-polymer
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solubility is one of the most significant factorshish is related to the physical stability of
amorphous solid dispersions. Therefore, by compate predicted drug-polymer solubility with
the results of real-time physical stability studidse validation of the theoretical approach and
milling method in predicting drug-polymer solubylican be tested. This is based on the hypothesis
that extrudates composed of model drugs (the saoweldading amongst different formulations)
with higher solubility should be more physicallalske on aging than those composed drugs with

lower solubility.

The fundamental aims of this chapter can be duVimhto three aspects. Firstly, through the real-
time physical stability studies of melt extrudateged under different conditions (0%RH/room
temperature, 75%RH/room temperature, 0%RPZ4@nd 75%RH/4TT), the effect of storage
condition including stressed temperature and sedsumidity on the physical stability of
amorphous solid dispersions can be investigatedorfiy, combining the real-time physical
stability studies with the physical properties ofiaphous drugs, the key factors controlling the
physical stability of amorphous solid dispersioas ©e found out. Thirdly, the real-time physical
stability studies can be used to validate the ptidti of drug solubility in melt extrudates. The
completion of the three aims will substantially tdyute the development of methods for the

prediction and enhancement of the physical stglofitamorphous solid dispersions.

Research objectives

1. To investigate the effect of storage conditiamsthe physical stability of solid dispersions

prepared by hot melt extrusion.
2. To find out the key factors which control theypical stability of melt extruded solid dispersions
3. To validate theoretical approaches and millirghad in predicting the drug-polymer solubility.

6.2 Experimental methods

6.2.1 Hot melt extrusion

Equipment for hot melt extrusion refers to Chafe(section 2.2.1.1). Physical mixtures of
crystalline model drugs and EUDRAGITEPO with ratios of 10:90 and 70:30 (w/w) were pre-
mixed in a mortar and pestle before melt extrusidre processing temperature was set at 5 degree
higher than the melting points of crystalline modeligs. For the case of carbamazepine, the
operation temperature is 5 degree lower than itsimgepoint to avoid thermal degradation. The
rotating speed of twin screws was 100r/min. A bwghape die with diameter of 2mm was

attached to the extruder.
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6.2.2 Physicochemical characterisation

Instrumental information of the characterisatiocht@ques used and the applied parameters
including MTDSC, PXRD, ATR-FTIR and SEM refers tifferent sections in Chapter 2 (2.2.2.1.3
for MTDSC, 2.2.2.4.2 for ATR-FTIR, 2.2.2.5.2 for RB, 2.2.2.6.2 for SEM)

6.2.3 Storage tests under different conditions

Freshly prepared strand form melt extrudates wered as intact strand form without milling
under four different conditions: 0%RH (provided ByOs)/room temperature, 75%RH (provided
by saturated sodium chloride solution)/room tempeea 0%RH/48C and 75%RH/4TC for up to
6 months, and were tested by MTDSC (strand formuexates), ATR-FTIR, SEM and PXRD
(strand extrudates milled into powder before tlsg)te

6.2.4 Kinetic study of surface recrystallisation

In order to study the kinetics of the surface retalization of melt extrudates, image-analysis
software, Image J (National Institutes of Healtt§A)Y was used to analyse SEM images. An
example is given in Figure 6.1. Figure 6.1 (a)nsmaage of the surface of a melt extruded sample,
and Figure 6.1 (b) is the analysed result of thel$fBage by Image J. It can be seen that the size
and shape of individual particle was tracked aath&d by the software, and the percentage of total
areas (in pA) occupied in the whole image (the real tested $mmuea be achieved from the SEM
image information) can be calculated by the sofewdie real area of the sample tested under
SEM can be achieved using the scale bar in SEM ema&berefore, the kinetics of the surface

recrystallization growth of melt extrudates on ggian be studied.

Figure 6.1: SEM image of the surface of melt extrueld sample (a) and the analysed result by Image J

(b).
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6.3 Results and discussion

The accelerated storage conditions suggested bed)&ates Pharmacopeia (USP) and British
Pharmacopeia (BP) normally consist of stressed eeatpre (48C) and stressed humidity
(75%RH). These two conditions have also been regulssed in articles concerning physical
stability studies of amorphous solid dispersionstasssed humidity and temperature can increase
molecular mobility of drugs in solid dispersionsadéng to the physical instability (11-13).
Therefore, in this chapter, in order to thorouginhgerstand the effect of storage conditions on the
physical stability of melt extruded solid disperso four conditions mentioned in section 6.2.4
were used. All melt extrudates were stored under thfferent conditions as intact strand form

without milling after fresh preparation.

In Chapter 5, the predicted drug-polymer soltibai by the theoretical approaches and milling
method were all within the range between 10% (w$0% (w/w). Two drug loadings including
10% (below the predicted solubility) and 70% (w/&pove the predicted solubility, and hence
super-saturated system) were selected for individugy-EUDRAGIT® EPO melt extrudates. The
two drug loadings can be used to test the accuhdifferent approaches (theoretical approaches
and the milling method) in predicting drug-polymsolubility. The melt extrudates with drug
loadings below the predicted solubility should Iggcally stable whereas phase separation should

be observed in super-saturated melt extrudatesdsitty loading above the predicted solubility on

aging.

6.3.1 Physical stability study of melt extruded feldipine-EUDRAGIT® EPO systems under
different conditions

6.3.1.1 Surface physical stability

For 10% (w/w) felodpine-EUDRAGIT EPO melt extrudates aged under different condition
after 6 months, no felodipine crystals can be deteby ATR-FTIR on the surface of the samples,
suggesting no surface phase separation occurrEvilrug loading samples. SEM images of 6
months aged 10% (w/w) extrudates is shown in FiguPe No evident particles were observed on
the surface of any 10% (w/w) samples after 6 morbsig under the four conditions. This
indicates that the felodpine-EUDRAGIEPO melt extrudates with 10% (w/w) drug loadingeve
homogeneous with high surface stability within 6mis. The results of surface physical stability
study of 10% (w/w) samples showed good agreemetht thve predicted solubility (45% w/w) by

milling method.
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Figure 6.2: SEM images of the surface of fresh anél months aged 10% (w/w) felodpine-EUDRAGIT

EPO melt extrudates under different conditions.

ATR-FTIR spectra of the surface of 70% (w/w) fejuide-EUDRAGIT® EPO melt extrudates
on aging under different conditions are collected shown in Figure 6.3. As mentioned in Chapter
4, the NH group is an indicator of felodipine beioystalline or amorphous. A single peak at
3341cnt (in between the amorphous and crystalline felodigiH peak) in the 70% (w/w) melt
extrudates can be seen in the freshly preparedisamgicating a single-phase amorphous system.
On aging under 0%RH/room temperature (mildest d@wi for 2 months, a peak at 3365tm
representing crystalline felodipine and a peak3®58ni" representing phase separated amorphous
felodipine can both be detected on the surfaceh@fsample, indicating the occurrence surface

phase separation and recystallisation in this sampl

For 70% (w/w) samples aged under 75%RH/room teatpee, after 1 month aging, the
crystalline felodipine peak (3365¢&nwas observed and the amorphous felodipine pe285¢3n’)
was barely evident (Figure 6.3). The absence ofatherphous felodipine peak indicates a high

level of surface recrystallization occurred in sésstored under this condition.
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Figure 6.3: ATR-FTIR results of NH group from the surface of 70% (w/w) felodpine-EUDRAGIT®

EPO melt extrudates aged under different conditions

For 70% (w/w) samples aged under 0%RMZ4(phase separation took place after 1 month aging
as crystalline and amorphous felodipine peaks apde@igure 6.3). However, in comparison to
samples aged under 75%RH/room temperature, the gegsmration and recrystallization occurred
at a significantly lower level since the peak imsiéynof amorphous felodipine (3335¢)nwas still
restively high after 4 months aging.

Aged under 75%RH/4Q, after 1 week, crystalline felodipine was detéaia the surface of 70%
(w/w) felodpine-EUDRAGIT EPO melt extrudates (Figure 6.3). With increasiging time, no
amorphous crystalline felodipine was observed enstirface, indicating a significantly high level

of surface recrystallization occurred in 70% (waamples aged under 75%RHIG0

The ATR-FTIR study of 70% (w/w) felodipiieUDRAGIT® EPO melt extrudates demonstrates
that surface recrystallization occurred in samplgsd under all conditions. Stressed humidity and
stressed temperature can both accelerate the swdacystallization, and stressed humidity has

more significant impact on the surface recrystatian than the stressed temperature on aging.

Surface physical stability of felodipifEUDRAGIT® EPO melt extrudates on aging under all

conditions were also studied using SEM (images waen regularly up to 6 months). It has been
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reported that the appearance of particles on tHacgiof melt extrudates were a strong sign of
phase separation and recrystallization (13, 14M SiBages of the surface of 3 months aged
extrudates are shown in Figure 6.4 as an exampld.dRape particles with the size from below
10um (0%RH/room temperature) to above 100um (75%B8B) were observed on the surface of
extrudates aged under all conditions. Samples agedr 0%RH/room temperature showed the
lowest particle density on the surface. Samplesl agaler 75%RH/room temperature showed
higher particle density on the surface than sampigsd under 0%/4Q. The surface of the
extrudates aged under 75%RH@0vas almost covered by particles after 3 montlisgadsEM
images clearly showed that stressed storage consliiould increase surface recrystallization and
stressed humidity had more significant impact thattessed temperature on surface
recrystallization on aging. This is in good agreetweith the ATR-FTIR results.

Figure 6.4: SEM images of the surface of 70% felopine-EUDRAGIT ® EPO melt extrudates after 3

months aging under different conditions.

The SEM images of the surface of 70% (w/w) metruates on aging were further analysed
using Imaging J (method mentioned in section 6.2d5) the kinetic study of the surface
recrystallization (Figure 6.5). After 6 months agirunder 0%RH/room temperature and
0%RH/40C, only less than 20% area (calculated using thesomed total particle areas divided by
the size of the whole image area) of the testefhsei{whole area of the image taken by SEM) of
both samples contained particles. But for sampdesl ander 75%RH/room temperature, more than
50% of the surface contained particles after 6 m®raging, demonstrating that the physical
stability of 70% (w/w) felodpine-EUDRAGIT EPO melt extrudates was affected more by
humidity than by high temperature. For samples ageter 75%RH/4TC, within 2 months aging,

a fast rate of particle growth was observed rasylth more than 80% of the area covered by
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particles, indicating a nearly completion (phaseflthe surface recrystallization for the sample

aged under this condition within 2 months.
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Figure 6.5: Results of total particle area (urf) achieved by using Image J to analyse SEM images o

the surface of 70% felodpine-EUDRAGIT® EPO melt extrudates on aging under different condions.

The classic Avrami model was introduced in thiglg to fit the surface rcrystallisation data (15).
Avrami model has been widely used to study thetkieeof crystallisation in different research
areas (12, 16-18). The kinetics of crystallisatiam be derived from the assumption including the
phases of nucleation, crystal growth and termimatibcrystal growth when two crystals meet (19).
Generally, these three phases of crystallisationealt described by Avrami model and it can be

written by:
a = 1- exp-[(k(t-))] " Eq 6.1

wherea is the fraction of crystalline drug at tintek is the apparent crystallisation rate constant
(time™), tois the induction time and is Avrami exponent depending on nucleation meamnand

the dimensions in which growth is occurring (th&ezofn is limited to 1,2,3 and 4)

The surface recrystallization data of samplegiageder all conditions did not fit in the Avrami
model as the curve in Figure 6.5 did not show thmeidal profile. This can be attributed to the
reason that felodipine crystals already existedhensurface of fresh 70% (w/w) extrudates (as
shown in Figure 6.5 that particle domains in fresimple was not 0). Therefore, surface
recrystallization of the 70% (w/w) extrudates lagkée step of nucleation, and initially started
with the crystal growth and the possible appearasiceew nuclei on aging. For samples aged
under 0%RH/room temperature, 75%RH/room temperatnde0%RH/48C, a continuous surface

recrystallization was observed up to 6 months. §amples aged under 75%RHI0 after 2
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months aging, a decreased crystallisation rate se@® indicating the near completion of the
surface recrystallization in the samples. Althotigh kinetics of the surface recrystallization o%&/0
(w/w) felodipine-EUDRAGIT EPO melt extrudates did not fit in the Avrami mipdeclear linear
kinetics (with acceptable regression coefficiemi®s observed for samples aged under all
conditions (phase | for 705 w/w samples under ui78&RH/room temperature) (Figure 6.5). The
slopes of individual linear plot (Figure 6.5) caa bonsidered as the recrystallization rates of
individual 70% (w/w) extrudates aged under différeconditions. By comparing the
recrystallization rates, it was observed that aktas aged under 0%RH/room temperature
(10.3un¥/day) and 0%RH/AT (11.6um/day) showed similar recrystllisation rates, whighre
smaller than that from the samples aged under 75%bRk temperature (33.3iffday).
Extrudates aged under 75%RH/@0showed the highest rate (172.9{day) within the first 2
months aging, and a plateau was observed afterwduwdsto the near completion of surface

recrystallisation.

Results of the surface stability study of feladgEUDRAGIT® EPO melt extrudates showed that
no surface recrystallization was detected in 10%vjvextrudates aged under the four conditions
up to 6 months. For 70% (w/w) melt extrudates, aefrecrystallization in samples different
conditions exhibit different crystal growth ratdreéssed humidity showed more significant effect

on the surface recrystallsation than stressed teatye.

6.3.1.2 Bulk physical stability

The bulk stability of felodipine- EUDRAGITEPO melt extrudates was studied using MTDSC
and PXRD. After 6 months aging, no recrystallizatar melting was detected by MTDSC in any
10% (w/w) extrudates aged under all conditionsjcaithg high bulk physical stability of 10%
(w/w) sample. PXRD results showed the agreemenh wie MTDSC results. No crystalline

felodipine was detected by PXRD in 10% (w/w) saraged under all conditions after 6 months.

The bulk physical stability of 70% (w/w) felodefEUDRAGIT® EPO melt extrudates was also
evaluated by MTDSC and PXRD. MTDSC results (Figeré, values in the figure are the
calculated crystallinity usingq 5.1in individual sample after 6 months aging) showat after 6
months aging under 0%RH/room temperature, 0%Ri@4and 75%RH/room temperature, the
amount of crystalline felodipine in 70% (w/w) mektrudates was still below 1% (w/w), indicating
extremely high bulk physical stability of these gdes. Crystallinity of samples aged under
75%RH/room temperature (0.82% w/w) was slightly hieig than that in samples aged under
0%RH/40C (0.45% wi/w), which may suggest that stressed @itynhad more influence on the

bulk physical stability than stressed temperature.
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For 70% (w/w) samples aged under 75%RMZ4@vident melting can be detected after 6 month
aging, and the quantity of felodipine crystalshe system was calculated as 24.12% (w/w). Due to
the low glass transition temperature of 70% (w/alpdpine-EUDRAGIT EPO systems (38°C
determined by MTDSC) combined with high humiditige tsample started to agglomerate after 2
weeks aging, and thus for further storage tessetlsamples required to be broken into pieces (such
as chipped by spatula and gentle milling). Theeefitre assessment of the physical stability of
samples aged under 75%RH/@0may be less accurate (as proved in Chapter fingnitould
induce the physical stability of felodpine-EUDRAGIEPO).

0.1

fresh (0.14% w/w)

007 0%RH / room temp 6m (0.27% w/w)

75%RH / room temp 6m (0.82% w/w)

017 0%RH / 40°C 6m (0.45% w/w)

Heat Flow (W/g)

75%RH / 40°C 6m (24.12% w/w)

-0.24

-0.3

T T T T T T
10 30 50 70 920 110 130 150
Ex0 Up Temperature (°C) Universal V4.3A TA Instrument

Figure 6.6: MTDSC results of freshly prepared 70% Ww/w) felodpine-EUDRAGIT® EPO extrudates
and aged under different conditions after 6 monthg(crystallinity of felodipine in differently aged

systems was calculated and listed in the brackets).

More detailed MTDSC results of 70% (w/w) felodigiEUDRAGIT® EPO melt extrudates aged
under 75%RH/4TC are shown in Figure 6.7. It can be seen thatde#tected melting enthalpy
increased with increasing aging time. Evident esottic peak (recrystallization) was detected
after 1 months aging (circled in Figure 6.7). Thisothermic peak disappeared after 4 months
aging. This demonstrates that a certain amountnofrghous felodipine was separated out from the
bulk after 1 month aging and the recrystallizatdrthe phase-separated amorphous felodipine can
be induced by heating in DSC scanning. After 4 ertging, the absence of the recrystallization
indicates that the phase separated amorphous galednad already completely recrystallized on
aging. It should be noted that the amount of feglimdi remained as solid dispersions in this system
(46.88% w/w) was very close to the predicted sdityb{45% w/w) by mechanical milling in
Chapter 5. This proves the accuracy of milling rodtin predicting apparent solid solubility of
felodipine in felodpine-EUDRAGIT EPO melt extrudates.
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Figure 6.7: MTDSC results of 70% (w/w) felodpine-EDDRAGIT® EPO extrudates aged under
75%RH/40°C.

The bulk physical stability of 70% (w/w) felodefEUDRAGIT® EPO melt extrudates was tested
by PXRD after 6 months aging under different cdodig as seen in Figure 6.8 (samples were
stored as intact strand form and milled just betbeePXRD test). Results showed that crystalline
felodipine features can be only detected in samatgxd under 75%RH/40, which is in good
agreement with MTDSC results. By comparing with B¥RD feature of form | felodipine, it can
be confirmed that amorphous felodipine in 70% (w/gsgmples aged under 75%RHO0

recrystallized into form | on aging.
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Figure 6.8: PXRD results of 70% (w/w) felodpine-EURAGIT ® EPO melt extrudates after 6 months

aging under different conditions.

Results of the bulk physical stability studieowhd that 10% (w/w) felodpine-EUDRAGTT

EPO melt extrudates were highly stable irrespectiffestorage conditions. The overall bulk
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physical stability of 70% (w/w) samples aged un@&RH/room temperature, 0%RH/D and
75%RH/room temperature was still relatively highmeved by low crystallinity in individual
samples after 6 months aging. 70% (w/w) melt exttes aged under 75%RH@showed high
level of bulk phase separation and recrystallizatichis can possibly be explained by the involved
stress for breaking the samples. However, the atémamount of felodipine remaining as
amorphous solid dispersion (46.88% wi/w) in this gl@mvas very close to the predicted solubility
by milling method, which proves the accuracy of thiling method in predicting drug-polymer

solubiliy.

In short summary, the physical stability of faide-EUDRAGIT® EPO melt extrudates showed
good agreement with the predicted solubility bylimgl method. Samples with the drug loading (10%
w/w) below the predicted solubility (45% w/w) shadvextremely high surface and bulk physical
stability irrespective of different aging conditeanSuper-saturated 70% (w/w) extrudates showed
poor surface physical stability on aging undercatditions. In addition, physical stability studfy o
felodipine-EUDRAGIT EPO melt extrudates also proved that stressed ditymhad more
significant impact on aging on the physical st&pilof 70% (w/w) extrudates than stressed

temperature, especially on the surface stability.

6.3.2 Physical stability study of melt extruded cekoxib-EUDRAGIT® EPO systems under
different conditions

6.3.2.1 Surface physical stability

No celecoxib crystals were detected by ATR-FTIR tba surface of 10% (w/w) celecoxib-
EUDRAGIT® EPO melt extrudates after 6 months aging underaltitions. SEM images showed
similar results that no evident particles were olese on the surface of 10% (w/w) extrudates after
6 months aging (Figure 6.9). These results dematesthat 10% (w/w) celecoxib-EUDRAGIT
EPO melt extrudates had high surface physicallgtabgainst stressed conditions on aging. This
good physical stability of 10% (w/w) celecoxib-EURRIT® EPO melt extrudates validates the
predicted solubility by milling method (42% w/w).
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Figure 6.9: SEM images of the surface of 10% (w/w}elecoxib-EUDRAGIT® EPO melt extrudates
after 6 months aging under different conditions.

ATR-FTIR spectra of the surface of 70% (w/w) celdbeEUDRAGIT® EPO melt extrudates
aged under different conditions are shown in Figui®. It has been reported that the, §@up is
a good indicator to distinguish the physical stteelecoxib (20). Upon transformation from the
crystalline to amorphous state, the,$@ak shifted from 1345cfrto 1336crit as shown in Figure
6.10. Freshly prepared 70% (w/w) celecoxib-EUDRABHPO melt extrudates showed a single
broad peak at 1338 chindicating a single phase amorphous system dfuhface of extrudates.

After 1 month aging under 0%RH/room temperattwe, peaks can be observed on the surface of
70% (w/w) melt extrudates with one at 1347cwery close to crystalline celecoxib peak, 1345cm
Y representing crystalline celecoxib and the otbree at 1338cih representing amorphous solid
dispersion, suggesting the occurrence of surfamgstallization in this sample (Figure 6.10).

For 70% (w/w) melt extrudates aged under 75%Rbtfraemperature, surface recrystallization
took place after 3 days aging as proved by theepiss of 1347cih peak, and on aging the
crystalline peak become more dominant in compartsothe amorphous solid dispersion peak
(1338cmt) (Figure 6.10).

For 70% (w/w) melt extrudates aged under 0%RMI4@rystalline celecoxib peak (1347¢m
was detected after 1 week aging. This demonstthtdsin comparison to the same sample aged
under 75%RH/room temperature, surface recrystéiizavas slightly delayed, indicating stressed
humidity had more significant impact on the surfaeerystallization of 70% (w/w) celecoxib-
EUDRAGIT® EPO melt extrudates than stressed temperaturerégy10).
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Evident crystalline celecoxib was detected ondhdace of 70% (w/w) melt extrudates after 3

days aging under 75%RH/MAD. The peak representing amorphous solid dispessip838crit)
disappeared after 1 month aging indicating a héyfell of surface recrystallization occurred in this
sample on aging (Figure 6.10). In comparison to tweresponding samples aged under
75%RH/room temperature and 0%RH@Dsamples aged under 75%RH@&howed the highest

level of surface recrystallization.
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Figure 6.10: ATR-FTIR results of SO, group from the surface of 70% (w/w) celecoxib-EUDRGIT ©

EPO melt extrudates on aging under different condibns.

Surface recrystallization in 70% (w/w) celecoibtlDRAGIT® EPO melt extrudates was also
confirmed by SEM studies. SEM images of 3 monthedad0% (w/w) melt extrudates are shown
in Figure 6.11. Rod-shaped particles can be obdemvethe surface of 70% (w/w) samples aged
under 0%RH/room temperature and 0%RHK210 For samples aged under 75%RH/room
temperature, particles showed a needle shape, landsize and density of particles were
significantly larger and higher than the same saspiged under 0%RH/AD, indicating stressed
humidity had more impact on the surface recryzion of 70% (w/w) extrudates than stressed
temperature. The two observed crystals habits (eeet rod shape) may indicate polymorphism
of crystalline celecoxib. However, the ATR-FTIR u#ts did not show crystalline polymorphs. For
70% (w/w) extrudates aged under 75%RHEi0particles grew together to from clusters with th
diameter of circa 30um and the fibre shpae pastictethe surface grew to as long as 50pm which

was significantly larger than the same samples agdér other conditions.
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Figure 6.11: SEM images of the surface of 70% celexib-EUDRAGIT ® EPO melt extrudates after 3

months aging under different conditions.

The kinetics of surface recrystallization of 708&/w) celecoxib-EUDRAGIT EPO melt
extrudates on aging was also studied using Imageadalyse SEM images (Figure 6.12). Again,
the data did not fit in the Avrami moddtdq 6. as it lacked of the nucleation phase leading to
recrystallization starting with existed nuclei ialty. However, a linear relationship of kineticéhv
acceptable coefficient was observed in individuarielates aged under all conditions (Figure
6.12). The slope of individual linearity can be siolered as the growth rate of surface
recrystallisation on aging. Thus it can be seetntdraperature has less impact on surface physical
stability on aging in comparison to high humiditgce samples stored under 0%RH@8howed a
slower rate (36.0uffday) than samples aged under 75%RH/room temperdfi®.6uriiday).
Samples aged under 75%RHI@0showed the highest rate amongst samples aged wtide

conditions.
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Figure 6.12: Results of total particle area (urf) achieved by using Image J to analyse SEM images o

the surface of 70% celecoxib-EUDRAGIT EPO melt extrudates on aging under different condions.
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Results of surface physical stability study shaweat no surface recrystallization was detected in
any 10% (w/w) melt extrudates aged under all camst indicating 10% (w/w) system was highly
stable on aging. For 70% (w/w) melt extrudatesfaser recrystallization was detected in samples
aged under all conditions, indicating low level sdirface physical stability of 70% (w/w)
extrudates. Moreover, for 70% (w/w) celecoxib-EUDRIA® EPO extrudates, stressed humidity

also showed significantly more influence on surfeemystallization than stressed temperature.

6.3.2.2 Bulk physical stability

Bulk physical stability of celeocixb-EUDRAGPT EPO melt extrudates was studied using
MTDSC and PXRD. After 6 months aging under différeonditions, no melting was detected by
MTDSC in any 10% (w/w) melt extrudates. No crystedlcelecoxib feature was observed using
PXRD. These results indicate that 10% (w/w) meltiedates were physically stable as bulk after 6

months aging under different conditions.

Bulk physical stability of 70% (w/w) celecoxib-BBRAGIT® EPO melt extrudates was also
studied by MTDSC and PXRD. MTDSC results of frestd & months aged 70% (w/w) melt
extrudates are shown in Figure 6.13. Crystallinitgelecixib in different 70% (w/w) systems was
calculated using=q 5.1and listed in the figure. Freshly prepared 70% (whaelt extrudates
showed the amount of crystalline celecoxib of 1% 1@v/w). An exothermic peak (very likely to
be recrystallization on heating in MTDSC) was digdcin the freshly prepared samples. This
indicates that there was already a certain amoluphased separated amorphous celecoxib in the
fresh 70% (w/w) extrudates and their recrystaliigatould be induced by heating in DSC. After 6
months aging, no significant increase of crystdilivas observed in samples aged under different
conditions. For instance, after 6 months aging untls%RH/40C, the amount of detected
crystalline only increased to 14.58% (w/w), and tlerystallisation peak was still evident. This
demonstrates that although phase separation caetbeted in 70% (w/w) fresh extrudates, the
overall bulk recrystallisation only increased witw level after 6 months aging under different

conditions.
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Figure 6.13: MTDSC results of freshly prepared 70%(w/w) celecoxib-EUDRAGIT® EPO extrudates
and aged under different conditions after 6 months(crystallinity of celecoxib in differently aged

systems was calculated and listed in the brackets).

However, broad endothermic peaks detected by MI BSthe glass transition areas can be seen
for different aged 70% (w/w) samples which did appear in the freshly prepared 70% (w/w)
samples (Figure 6.13). This endothermic peak assgteansition area can be attributed to the
overlapped relaxation of amorphous celecoxib anddBRAGIT® EPO on aging. Relaxation is a
procedure occurs to amorphous materials on agingretly amorphous materials will relax the
extra thermodynamic properties, such as enthatpgpproach to the equilibrium on aging. These
relaxed thermodynamic properties can be compensatdeating in DSC as amorphous materials
need to re-establish the volume and enthalpy ofiguéd state. The increased relaxation enthalpy
in aged 70% (w/w) extrudates indicated increasetecutar motion in the systems (relationship
between relaxation and molecular mobility has described in Chapter 1), which may potentially
affect the bulk physical stability.

A more detailed MTDSC result with non-reversingngls is shown in Figure 6.14 to study the
relaxation. It can be seen that after 6 monthsgagimder 75%RH/room temperature, 0%RH@0
and 75%RH/4%C, two partially overlapped relaxation peaks weetedted by MTDSC, and they
can be attributed to the relaxation of amorpholescosib and the relaxation of EUDRAGTEPO.
The two separated relaxations suggest that an &wmaspphase separation in which drugs and
polymers separated into individual amorphous pluseirred in samples aged under these three
conditions. Although crystallinity in 6 months agéd% (w/w) samples under all conditions did
not increase significantly, the amorphous phasars¢ipn demonstrated that 70% (w/w) celecoxib-
EUDRAGIT® EPO melt extrudates as bulk were not physicallgblst on aging under
75%RH/room temperature, 0%RH!@ and 75%RH/4AT. The physical instability mainly
manifested as amorphous phase separation.
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Figure 6.14: MTDSC results in non-reversing signal®of freshly prepared and 6 months 70% (w/w)
celecoxib-EUDRAGIT® EPO extrudates (crystallinity of felodipine in differently aged systems was

calculated and listed in the brackets).

PXRD results showed that no celecoxib was daleicteany 70% (w/w) melt extrudates after 6
months aging under all conditions (Figure 6.15)isTdorrelates well with the MTDSC results that
phase separation in 70% (w/w) melt extrudates &fteronths aging still remained at amorphous
phase separation level. The detected crystalling dvere attributed to the recrystallization of
amorphous drug induced on heating in DSC.
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Figure 6.15: PXRD results of 70% (w/w) celecoxib-EDRAGIT ® EPO melt extrudates after 6 months
aging under different conditions.

Results of bulk physical stability studies ofemxib-EUDRAGIT EPO melt extrudates showed
that 10% (w/w) samples were highly stable after dnths aging under different conditons they
were still amorphous solid dispersions. For 70%mMwhelt extrudates, although no crystalline

celecoxib was detected by PXRD after 6 months aginder different conditions, amorphous
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phase separation was confirmed using MTDSC in éimeesaged samples. This indicates that 70%
(w/w) celecoxib-EUDRAGIT EPO melt extrudates were not physically stableging under the

four conditions.

In summary, the physical stability studies ofeceiib-EUDRAGIT EPO melt extrudates
demonstrated that 10% (w/w) samples were extrestalyle after 6 months aging under the four
conditions. Both the surface and the bulk of 10%w)wextrudates were still amorphous solid
dispersions. However, for 70% (w/w) melt extrudagesigh level of surface recrystallisation was
observed on aging under all conditions. Stressemidity showed more impact on surface
recrystallization in 70% (w/w) samples than strdstemperature on aging. The bulk physical
stability study showed that amorphous phase separmatcurred in 70% (w/w) samples aged under
75%RH/room temperature, 0%RH@and 75%RH/4TC. Physical stability studies of celecoxib-
EUDRAGIT® EPO melt extrudates agreed well with the predistddbility using milling method.
Samples with the drug loading (10% w/w) below thedicted solubility (42% w/w) remained
amorphous solid dispersions after 6 months agirgudifferent conditions, whereas surface and
bulk phase separation was confirmed in super-daairsamples (70% w/w). The bulk physical
instability was amorphous phase separation andutface instability was surface recrystallization.
This again proves the accuracy of milling methodpnedicting the solubility of celecoxib in
celecoxib-EUDRAGIT EPO melt extrudates.

6.3.3 Storage test of melt extruded fenofibrate-EURAGIT ® EPO systems under different
conditions

6.3.3.1 Surface physical stability

Surface physical stability of 10% (w/w) fenofietdEUDRAGIT® EPO melt extrudates under
different conditions were studied using SEM and AHRR. No particles were observed on the
surface of freshly prepared 10% (w/w) samples. rA6tenonths aging, particles were observed on
the surface of 10% (w/w) melt extrudates aged uatleronditions (Figure 6.16), which indicates
the physical instability on the surface of the 10f6w) samples. Particle size and density of the
crystalline like features on the surface of samplged under different conditions were similar.
This may suggest that surface recrystallisatiorl@¥ (w/w) melt extrudates occurred at early
stage of aging and no further increase of surfaceystallization was affected by aging conditions.
This was also confirmed by the kinetic study of theface recrystallization of the 10% (w/w)
samples aging under different conditions (Figufe/.As seen in Figure 6.17, the surface crystal
growth rates of samples aged under different didshow significant different. After 3 months
aging, crystal growth reached a plateau for all 1@%w) samples, and nearly 12% (calculated
using the measured total particle areas dividethbysize of the whole image area) of the tested
area was covered by particles (crystals). The kisedf the surface recrystallization did not fit in

the Avrami model or linear relationship.
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Figure 6.16: SEM images of the surface of 10% (w/wfenofibrate-EUDRAGIT® EPO melt extrudates
after 6 months aging under different conditions.
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Figure 6.17: Results of total particle area (urf) achieved by using Image J to analyse SEM images o
the surface of 10% fenofibrate-EUDRAGIT® EPO melt extrudates on aging under different condions.

Surface recrystallisation of 10% (w/w) samplesaging different conditions was also confirmed
using ATR-FTIR (Figure 6.18). A single carbonyl kest 1657crit, which is very close to the
carbonyl peak (1656¢h) from amorphous fenofibrate was detected on théase of freshly
prepared 10% (w/w) sample, suggesting an amorptiaugspolymer system on the surface of the
freshly prepared samples. On aging under diffecemiditions, this peak shifted progressively
towards the carbonyl peak (1648&from crystalline fenofibrate. After 6 months agingder all
conditions, the carbonyl peak from 10% (w/w) sars@# ended at 1651chwhich is close to the
crystalline peak. This gradual carbonyl peak shiflicates phase separation and recrystallization
on aging. The ATR-FTIR study on the surface of 106w) sample demonstrates the surface
physical instability of fenofibrate-EUDRAGFTEPO melt extrudates on aging even with low drug
loading.
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Figure 6.18: ATR-FTIR results of carbonyl group from the surface of 10% (w/w) fenofibrate-
EUDRAGIT ® EPO melt extrudates on aging under different condions up to 6 months.

Due to the low glass transition temperature d¥%7@v/w) fenofibare-EUDRAGIT EPO melt
extrudates (-19°C) as mentioned in Chapter 5, freshly prepared kmmnpere liquid-like and the
recrystallization of this sample can be triggergdsbrface disruption such as touched by tweezers.
This fast surface recrystallisation of 70% (w/w)ngpdes under ambient condition was recorded
using ATR-FTIR (Figure 6.19 a and b). 70% (w/w) sderwas placed in contact with the ATR-
FTIR diamond after fresh preparation, and multiptanning was carried out for a certain time
period. Freshly prepared 70% (w/w) fenofibare-EUDRA® EPO melt extrudates showed a
single carbonyl group at 1656¢mwhich has the same position as amorphous feradébr
indicating an amorphous drug-polymer system. Withreasing time periods under ambient
condition, a gradual peak shift can be observenh ft656¢cn to 1648crit which is at the same
position as crystalline fenofibrate, indicating thecurrence of recrystallization on the surface in
contact with the ATR diamond. The peak shift wasadl reflected by the change of intensity ratio
of the two peaks (1648chto 1656¢rT) with increasing time (Figure 6.19b). For thetfit§0min,
70% (w/w) system remained as amorphous solid dispes, and then recrystallization was
triggered (Figure 6.19b). The whole process of sheface recrystallization in 70% (w/w)
fenofibare-EUDRAGIT EPO melt extrudates detected by ATR-FTIR occumieda in 200min
(Figure 6.19b), suggesting that 70% (w/w) fenofibraxtrudates with high drug loading were
highly instable.
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Figure 6.19: ATR-FTIR results of carbonyl group shft in freshly prepared 70% (w/w) fenofibare-
EUDRAGIT ® EPO melt extrudates (a) and the change of the pealktensity ratio (1648cm'to 1656cnT)

with increasing time.

6.3.3.2 Bulk physical stability

The bulk physical stability of 10% (w/w) fenofitssEUDRAGIT® EPO melt extrudates was
studied using MTDSC. After 6 months aging undefedént conditions, no recrystallisation or
melting was detected in any 10% (w/w) samples, ssigag a high bulk physical stability of the 10%
(w/w) extrudates. This also suggests that the serfacrystallization of 10% (w/w) was at a low

level.

The bulk recrystallization of 70% (w/w) fenofilesEUDRAGIT® EPO melt extrudates was also
studied using MTDSC (Figure 6.20). As mentionediearthe recrystallisation of 70% (w/w)
extrudates can be easily triggered by surface plisnu Therefore, a certain amount of fenofibrate
could be induced to recrystallize already duringD&IC sample preparation due to the contact
with the sample, and this was reflected by thealetemelting peak in fresh 70% (w/w) samples.
Using Eq 5.1 the amount of crystalline fenofibrate in fresplepared 70% (w/w) was calculated
as 57.39% (w/w). It was also noted that an exotfepmak (recrystallization) was detected before
melting, which indicates there was still a certgirantity of amorphous fenofibrate in fresh 70%
(w/w) samples before the heating in DSC. After 6nthe aging under different conditions,
fenofibrate crystallinity in 70% (w/w) samples didt increase significantly in comparison to that
in fresh samples (values listed in Figure 6.20).rHorystallization peak (exothermic peak) was
detected in any aged 70% (w/w) samples in DSC,catitig phase separated amorphous

fenofibrate had recrystallized out completely omgg
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Figure 6.20: MTDSC results of freshly prepared and6 months aged 70% (w/w) fenofibare-
EUDRAGIT® EPO melt extrudates under different conditions (cystallinity of fenofibrate in

differently aged systems was calculated and listed the brackets).

The physical stability study of fenofibrate-EUDRATSI EPO melt extrudates showed that both
10% and 70% (w/w) samples had poor surface physitaility, Once triggered, the surface
recrystallisation of 70% (w/w) samples could congplithin 200min under ambient condition. 10%
(w/w) showed high bulk physical stability and afeemonths aging under different conditions, 10%
(w/w) samples were still amorphous solid dispersioRor 70% (w/w) extrudates, low bulk
physical stability was observed as recrystallisatind melting was detected in the freshly prepared
samples by MTDSC. The physical stability studyefdfibrate-EUDRAGIT EPO melt extrudates
showed good agreement with the predicted solulbljtgurface disruption that 10% (w/w) samples

showed significantly high bulk physical stability aging under different conditions.

6.3.4 Physical stability studies of melt extrudedarbamazepine-EUDRAGIT® EPO systems
under different conditions

As mentioned in Chapter 5, thermal degradatiomastbamazepine was found when preparing
carbamazepine-EUDRAGFTEPO with 70% (w/w) drug loading at the temperatiréts melting
point using hot melt extrusion. By decreasing tiperation temperature in hot melt extrusion,
whilst thermal degradation was avoided, the yiels vextremely low, leading to the failure of
producing a sufficient amount of 70% (w/w) samgl@sstorage tests. In addition, at low operation
temperature, super-saturated samples cannot barpdeps proved in Chapter 5. Therefore the
physical stability study was only carried out o®d @v/w) carbamazepine-EUDRAGHTEPO melt

extrudates under different aging conditions.
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6.3.4.1 Surface physical stability

Surface recrystallization of 10% (w/w) carbamazegfeUDRAGIT® EPO melt extrudates was
studied using SEM and ATR-FTIR. SEM images of fraed 6 months aged 10% (w/w) extrudates
are shown in Figure 6.21. Compared with freshlyppred samples, after 6 months aging under
different conditions, particles of rod and neediese can be observed on the surface of all
samples, suggesting the occurrence of surfacestatligation on aging. It can be seen that particle
size and density on the surface of 10% (w/w) sasnplged under 75%RH/room temperature is
significantly higher than that of the samples agedier 0%RH/4%C. This indicates stressed
humidity had more significant impact on the surfagerystallisation of 10% (w/w) samples than

stressed temperature.

Figure 6.21: SEM images of the surface of fresh an8 months aged 10% (w/w) carbamazepine-
EUDRAGIT ® EPO melt extrudates under different conditions.

The kinetics of surface recrystallization of 1008w) carbamazepine-EUDRAGTTEPO melt
extrudates on aging was studied using Image Jdtyss SEM images (Figure 6.22). The data did
not fit in the Avrami modelEq 6.). A linear relationship of kinetics with acceptatdoefficient
was observed in individual extrudates aged undercatditions (Figure 6.22). The slope of
individual linearity can be considered as the glowvate of surface recrystallisation on aging. It
clearly shows that high temperature has less impacsurface physical stability on aging in
comparison to high humidity since samples storedeur0%RH/40C showed a slower rate
(6.2unf/day) than samples aged under 75%RH/room temperdli.5urfiday). Samples aged
under 75%RH/4TC showed the highest rate amongst samples aged alhdenditions.
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Figure 6.22: Results of total particle area (urf) achieved by using Image J to analyse SEM images o
the surface of 10% carbamazepine-EUDRAGIT EPO melt extrudates on aging under different
conditions.

Surface recrystallization was also confirmed gg\WR-FTIR as shown in Figure 6.23. Due to the
low drug loading, the NHgroup from amorphous carbamazepine in the frephdpared 10%
(w/w) melt extrudates was difficult to be detectidce the peak intensity in amorphous state can
be lower than in the crystalline state (21). Afaging under 75%RH/room temperature, a peak
with a relatively high intensity at 3464¢mvas detected, which has the identical,idak position
of that from form Il crystalline carbamazepinedicating the recrystallization into form 11l on
aging under high humidity at room temperature (2¥fter 3 months aging under the same
condition, another peak at 3486tnappeared and it was confirmed as form | crysllin
carbamazepine (22), and thus amorphous carbameazepirthe surface of 10% (w/w) samples
recrystallisaed into a mixture of form | and Il der 75%RH/room temperature. Similar
recrystallization occurred on the surface of 10%wwsamples aged under 75%RH@Qin which
amorphous carbamazepine recrystallisaed into auneixtf form | and Ill. For 10% (w/w) melt
extrudates aged under 0%RHI@) only form Il carbamazepine was detected aftem@nths
storage. For 10% (w/w) samples aged under 0%RH/re@onperature, no carbamazepine crystals
were detected after 6 months storage. It also eanoficed in this sample that the NH peak was
hardly detected after 6 months aging under 0%RHireeamperature. This is because the intensity

of the NH peak from amorphous solid dispersions lasas mentioned earlier.

To summarise these findings, it can be conclutietl stressed aging condition, including high
temperature and humidity, can induce recrystalbrmainto a mixture of form | and Il by high

humidity rather than high temperature. If storedemdry condition at room temperature, the 10%
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(w/w) carbamazepine-EUDRAG(FTEPO melt extrudates can be physically stable fortai 6

months.
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Figure 6.23: NH, groups on the surface of 10% (w/w) carbamazepine DRAGIT® EPO melt

extrudates aged under different conditions for up® 6 months.

6.3.4.2 Bulk physical stability

The bulk physical stability of 10% (w/w) carbarepine-EUDRAGIT EPO melt extrudates was

evaluated using MTDSC. After 6 months aging, nstaline carbamazepine was detected in 10%

(w/w) melt extrudates aged under all conditionsicWwhndicates high bulk physical stability of this

system.

Physical stability studies of 10% (w/w) carbanpze-EUDRAGIT® EPO melt extrudates

showed that physical instability only occurred dw tsurface of the samples. The high bulk

physical stability on aging was in good agreemeiti the predicted solubility (18% w/w) by the

milling method.

6.3.5 Comparison of physical stability studies betaen different melt extrudates
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The significance of the physical stability of idotlispersions has been substantially emphasised
by pharmaceutical researchers due to its import@atin affecting the dissolution rate of poorly
water soluble drugs and hence bioavailability. Amtioned earlier, factors such as glass transition
temperatures of solid dispersions, molecular mgbiif amorphous drugs and drug-polymer
miscibility and solid solubility have been evaluhignd considered to be key factors that control
the physical stability. Due to the large varietytlod selection of drugs and polymers and different
processing methods for the preparation of soligatsions, it is difficult to establish a generderu
for the improvement of formulation design of salidpersions in the pharmaceutical industry. In
this work, by investigating different propertiessasiated with the physical stability of solid

dispersions, three fundamental aims as mention#teimtroduction can be accomplished.

Results of the physical stability studies of mektrudates prepared with model drugs and
EUDRAGIT® EPO are summarised in Table 6.1. Stressed teruperand stressed humidity have
been considered as the two main storage factorshwda@n potentially affect the physical stability
of amorphous solid dispersions on aging. Moleculability in amorphous solid dispersions can be
substantially increased if the storage temperasuctose to or above thg, ©f the solid dispersions,
which can lead to phase separation and recrysiidirs Stressed humidity can also affect the
physical stability as water sorption in amorphooigdsdispersions can act as plasticizers which can
decrease the jTof the system and increase the molecular mobilitythis chapter, results of
physical stability studies of individual systemaily revealed that stressed humidity had more
significant impact on the physical stability of amoous solid dispersions than stressed
temperature, especially on the surface physicdbilgya For instance in Table 6.1, surface
recrystallisation rate of 70% (w/w) felodipine-EUBRIT® EPO aged under 75%RH/room
temperature (33.3pfday) was almost three times higher than that ef shmples aged under
0%RH/40C (11.6prf/day). This was also the case for 70% (w/w) celésoEUDRAGIT® EPO
and 10% (w/w) carbamazepine-EUDRAGIEPO melt extrudates. This phenomenon was not
evident for 10% (w/w) fenofibrate-EUDRAGITEPO systems, which might be attributed to the
reason that surface recrystallisation occurreddy stage of aging to a saturated level irrespecti
of aging conditions as proved by the kinetics gbtal growth on aging (Figure 6.16). Nevertheless,
physical stability studies still conclude that ssed humidity (refers to accelerated conditions in
USP, 75%RH) has stronger effect on the surface/stadlization of melt extrudates than stressed

temperature (refers to accelerated conditions iR,USC).

This stronger effect by stressed humidity is eletirly understood. It might be accounted for by
the fact that extrudates were aged as intact stemtithus the adsorbed water on the surface can
be relatively high (although difficult to measur@herefore, the “local” water content on the
surface can be very high, leading to the fastawystallisation rate in comparison to samples aged
under 0%RH/4EC.
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Table 6.1: Summary of the physical stability studie of melt extrudates prepared with model drugs andudragit® EPO aged under different conditions.

Drugs Melt extrudates 0%RH/room temp 75%RH/room tenp 0%RH/40°C 75%RH/40°C
felodipine 10% surface A A A A
bulk A A A A
70% surface (unf/day)* 10.3 33.3 11.6 172.9
bulk” (w/w) 0.27% 0.82% 0.45% 24.12%
celecoxib 10% surface A A A A
bulk A A A A
70% surface(unf/day)* 115 36.0 12.6 53.0
bulk 13.22% 14.17% 13.62% 14.58%
fenofibrate 10% surface A C A C A C A C
bulk A A A A
70% surface fast recrystallization (completed within 200min en@mbient condition)
bulk”™ (w/w) 57.43% 57.52% 58.02% 58.05%
carbamazepine 10% surface(urfiday)* 4.4 125 6.2 24.4
bulk A A A A

A*:amorphous solid dispersion; C*: crystalline drsgirface*: surface crystal growth rate; bulk*: staflinity (w/w) in individual system after 6 morstlaging calculated usirieg 5.1
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A clear order of physical stabilities of diffetanelt extruded formulations on aging can be made
by comparing the results between different modelggrolymer systems. For 10% (w/w)
extrudates, felodipine and celecoxib showed extheimgh physical stability both on surface and
as bulk under all conditions (Table 6.1). Howewsr seen in SEM images, particles were observed
on the surface of both 10% carbamazepine and fanaddéi extrudates on aging under all conditions
(Figure 6.15 and 6.20). For 70% (w/w) samples, dglime and celecoxib showed high bulk
physical stability but poor surface physical stipil Comparing the crystallinity between
felodipine and celecoxib melt extrudates in Tablg, & can be seen that after 6 months aging
crystallinity in 70% (w/w) felodipine melt extrudeg was significantly lower than that in 70% (w/w)
celecoxib melt extrudates (the exception of feloupextrudates aged under 75%RH/room
temperature has been discussed and was attrituthé involved breaking strength). 70% (w/w)
fenofibrate showed the fastest recrystallisatiote nander ambient condition (within 200min).
Consequently, based on the findings from the plysi@ability studies, it is reasonable to conclude
the order of the physical stability of melt extrteta under all conditions is felodipine melt >

celecoxib > carbamazepindgenofibrate melt extrudates.

In previous chapters, several factors of modebsirassociated with physical stability of solid
dispersions have been studied. Several theoretfgabaches were applied to predict drug-polymer
miscibility and solubility. In addition, a practicenechanical milling approach was developed to
predict the apparent solid solubility of drugs ieltrextrudates. In order to reveal the key factors
which control the physical stability of amorphouslid dispersions, the results which are
considered to be related with the physical stabditamorphous solid dispersions from previous
chapters are summarised in Table 6.2. Glass tiamsémperatures of different amorphous drugs,
calculated molecular mobility of amorphous drugseoretically predicted drug-polymer solid
solubility do not show the same order as the oofigrhysical stabilities of different formulations.
Amongst all investigated factors so far, the phaisatability of amorphous drugs and predicted
apparent solid solubility of drugs in melt extrusaby mechanical milling seem to be the two key
factors associated with physical stability of meltrudates and they both showed the same order as
the order of the physical stability order of difat formulations. Based on the achieved results, it
may generally suggest that melt extruded amorplsalis dispersions formulated with a drug
which is physically stable in amorphous state aloar be expected to have a good physical
stability. More significantly, a drug loading belothe predicted drug-polymer solubility (by
milling method) is essential for preparing a phgic stable melt extruded amorphous solid
dispersion. Glass transition temperatures and ral@demobility of amorphous drugs did not show
direct relationship with the physical stability aorphous solid dispersions. These two factors are
commonly associated with the physical stabilityaoforphous drugs alone. After formulated with
polymers, the physical stability can be enhancaphitantly in comparison to that of the

amorphous drugs alone. It also demonstrates tbainthing method is a more accurate and valid

202



Chapter 6
method for the prediction of drug-polymer solulilin melt extrudates than the theoretical

approaches. Thus the developed milling method agpotential to be generalised as a common
method to predict drug-polymer solubility in mekteidates. As mentioned in Chapter 5, milling
can be a relatively fast method for the predictidrdrug-polymer solubility in melt extrudates.
Therefore, the developed milling method can be fi@akand useful for the formulation design of

melt extrudates in the pharmaceutical industry.
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Table 6.2: Summary of drug-polymer solubilities (malel drugs in EUDRAGIT® EPO) predicted by different approaches and physidgroperties of model drugs.

Drugs Solubility by Solubility by Solubility by Solubility by T4(°C) Relaxation time at Ranking of the physica|
milling approach solubility melting point enthalpy 25°C (s) stability of amorphous
(wiw) parameter depression measurement drugs under
approach (w/w) approach (w/w) approach (w/w) 0%RH/room temp and
75%RH/room temp

felodipine 45 % 25% 31% 20% 46.5 2.47X10 1
celecoxib 42% 35% 41% 20% 58.2 1.31¥10 2
carbamazepine 18% 15% 46% 30% 50.1 1.78¥10 3
fenofibrate 13% 40% - 40% -19.7 3.51x10 4
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One may consider another key factor in influegcthe physical stability, the formation of
hydrogen bonding between drugs and polymers in phnowrs solid dispersions. Although three
model drugs have hydrogen bonding donor groups fitHelodipine, NH for celecoxib and NH
for carbamazepine) and EUDRAGIEPO has acceptor groups, there was no evidenaeeirgho
the formation of hydrogen bonding between drugs thedpolymer since the EUDRAGITEPO
carbonyl peak position did not shift after formidat with the three drugs. Therefore one may
argue that the physical stability could behavedvetthydrogen bonding formed between drugs and
polymers since it has been considered as the $tremgestricting molecular motion and the key
factor that affects solid solubility (23). On onankl, hydrogen bonding cannot be universally
formed between any drug and polymer, therefore déeelopment of methods for enhancing
physical stability of solid dispersions lackinglofdrogen bonding is still necessary. On the other
hand, hydrogen bonding is normally formed in foratidns with polymers as acceptors, and thus
the physical stability can be significantly influed if formulations with hydrogen bonding were
exposed to high humidity since water molecule v&®y strong competitor against drug molecules
to form hydrogen bonding with polymers in formutetts (24, 25). The involvement of hydrogen

bonding in melt extruded formulation will also bsaissed in Chapter 7.

6.4 Conclusions

In this chapter, physical stability studies undéfecent aging conditions of melt extrudates
prepared with model drugs and EUDRAGIEPO were investigated. By comparing the physical
stability of individual drug-polymer formulation der different aging conditions, it was proved
that humidity had more significant impact than htginperature on the physical stability of melt
extrudates, especially on the surface physicalilgyalddn addition, for individual drug-polymer
system with the two drug loadings, the bulk physgtability was significantly higher than the

surface physical stability.

By comparing the results of physical stabilitydies between different melt extrudates, the order
of physical stability (bulk and surface) of meltrexied formulations containing model drugs can
be concluded as felodipine > celecoxib > carbamaeepfenofibrate. Combined with the results
from previous chapters, physical stability of anfmps drugs and predicted apparent solid
solubility of drugs in melt extrudates using thdlimy method were the two key factors which

were most relevant to the physical stability of neatruded solid dispersions.

Results of physical stability studies also vatdbthe milling method as a more accurate method
for predicting drug-polymer solubility than the d¢ler theoretical approaches. Therefore, the
developed milling method can be a useful and fast to predict safe drug loading and thus
enhance the physical stability when developing ragltuded formulations in the pharmaceutical

industry.
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Chapter 7: Enhancement of the physical stability ohot melt
extruded solid dispersions using immiscible polymeblends

7.1 Introduction

Hot melt extrusion has been proved as an effeqginoeessing method for the preparation of
amorphous solid dispersions to improve the disspiutate of poorly water-soluble drugs (1-4).
However, with the physical structure of being anmams solid dispersions, amorphous
formulations prepared by hot melt extrusion inddigghave the physical stability issue, which can
potentially affect dissolution performance (5-7p improve the physical stability of amorphous
solid dispersions, formulation strategies suchsiigsgupolymers with high drug-polymer miscibility

and solubility, have been highly suggested (8-10).

In Chapter 6, a high degree of surface recryssdibn was observed in felodipine-EUDRAGIT
EPO melt extrudates under stressed conditions (highidity and temperature). In this chapter, in
order to enhance the physical stability of felodépiamorphous solid dispersions, immiscible

polymer blends were applied as a formulation sgrate hot melt extrusion.

The hypothesis of the polymer blend formulatiorategy for the enhancement of the physical
stability was originated from two aspects. Firsthe incorporation of a polymer (Kollid8rVA 64)
which may have higher solubility of felodipine thBWDRAGIT® EPO into the binary felodipine-
EUDRAGIT® EPO systems can increase the overall drug-polyokibility in amorphous solid
dispersions. It has been reported in articles tiydrogen bonding can play a significant role in
drug-polymer solubility (8, 11-13). As discussedGhapter 6, no evidence of the formation of
hydrogen bonding between felodipine and EUDRAGHPO was seen. However, KollidoivA
64 has been reported to form hydrogen bonding feitdipine in solid dispersions (14). Therefore,
the addition of Kollidofi VA 64 into felodipine-EUDRAGIT EPO systems may potentially

increase the overall solubility of felodipine in iinextrudates.

However, the drawback of using such polymers (RWHPVPVA 64) is that they are highly
hygroscopic, which can increase the risk of physitstability on aging especially under stressed
humidity (14, 15). This was also proved in Chagahat humidity could significantly affect the
surface physical stability of melt extruded soligpgrsions. This is attributed to the reason that t
drug-polymer hydrogen bonding in solid dispersiaas be disrupted upon exposure to high
humidity by adsorbed and absorbed water molecuteshey have a high potential to act as
hydrogen bonding donors and accept€l8). Therefore, by blending the hydrophilic polyme
(Kollidon® VA 64 with high hygroscopicity) and the hydropholgolymer (EUDRAGIT EPO),
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the overall moisture sorption of amorphous solispdrsions can be reduced, leading to a higher

physical stability.

The illustration of the formulation design is shoin Figure 7.1. Since the two polymers are
immiscible, two separated phases including hydrbjthphase and hydrophilic phase will exist in
the amorphous solid dispersion. With higher drutysmer solubility, the hydrophilic polymer will
dissolve more drug molecules than the hydrophobignper. Meanwhile, the separated hydrophilic
domains can be protected from moisture uptake ley iydrophobic domains. Therefore, the
immiscible polymer blends may enhance the phystaility of amorphous solid dispersions by
the combined effect of increasing the saturate@ll@f the amorphous solid dispersions and

reducing moisture sorption.

Hydrophilic
polymer-drug
domains

® Drug molecules
Hydrophilic polymer

Hydrophobic domains

. Hydrophilic domains
—_) Hydrophobic polymer

Figure 7.1: Proposed schematic illustration of themicro-strucutre of the immiscible polymer blend

formulation loaded with model drug.

Research objective

1. To predict the apparent solid solubility of féilsine in Kollidor® VA by mechanical milling and

melting point depression approaches.

2. To enhance the physical stability of melt exérdidelodipine amorphous solid dispersions
against stressed conditions (high temperature amaidity) by the application of the polymer
blends of EUDRAGIT EPO and Kollidofi VA matrices in hot melt extrusion.

3. To investigate the micro-structure of felodipp@ymer blend melt extrudates to confirm the

hypothesis of the enhancement of the physicallgtabi
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7.2 Experimental methods

7.2.1 Hot melt extrusion

Instrumental information refers to Chapter 2 (RP). Crystalline felodipine and EUDRAGIT
EPO powder with ratios of 10:90, 30:70, 50:50, &30 (w/w), crystalline felodipine and
Kollidon® VA 64 powder with ratios of 10:90, 30:70, 50:5@da70:30 (w/w), and crystalline
felodipine, EUDRAGIT EPO and Kollidofi VA 64 with ratios of 10:45:45, 30:35:35, 50:25:25
and 70:15:15 were pre-mixed in mortar. These physinixtures were prepared into melt

extrudates at 150 with a dewell time of 5min.

7.2.2 Milling of melt extrudates

To predict apparent solid solubility of felodipiin extrudates of felodipine-EUDRAGITEPO,
felodipine-Kollidor® VA 64 and felodipine-polymer blend systems, sampledifferent extrudates
with 70% (w/w) drug loading were milled by Retsh MBD Ball Miller (RETSH, Haan, Germany).
Samples were milled for 5, 10, 30, 60 minutes &equency of 30Hz by a single 7mm stainless

steel ball. Milled samples were tested by MTDSC adiately after milling.

7.2.3 Physicochemical characterisation

Instrumental information of characterisation t@ges and the applied parameters for MTDSC,
PXRD, ATR-FTIR, SEM, ATF, TTM, PT-MS, DVS, and ssNRVrefers to different sections in
Chapter 2 (2.2.2.1.3 for MTDSC, 2.2.2.3.2 for D\22.2.4.2 for ATR-FTIR, 2.2.2.5.2 for PXRD,
2.2.2.6.2 for SEM, 2.2.8.1.2 for AFM, 2.2.8.5 foFNI, 2.2.8.6 for PT-MS and 2.2.9.2 for ssSNMR)

7.2.4 Effect of polymers on the solubility of cryslline felodipine in acidic solution

The effect of polymers on the solubility of cglihe and amorphous felodipine in 0.1MHCI
solution was studied. Different amounts of EUDRAGHPO and Kollidofi VA 64 powders were
dissolved in 0.1MHCI solution respectively, to prep polymer-HCI solutions with concentrations
from 0.004 to 0.038 g/ml (saturated for EUDRAGIEPO but not for PVPVA). Physical mixtures
of polymer blend (with ratio of 50:50 w:w in eacénsple) were dissolved in 0.1MHCI to prepare

solutions with the same concentrations as singgper-HCI solutions.

To investigate the effect of polymers on the biity of crystalline felodipine in 0.1MHCI
solution, excess amounts of crystalline felodipimere added to these solutions and vigorously
stirred for 72 hours. Samples were filtered usin2Z2@m membrane and the concentrations of
felodipine in different solutions were determine¢ la Lambda XLS UV Spectrometer
(PerkinElmer LTD, UK) at the wavelength of 363nmagimum absorption peak).
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7.2.5 Effect of EUDRAGIT® EPO on inhibiting recrystallization of amorphous felodipine in
acidic solution

The effect of polymers on inhibiting recrystadli®n of amorphous felodipine in the dissolution
media was also studied. Amorphous felodipine wapamed using melt-cool method. Excess
amount of freshly prepared amorphous felodipine agded into the prepared EUDRAGIEPO-
HCI solutions (as mentioned in 7.2.4), and the eatration of felodipine in the solution were
measured at different time points up to 72 hounsguthe same UV method. Samples were filtered

by 0.22um membrane before testing.

7.2.6 In vitro dissolution testing

Dissolution testing was carried out on a Copld$ 8000 dissolution bath (Copley Scientific,
UK). The withdrawn solution was measured by Peiimer Series 200 HPLC equipped with a
UV/Vis detector and an auto sampler (PerkinEImeDLTK). Mobile phase was composed of
methanol: acetonitrile: water (50:15: 35). The amuwas ODS C18 column (150mmx4.6mm,
5um) (SUPELCO INC, Bellefonte, USA). The flow ratkthe mobile phase was 1.0 ml/min. The
wavelength was 363 pm. Strand form extrudateseshiy prepared felodipine-EUDRAGTTEPO,
felodipine-Kollidon® VA 64 and felodipine-polymer blend systems wer#enibefore dissolution
test by mortar and pestle and particle size wagraied by sieve to between 63 and 106um.
Different samples with an equivalent dose of 10o@r(mercial dose) of felodipine was added for
the individual dissolution test. Drug release frimmmulations was tested under non-sink condition
(0.1MHCI). Paddle method with the speed of 100r/mvess employed, and 900mL media at the
temperature of 37°C was used. Dissolution samplexe iltered by 0.22pm membrane before

testing.

7.3 Results and discussion

7.3.1 Prediction of solid solubility of felodipinein Kollidon ® VA

The application of polymer blends in melt extrusiefirstly hypothesised on the difference of the
capability of the two polymers to dissolve felodigi In Chapter 4, the solubility of felodipine in
EUDRAGIT® EPO by melting point depression method was 31.7@%). In Chapter 5, the
solubility of felodipine in felodipine- EUDRAGIT EPO melt extrudates was predicted as 45%
(w/w) using the milling method. In this chaptenetmelting point depression approach and the
milling method were applied as a theoretical amquatical method, respectively, to predict solid
solubility of felodipine in Kollidoff VA64 in order to confirm whether the solubility fflodipine
in Kollidon® 64 is higher than in EUDRAGFTEPO.
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7.3.1.1 Prediction of apparent solid solubility offelodipine in Kollidon® VA 64 by melting
point depression approach

The melting point depression approach was appbegrédict solid solubility of felodipine in
Kollidon® VA64. Details of the method have been describe@liapter 4. Physical mixtures of
felodipine and Kollidofi VA64 with the ratios from 10:90 to 90:10 (w/w) weeprepared and tested
by DSC at a heating rate ofQmin. The calculated interaction parameter from @pproach by
regression analysis is shown in Figure 7.2. Ushng dachieved interaction parameter, the solid
solubility of felodipine in Kollidoff VA64 was calculated as 41.71% (w/w), which is leigthan
the predicted solid solubility of felodipine in ERAGIT® EPO (31.72% w/w) by the same

approach.
0.8 i\’

y =-0.9021x + 0.8533
R2=0.8813

n N

In(®@drug)—(1—1/m)®@polymer
2

(1/TmixM—1/TpureM) x (AHfus/—R)—

0 0.05 0.1 0.15 0.2 0.25
®polymer?

Figure 7.2: Calculation of interaction parameter faom the melting point depression approach.

7.3.1.2 Prediction of apparent solid solubility offelodipine in melt extrudates using milling
method

As discussed in Chapter 5, the solid solubilitydected by theoretical approaches did not take
into account the effect of the preparation processSich may lead to the deviation of the
theoretically predicted value from the practicaluearelated to the drug-polymer dispersions
prepared by certain process. Therefore the mechlaniling approach, as a practical method, was
applied to predict apparent solid solubility of deipine in felodipine-Kollidofi VA64 melt
extrudates. Melt extrudates of felodipine-EUDRAGIEPQ felodipineKollidon® VA 64 and
felodipine-polymer blend systems with 70% (w/w) giloading were milled from 5min to 60min
by ball milling. The milled extrudates were testegd MTDSC immediately after milling. The
MTDSC results of the 70% (w/w) melt extrudates edllfor 60min are shown in Figure 7.3.
Significant differences of melting enthalpies cannbeasured by MTDSC between the 70% (w/w)
samples with different polymer matrices. A subs#digt low degree of melting enthalpy was
detected in 70% (w/w) felodipine-Kollid6nVA64 (4.72J/g) samples in comparison to the
corresponding EUDRAGITEPO sample (26.36J/g), indicating higher appaselitl solubility of
felodipine in melt extrudates with Kollid8rWA64 than in that with EUDRAGIT EPO. Although
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a higher melting enthalpy (10.66J/g) was deteatetthé polymer blend system compared with the

Kollidon® VAG4 binary system, it is still significantly sniel than the felodipine-EUDRAGIT

EPO binary system, suggesting more felodipine nubdely dispersed in polymer blends than in
EUDRAGIT® EPO in melt extrudates. It should be noted thathermic peaks (recrystallisation)
before melting were detected in 70% (w/w) felod@gpolymer blend (1) and felodipine-
EUDRAGIT® EPO (96C) systems. This indicates that after 1 hour njllime, a certain amount

of amorphous felodipine had already phase separfated the bulk systems. However, the
exothermic peak from 70% (w/w) felodipine-polyméer system was significantly smaller than
that from 70% (w/w) felodipine-EUDRAGIT EPO systems. This demonstrates polymer blends
can decrease the level of amorphous phase sepagddtibe 70% (w/w) formulations generated by

milling.

70% felodipine-Kollidon® VA 64

70% felodipine-polymer blend

70% felodipine-Eudragit® EPO

Heat Flow (W/g)

-0.35 T T T T T T T
0 20 40 60 80 100 120 140
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 7.3: MTDSC results of freshly prepared 70% Ww/w) melt extrudates milled for 60min.

70% (w/w) milled extrudates were also studied gg®XRD as seen in Figure 7.4. After 1 hour
milling, crystalline features can only be detediedhe 70% (w/w) felodipine-EUDRAGITEPO
melt extrudates by PXRD, whereas the other twoesponding melt extrudates only showed an
amorphous halo detected by PXRD. By comparing wita PXRD patterns of crystalline
felodipine form |, felodipine crystals generatedrhifling in 70% (w/w) felodipine-EUDRAGIT

EPO was confirmed as form |I.
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Intensity (%)
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70% felodipine-EUDRAGIT® EPO

70% felodipine-polymer blend

70% felodipine-VA 64

crystalline felodipine form |

2¢

Figure 7.4: PXRD results of different 70% (w/w) febdipine melt extrudates after 1 hour milling.

The amount of crystalline felodipine (calculatesing Eq.5.) in different 70% (w/w) melt

extrudates generated by different milling time pési is summarised in Figure 7.5. It can be seen

that a plateau of crystallinity of felodipine hasached after 10min milling in all 70% (w/w)

extrudates. The amount of crystalline felodipinedifferent 70% (w/w) systems after 60min
milling was calculated as 23.12% (w/w) in EUDRAGIEPO, 9.58% (w/w) in polymer blend and
4.11% (w/w) in Kollidoff VA64. Therefore the apparent solid solubility efddipine in polymer
blend and Kollidof VA64 was 60.42% (w/w) (crystallinity subtracted #he drug loading of 70%
w/w) and 65.89% (w/w), respectively, which are digantly higher than that in EUDRAGFT

EPO, 45% (w/w).

Crystalline felodipine (%)

25% |

20%

15%

10% <

5%

0%

m 70% felodipine-EUDRAGIT ®EPO
® 70% felodipine-polymer blend
. 70% felodipine-Kollidon © VA4
e © [ ] L4
T T T T T T T T T T
0 10 20 30 40 50 60

Millling time (min)

Figure 7.5: Crystallnity of felodipine calculated ty using measured melting enthalpy in different 70%

(w/w) melt extrudates milled for different time periods.
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By using theoretical and practical mechanicallingl approaches, they both showed that
Kollidon® VAG4 can increase the solubility of felodipine inelt extruded formulations than
EUDRAGIT® EPO. Accordingly, it can be expected that in f@ote-polymer blend systems more
felodipine may molecularly dispersed in KollidoA64 and the physical stability of felodipine-
polymer blend melt extrudates can be better ongagincomparison to the binary felodipine-
EUDRAGIT® EPO melt extrudates.

7.3.2 Moisture uptake

The hypothesis of using polymer blends in hottregtrusion to enhance physical stability of
solid dispersions was also based on the assumiiddrblending the two polymers can reduce the
overall moisture uptake of amorphous solid dispersiin comparison to felodipine-Kollid8n
VAG64 systems. Therefore, the moisture uptake belawf different melt extrudates with different

matrices was studied by DVS in this section.

The moisture uptake capacities of the formulatioere tested using isohumic tests (temperature
maintained at Z&) at 75%RH and it can be seen that Kolliiam64 can up take as much as
16.8% (w/w) moisture, whereas EUDRAGIEPO only up take less than 1.3% (w/w) under
75%RH/25C (Figure 7.6). The 50:50 (w:w) physical mixture tife two polymers takes
approximately 9% (w/w) which is close to half oftmount that Kollidoh VA64 takes. This
value was further reduced to 4.1% (w/w) (within 800) after formulating the two polymers
without drug by hot melt extrusion. It was alsoatbthat the water uptake plateau was not obtained

even after 600min upon exposure to high humidity.

120

Kollidon® VA64

1154

extruded felodipine-Kollidon® VA64 10%
110+ Phy mix of EUDRAGIT® EPO and Kollidon® VA64 (50:50)

extruded EUDRAGIT® EPO and Kollidon® VA64 (50:50)

Weight (%)

105+

extruded felodipine-polymer blend 10%

T
100
EUDRAGIT® EPO

95

extruded felodipine-EUDRAGIT® EPO 10%

T T T T T
0 100 200 300 400 500 600
Time (min) Universal V4.3A TA Instruments

Figure 7.6: DVS results of the polymer alone (as oeived powder form), the physical mixture of the
two polymers and freshly prepared melt extrudates bthe polymer blend with and without drug (10%

w/w drug loading).
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After incorporation with 10% (w/w) drug, the mhise uptake of felodipine-Kolliddh VA4
extrudates was circa 10.8% (w/w) when equilibriuraswachieved. For 10% (w/w) felodipine-
EUDRAGIT® EPO extrudates, the moisture uptake further deeceasom 1.3% (w/w)
EUDRAGIT® EPO alone to 0.85% (w/w) after 600min isohumic.t@$te moisture sorption of
10% (w/w) felodipine-polymer was only 3.3% (w/w) total after 600min upon exposure to
75%RH at 28C, which was intermediate between the two binastesys. It was also noted that
similar to polymer blend melt extrudates withoutuglr at 600min the moisture uptake of
felodipine-EUDRAGIT EPO and felodipine-polymer blend melt extrudatésgsadually increase

at extremely slow rates.

It has been reported that materials such as drmogpglasses or polymers moisture uptake was
mainly dominated by diffusion (17-19). A Fickianffdsion model was introduced to fit with the
experimental data to test if diffusion is the matbm of water uptake of samples. Assuming

particles are homogeneous spheres, the diffusiatehuan be expressed by (17):

-Dn?n?t

a?

Ml: =1-2 - (%) exp(

2 ) Eq7.1
where M, is the moisture uptake at time M, is the moisture uptake at equilibriuf, is the
diffusion coefficienta is the radius of the solid spheres and a numerical index. The moisture
sorption profiles of the melt pre-processed KoliitloVA64 powder, physical mixtures of
Kollidon® VA64 and EUDRAGIT EPO, polymer blend melt extrudates with and witharuig all
fit well with the diffusion model with different efficients. A fitting test example of 10% (w/w)

felodipine-polymer blend melt extrudates is showfrigure 7.7.

The well-fitting with Fickian diffusion model ithese systems indicates the moisture uptake was
dominated by a diffusion mechanism in which condidn gradient of water gradually built up
over time as the moisture adsorbs to the surfadefarther moved into the material across a
diffusion gradient. Although all controlled by difion mechanism, diffusion rates in polymer
blend systems (with and without drug) were sigaifity lower than that in felodipine-Kollidién
VA 64 systems. As suggested in Figure 7.1, phagaragon already existed in freshly prepared
polymer blend samples due to the immiscibility bedw the two polymers. Therefore, the overall
diffusion rate in the polymer blend system was iSicemtly slower than that in felodipine-
Kollidion® VA 64 systems since the phase separation cartdedigtorted diffusion path length of
the moisture while it is being taken up. Thus theetto reach equilibrium for felodpine-polymer

blend systems takes much longer than for felodifiokidion® VA 64 systems.
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Figure 7.7: Fickian diffusion model fitting of 10% (w/w) felodipine-polymer blend upon exposure to
75%RH at 25°C up to 600min.

7.3.3 Physical stability studies of melt extruded glymer blend systems under stressed
conditions

In order to individually evaluate the stabilisatieffiect of the polymer blend in comparison to the
corresponding binary melt extrudates against sttce$smperature and humidity, melt extruded
formulations were aged under 75%RH/room temperagstressed humidity) and 23%RH?@D

(stressed temperature), respectively.

7.3.3.1 Stressed humidity

For all melt extrudates with 50% (w/w) drug loadimgd below including the polymer blends and
the two binary systems, no crystalline felodipiran e detected on the surface after 1 months

aging under stressed humidity by ATR-FTIR.

For formulations with 70% (w/w) drug loading, thelymer blend system showed a much lower
level of surface recrystallization after 1 monthingg under 75%RH/room temperature in
comparison to the two corresponding binary systdmis was proved by SEM images (Figure 7.8)
that after 1 month aging, significantly fewer pees were observed on the surface of 70% (w/w)
felodipine-polymer blend extrudates than those lom $urface of the two 70% (w/w) binary

extrudates (w/w).
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X1,880 18um

Figure 7.8: SEM images of the surfaces of 70% (w/wdifferent melt extrudates after 1 month aging
under 75%RH/room temperature (a:felodipine-EUDRAGIT® EPO, b: felodipine-Kollidon® VA64 and

c: felodipine-polymer blend).

The higher physical stability of 70% (w/w) felpdie-polymer blend extrudates in comparison to
the two binary systems was also proved by ATR-F3tiRly (Figure 7.9). After 1 month aging, the
NH group from the two freshly prepared binary ed#ies both shifted to 3365¢mwhich had the
same position as crystalline felodipine indicatitige occurrence of surface recrystallization.
Although the predicted apparent solid solubilityfefodipine in melt extrudates with Kollid8n
VA64 was higher than that in the polymer blend edétes, a high level of surface recrystallization
was still observed in the binary 70% (w/w) felodigiKollidor® VA64 system, indicating the
formulation was not physically stable against steelshumidity. The reason can be attributed to the
hygroscopicity of Kollidofi VA64 (as proved by the DVS study earlier) leadiaghe adsorbed
moisture on the surface of the 70% (w/w) binaryodgine-Kollidor VA64 and eventually

causing the surface recrystallization.

S 3365cm*

crystlline felodipine
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70% felodipine-EPO 1m

-1 70% felodipine-polymer blend 1m
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Figure 7.9: ATR-FTIR results of the NH groups from felodipine in different 70% (w/w) melt

extrudates aged under different conditions for 1moth.

A more detailed surface physical stability stumfy70% (w/w) polymer blend system against
stressed humidity by ATR-FTIR is shown in Figur&(Z.It can be seen that after as long as 4
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months aging, phase separation was detected vétagpearance of the crystalline and amorphous
NH peaks. Compared to the two binary melt extreslait demonstrates that the polymer blend
was able to inhibit surface recrystallization ie tamples with high drug loadings (70% wi/w) for

at least 4 months under stressed humidity.
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: |
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Figure 7.10: ATR-FTIR results of the NH group from the surface of 70% (w/w) felodipine-polymer
blend on aging under 75%RH/room temperature (left arow: crystalline felodipine, 3365cm; right

arrow: amorphous felodipine, 3335cr).

Bulk physical stability of 70% (w/w) polymer blérand the two binary melt extrudates were
studied using MTDSC. After 6 months aging under Rs%soom temperature, the melting of
crystalline felodipine can be only detected in 7Q#w) felodipine-EUDRAGIT EPO melt
extrudates as seen in Figure 7.11. The absenceteétohg melting by MTDSC in 70% (w/w)
felodipine-Kollidor VA64 melt extrudates can be attributed to the @igipparent solid solubility
of felodipine in Kollidorf VA64 as predicted earlier, leading to the dissotutof felodipine
crystals into the polymer on heating in MTDSC.

70% felodipine-polymer blend

-0.02

70% felodipine-Kollidon® VA 64

-0.06 4
70% felodipine-Eudragit® EPO
-0.08

T T T T T T T
0 20 40 60 80 100 120 140
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Heat Flow (W/g)

Figure 7.11: MTDSC results of different 70% (w/w) nelt extrudates after 6 months aging under
75%RH/room temperature.
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The MTDSC study shows that the polymer blend gmessd a higher bulk physical stability on

aging under stressed humidity than the binary fplod-EUDRAGIT® EPO melt extrudates with
70% (w/w) drug loading. By usingq 5.1 crystallinity of felodipine in this system on agiwas
studied and results are shown in Figure 7.12. Tysallinity of felodipine in this system increased
from 0.69% (fresh) to 1.31% (w/w) after 6 monthsnggndicating a high bulk physical stability
on aging despite the severe surface recrystabizatThe kinetics of the crystallisation of 70%
(wiw) felodipine-EUDRAGIT melt extrudates did not fit in the Avrami model §débed in
Chapter 6) due to the lack of nucleation phaserased by the existence of crystals in fresh

samples.
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Figure 7.12: The amount of crystalline felodipine i 70% (w/w) felodipine- EUDRAGIT® EPO melt

extrudates on aging under 75%RH/room temperature cleulated by using measured melting enthalpy.

7.3.3.2 Stressed temperature

In order to study the physical stability againstssed temperature, the polymer blend and the two
binary melt extrudates were aged under 23%R¥@4Blo crystalline felodipine can be detected on
the surface of any melt extrudates with 50% (w/w)gdloading and below aged under this

condition up to 6 months.

Similar to the stressed humidity results, no obsievidence of recrystallisation of felodipine was
detected on the surface of the 70% (w/w) polymendimelt extrudates up to 6 months aging as
shown in Figure 7.13. But crystalline felodipine the surface of 70% (w/w) binary felodipine-
EUDRAGIT® EPO melt extrudates was detected after 1 monttmsy ag 40C. For 70% (w/w)
binary felodipine-Kollidofi VA64 melt extrudates, no recrystallization of féjsine was detected
on the surface after 1 month aging. This behavid@nhanced physical stability in comparison to
the stressed humidity results can be attributdadddower surrounding humidity leading to a lower
amount of water sorption in the sample. The physitzility of the surface of different 70% (w/w)
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melt extrudates demonstrates that 70% (w/w) feladipolymer blend systems could maintain as

amorphous solid dispersions for at least 6 montteu@3%RH/4€C.
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Figure 7.13: ATR-FTIR results of NH groups of the srface of different 70% (w/w) melt extrudates
aged under 23%RH/40C for different time periods.

The bulk physical stability of the polymer blead the two binary melt extrudates was evaluated
using MTDSC. MTDSC results show that after 6 morathsig, melting can be only detected in 70%
(w/w) binary felodipine-EUDRAGIT EPO samples (Figure 7.14).

0024 70% felodipine-Eudragit® EPO 6 fresh

70% felodipine-Eudragit® EPO 6 months aged

Heat Flow (W/g)

T T
50 100 150
Exo Up Temperature (°C) Universal V4.5A TA Instruments

Figure 7.14: MTDSC results of fresh and 6 months agl (under 23%RH/40C) 70% (w/w) felodipine-
EUDRAGIT ® EPO melt extrudates.

The crystallinity of felodipine in this sample aging is shown in Figure 7.15 and it increased
from 0.11% (fresh) to 2.21% (w/w) after 6 monthsngg The kinetics did not fit in the Avrami
model as the recrystallization started with existedlei in freshly prepared sample, and therefore

lack of the phase of nucleation.
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Figure 7.15: The amount of crystalline felodipinen 70% (w/w) felodipine- EUDRAGIT® EPO melt
extrudates on aging under 23%RH / room temperature(calculated by using measured melting

enthalpy).

Physical stability studies of polymer blend ahé two binary melt extrudates under stressed
conditions demonstrate that the polymer blend cdnraece the physical stability of felodipine melt
extrdates in comparison to the both binary felotkpmelt extrudates, especially with high drug
loading. It is very likely to attribute this bettphysical stability behaviour to the combined effec
of polymer blends including the higher apparentdssblubility of felodipine in Kollidofi VA64
and the protection effect of EUDRAGIEPO against stressed humidity.

7.3.3.3 Drug release performance

Dissolution studies of the freshly prepared polyflend and the two binary melt extrudates with
different drug loadings were carried out under sork condition (0.1MHCI). Freshly prepared
strand form extrudates were milled into powder beftissolution tests. The drug release profile of
the freshly prepared polymer blend melt extrudat#ls 10% (w/w) drug loading shows the most
significant enhancement in maximum drug releasepmparison to the corresponding two binary
melt extrudates as seen in Figure 7.16. The maxirdung release can reach as high as 70%
(equivalent to a felodipine concentration of 7.5ply/ The equilibrium solubility of crystalline
felodipine in this media was measured as 0.69ughmich indicates the apparent solubility was
increased 10 times higher by polymer blends. Howeafter 12 hours, the drug release form 10%
(w/w) felodipine-polymer blend systems decreasedirma 30% (w/w) (equivalent to a felodipine
concentration of 3.33ug/ml) , which was close te thug release from the two corresponding
binary extrudates. With increasing the drug loaditg 30% (w/w) and above, the drug release
pattern showed subtle differences between polydegrdband binary formulations. After 12 hours,
all formulations with drug loadings of 30% (w/w)dabove all ended with a drug release of circa

15% to 20% (equivalent to felodipine concentratifsosn 1.67 to 2.22ug/ml).
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Figure 7.16: Drug release from freshly prepared pglmer blend and binary melt extrudates with drug
loadings from 10% to 70% (w/w) under non-sink condion (a: felodipine-Kollidon® VA64 melt

extrudates, b: felodipine-EUDRAGIT® EPO and c: felodipine-polymer blend melt extrudats).

Aged formulations showed very similar dissolutfnofiles to the freshly prepared formulations.
This is because although a high level of surfaceystallization was observed in the binary
formulations on aging, the bulk crystallinity watsll ssxtremely low as proved by the MTDSC
study. In addition, the milling process before digton test could dilute recrystallized drugs to a
very low bulk concentration. Therefore the littidlience of aging on the dissolution performance
of formulations could be expected.

The mechanism of the different dissolution bebars including the substantially increased
maximum drug release from fresh 10% (w/w) polyméentd extrudates, the drug release

equilibrium for all 30% to 70% (w/w) samples arell shot completely understood (will be
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discussed in the next section). Neverthelesslitdgmonstrates the application of polymer blends

in hot melt extrusion can not only enhance the jglhystability of felodipine formulations, but it

also can improve dissolution performance.

7.3.3.4 Effect of polymers on the solubility of feldipine in solutions

7.3.3.4.1 Effect of polymers on the solubility ofrgstalline felodipine

In order to understand different dissolution bebaxs between polymer blend and the two binary
melt extrudates, the effect of polymers on the ldyiim solubility of crystalline felodipine in
0.1MHCI was studied. A series of 0.1MHCI solutioosntaining different concentrations of
EUDRAGIT® EPO, Kollidor? VA64 and the physical mixture of the two with traio of 50:50
(w : w) were prepared. Excess amount of crystafiaiedipine was added into these solutions. As
seen in Figure 7.17, the apparent solubility ofodigine increases with increasing the
EUDRAGIT® EPO concentration in the 0.1MHCI media up to aeala drug concentration of
200ug/ml. EUDRAGIT EPO concentrations at and above 20mg/ml all réisishmaximum drug
concentration. In contrast, KollidBrivA64 shows very little solubilisation effect onystalline
felodipine in this media. Physical mixtures of thelymer blend dissolved in the media showed
linear solubilisation enhancement of crystallindodigine which can reach 155pg/ml with a
polymer concentration of 38 mg/ml. This represeasover 200-fold increase in solubility in
comparison to that of crystalline felodipine aloime this media. It should be noted that the
increased apparent solubility of crystalline fefpde in 0.1MHCI solution by polymer blend was
mainly contributed by EUDRAGIT EPO. Therefore, the concentration of EUDRAGHPO in
0.1MHCI can play a significant role in influenciriige dissolution behaviour of the drug-loaded
melt extrudtes
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Assuming a linear relationship between EUDRAGHPO concentrations in 0.1IMHCI and the

corresponding apparent solubility of felodipine, eguation with acceptable coefficient can be
achieved as shown in Figure 7.17. For 10% (w/wddigine-EUDRAGIT EPO extrudates in
dissolution test, the concentration of EUDRAGIEPO was 0.1mg/ml, and using the linear
relationship the equilibrium solubility of crystaé felodipine was calculated as 2.98ug/ml. The
value was very close to the observed drug release fresh 10% (w/w) felodipine-EUDRAGFT
EPO extrudates after 12 hours (3.33pg/ml). For 30%- (w/w) felodipine-EUDRAGIT EPO
extrudates, the calculated equilibrium solubilitasv2.23 (for 30% w/w sample), 2.08 (for 50%
w/w sample), and 1.97pg/ml (for 70% w/w sample)eJdrvalues were also very close to the drug
release from 30%-70% (w/w) extrudates after 12 iqlr67 to 2.22pug/ml). These findings well
explained dissolution profiles of felodipine-EUDRAGS EPO melt extrudates in 0.1MHCI.

Kollidon® VA64 did not show a high ability of increasing apent solubility of crystalline
felodipine in 0.1MHCI. It can be seen in Figure77that with increased concentration of Kollidon
VA64 in the solution, apparent solubility of cryfitee felodipine only increased from 2.18 to
7.12pg/ml. However, the value of 2.18ug/ml is velgse to the drug release from 30%-70% (w/w)
felodipine-Kollidor® VA64 melt extrudates after 12 hours (1.67 to 2@a\). This may explain
the drug release profiles from felodipine-KollidorWVA64 melt extrudates, although the
concentration of Kollidoh VA64 generated by melt extrudates in dissolutiest twas below

40mg/ml.

The increased maximum drug release from 10% (Méodipine-polymer blend extrudates was
still not clearly understood. The possible reasan be attributed to two aspects. Firstly, the
incorporation of Kollidoff VA 64 into the polymer blend extrudates may inseethe wettability
of the formulation, which could lead to a fastentamt with the dissolution media. This was
observed during dissolution test that 10% (w/wpdgbine-polymer blend extrudates disappeared
faster in dissolution media than 10% (w/w) felodiEUDRAGIT® EPO samples. Secondly,
EUDRAGIT® EPO may also be able to inhibit recrystallizatioh amorphous felodipine in

0.1MHCI in addition to solubilising crystalline fadipine. This will be discussed in the next section

7.3.3.4.2 Effect of EUDRAGIT® EPO on inhibiting recrystallization of amorphous felodipine
in the dissolution media

In addition to solubilising crystalline felodigrin 0.1MHCI media, EUDRAGIT EPO can also
inhibit recrystallization of amorphous felodipine the media. Excess amounts of amorphous
felodipine (prepared by melt-cool method) were aieéo the same EUDRAGFTEPO-0.1MHCI
solution and the concentrations of felodipine waeasured at different time points up to 72 hours.
As seen in Figure 7.18, the felodipine concentrationtinued increasing within the first 2 hours in
all solutions. Subsequently, the concentrationetiato decrease, but within 6 hours the felodipine

concentration was still 1.5-2 times higher (felodéconcentration in saturated EUDRAGIEPO
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solution was 7 times higher) than the apparenthdiih of crystalline felodipine measured in the

same solution (200ug/ml). This demonstrates thaDBRAIGIT® EPO can inhibit recrystallization

of amorphous felodipine in 0.1MHCI solution for ertain time period.

3000 4 — = — 0.004g/ml
—®— 0.01g/ml

2500 —4A— 002g/ml
—V¥—0.03g/ml

2000 —— 0.038g
—<4— 0g/ml

1500

Concentration of felodipine ( pg/ml)

Time (hour)

Figure 7.18: Felodipine concentration in 0.1IMHCI meia containing different concentrations of
EUDRAGIT © EPO within 72 hours.

The ability of EUDRAGIT EPO in solubilising crystalline felodipine and iiiting
recrystallization of amorphous felodipine in 0.1MH®@edia was further proved by the dissolution
study of extremely low drug loading felodipine-EUBRIT® EPO melt extrudates (Figure 7.19).
Melt extrudates of felodipine-EUDRAGTTEPO with 2.5% (w/w) drug loading were prepared for
the dissolution study. The quantity of 400mg oktfarmulation (equals to 10mg of felodipine as
commercial dose) was added for the dissolutionystticis gave a polymer concentration of
0.43mg/ml in 0.1MHCI media in dissolution. A maximuwrug release with 70% was observed in
dissolution test, and after 10hours, the drug sglesdill maintained at 60% (6.67ug/ml). Using the
linear relationship in Figure 7.17, the equilibriwoncentration of felodipine in this EUDRAGIT
EPO solution was calculated as 6.32ug/ml. Thisotlis®n profile of reaching maximum and
reducing to equilibrium demonstrates that EUDRABIEPO can inhibit recrystallization of
amorphous felodipine only for short time period wéwer, the drug release can still be maintained
at a high level if the amount of EUDRAGITEPO was sufficient in solution. In comparisonte t
corresponding formulation with 10% (w/w) drug loagli a significant increase of maximum drug

release and a higher stable drug concentratioraualsisved.
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Figure 7.19: Drug release from 2.5% (w/w) felodipie-EUDRAGIT® EPO melt extrudates under non-
sink condition (0.1MHCI).

A great depth of the understanding on the enlraeneof maximum drug release from 10% (w/w)
polymer blend melt extrudates has not been gaimtdHowever, the results demonstrate that
EUDRAGIT® EPO not only can solubilise crystalline felodipimet it can inhibit recrystallization
of amorphous felodipine in the 0.1MHCI| media. Tlere, the two proposed explanations
(inhibiting recrystallization of amorphous felodigi in 0.1MHCI by EUDRAGI? EPO and
increasing wettability of the formulation by Koléd® VA 64) mentioned above for the increased

maximum drug release from 10% (w/w) felodipine-poér blend extrudates may seem reasonable.

7.3.4 Investigation into the micro-structure of poymer blend extrudates

Polymer blends can be homogeneous or heterogermamending on the miscibility between the
two polymers. A homogeneous polymer blends carch&eed if the two polymers are completely
miscible. On the contrary, if the two polymers gegtially miscible and immiscible, the polymer
blends will be typically heterogeneous after preges (20-22). Phase separation with different
domains could be expected if polymer blends wemméa by two immiscible polymers. The size
and morphology of these domains can be affectethéycomposition of the blend (23-25). For
immiscible polymer blends, the morphology of themdins of one polymer can be manipulated
from phase separated spherical domains to inteexbed islands by changing the ratio between
the two polymers close to 50:50 (24, 25). Furtheend the polymer blends are processed under
biaxial stress, such as air-blowing, the separdtedains can be shaped to flat layers instead of the
spherical domains. If polymer blends are processeter one-directional stress, such as hot melt
extrusion, the domains are likely to be rod-likah and act as a fibrotic composite in the blend
(26-28).

In this study, polymer blends have demonstratedability of enhancing the physical stability of

melt extruded solid dispersions. The improved ptglsstability was attributed to the overall
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increased drug-polymer solubility in melt extrudatnd decreased moisture sorption. These two
aspects have been clearly proved so far, and thetiwvantages provided by polymer blends were
highly correlated with the micro-structure as pregua in Figure 7.1. Therefore, it is essential to

gain a full understanding of the micro-structuretaf polymer blends.

7.3.4.1 Phase behaviour of polymer blends withoutrdg

To understand the micro-structure of melt extruslapeepared with polymer blends, the
miscibility between the two polymers was evaluatdte phase behaviour of the polymer blends of
EUDRAGIT® EPO and Kollidofi VA64 was first investigated using MTDSC to detarenthe Ts
of the two polymers which can be used as a typiditator of the degree of phase separation. In
order to mix the two polymers, the physical mixtiref the two polymers with ratios of
EUDRAGIT® EPO: Kollidorf VA64 from 10:90 to 90:10 (w/w) were heated to 1@@fhd cooled
to 20°C. After thermal mixing in the DSC pans, eatdnd sample was tested using MTDSC on
reheating. Two distinct at 50°C and 107°C were seeall polymer blend physical mixtures
(Figure 7.20a), and the twoysT correspond well to the J of the pure EUDRAGIT EPO and
Kollidon® VA64, respectively. This indicates the significétel of immiscibility between the two
polymers. However, there is no external processingng involved in these physical mixtures,
which may lead to the physical state of physicattares being different from that of polymer
blends prepared by hot melt extrution. The heaaci&pchanges at the, Transitions of the blends
were further analysed to confirm the immiscibild@the two polymers. If the polymers are highly
immiscible, no additional phases with an intermtli&, between the g of the two polymer
should be detected, and the heat capacity charthe &to separated,3 should be proportional to
the intrinsicAC, values at J of the each pure polymer and a linear correlastoould be observed
between the\C, values at the Jof each polymer in each blend. This is the casedth Kollidor?
VA64 and EUDRAGIT EPO as seen in Figure 7.20b. Th€, value of each polymer in the
blends is linearly proportional to theC, of the pure polymer (Figure 7.20b). Based on the
miscibility study of the two polymers, it demonsésithat the applied polymer blends in this study
is immiscible.
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Figure7.20: a: DSC results of the polymer blend wit EUDRAGIT ® E PO: Kollidon® VA64 ratios from
90:10 (top) to 10:90 (bottom) without drug; b: plotof AC, at the two Tys of each blend vs. percentage of
Kollidon® VA64 in the blend.

To further investigate phase separation of polybilends and take into account the effect of
processing method, polymer blends with the rati®@b0 (w/w) (the same as the ratio in melt
extrudates with felodipine) without drug were pnegh by hot melt extrusion. Samples were
studied using AFM phase imaging (tapping mode) @adsition temperature microscopy. As
shown in Figure 7.21b, phase separated domainsawihg strip morphology was dispersed into a
continuous phase. It also can be noted in Figwzéarthat phase separation detected by tapping
mode were not all presented in the topography imadpch suggests that the roughness of the
sample has little influence on the features of Apihdse image. Using Image J to analyse the phase
image (method has been described in Chapter S)atiw of the continuous phase to separated
phase was 52:48, which was close to polymer blatid in formulation (50:50). However, the
observed two phases by AFM tapping mode cannossigraed to the two polymers. Therefore, to
identify the two separated phases, transition teatpee microscopy (TTM) was used to
characterise the polymer blend extrudates. It @sden in Figure 7.21c that a higher transition
temperature around 100-P@0was detected in the continuous phase (red), eéhmpdrature in
which was very close to the glass transition termpee of Kollidorf VA64, indicating Kollidor?
VAG64 was the continuous phase. A transition tempegaaround 40-5C was detected in the
separated domains (blue), and the temperaturennagreement with the, of EUDRAGIT® EPO.
This indicates that EUDRAGFTEPO was the separated phase in the polymer bbenddates.

Some domains with transition temperatures betw&e858C were also detected as shown with the
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colour of yellow to green in Figure 7.21c. Thesandins were very likely to be the miscible
polymer blends. Although high immiscibility betwe#re two polymers was proved by the DSC
study, given the high temperature and high pressureot melt extrusion, a small amount of
miscible polymer blend could be generated durirge@ssing. But as shown in Figure 7.21c, the
portion of these miscible domains was small, whdemonstrates that the two polymers were still
immiscible even after processing. Using Fox equa®9), the percentage of two polymers in these
partially miscible phases can be estimated. With, af 65°C, the ratio of EUDRAGIT EPO to
Kollidon® VA64 was approximately 63% to 37%. For regionshvét T, of 85°C, there should be
nearly 30% EUDRAGIT EPO and 70% KollidohVAG4. It was also noted that most of the blue
EUDRAGIT® EPO regions were surrounded by green miscibleonsgiThis indicates that the
polymer domains were partially inter-connected laugely immiscible. The micro-structure of
polymer blend composed of EUDRAGITEPO and Kollidofi VA64 by hot melt extrusion is
schematically illustrated in Figure 7.21d.

PVP-VA
domains
(Red)
PVP-VA
Eudragit underneat
op layer /\h
Z \‘gmscible
blend
domains
Eudragit E
]70 domains (Green)
(Blue)
Eudragit E
PVP-VA 0 domains
phase

Figure 7.21: a: AFM toppography and b: phase imag®ef the polymer blend; c: Nano-thermal imaging
mapping of the 50:50 EUDRAGIT® EPO-Kollidon® VA64 (PVP-VA) polymer blend extrudates and

the corresponding nano-thermal transition profilesof the 12 slected data point at the bottom of the
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TTM map; d: schemetic illustration of the micro-strucutre of the EUDRAGIT E PO- Kollidon® VA64

blend.

7.3.4.2 Phase behaviour of polymer blend with drug
7.3.4.2.1 MTDSC results

Phase separation in freshly prepared melt extrymbdgimer blend with felodipine was studied
using MTDSC as seen in Figure 7.22. Two separatesk dransitions can be seen in the freshly
prepared 10%-50% (w/w) felodipine-polymer blend tnestrudates. Only one glass transition was
detected in the freshly prepared 70% (w/w) extrsladad this was because the extremely high drug
loading brings the Jvalue of this system closely down to thg vRlue of pure amorphous
felodipine (45C).
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Figure 7.22: MTDSC results in reversing heat capaty signal of freshly prepared felodipine-polymer

blend melt extrudates.

The amount of felodipine molecularly dispersedeach polymer can be estimated using Fox
equation with the detected, Values. The calculated results are summarisedineT7.1. It can be
seen that more felodipine molecularly disperselatiidon® VA64 than in EUDRAGIT EPO in
all samples (only one gTvalue presented in 70% w/w sample leading to diture of the
calculation), which is in good agreement with tipparent solid solubility prediction by milling
method. With increasing drug loading, higher amafrdrug partitioned into the Kollid6hvVA64
phase rather than EUDRAGITEPO phase. The calculation concludes that in thedifene-
polymer blend melt extrudates, felodipine dispersethe two polymers unevenly with a higher

concentration in Kollidofi VA64 and a lower concentration in EUDRAGIEPO.
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Table 7.1: Calculated drug distribution of felodipine in different polymer domains using MTDSC

results.

Polymer Blend Wielo in £Po? (W/W) Wielo in va 62> (W/w) Ratio of
Systems (w/w)

[+
Wrelo in eP0 TO Whelo in va 64

10% 3.73% 6.27% 1:1.68
30% 7.24% 22.76% 1:3.14
50% 9.96% 40.04% 1:4.02

7.3.4.2.2 Drug-polymer interactions in polymer bled melt extrudates

The higher felodipine concentration in KollidoWA64 and higher apparent solid solubility of
felodipine in Kollidorf VA64 were very likely associated with the abiliby forming hydrogen
bonding with felodipine by Kollidoh VA64. As discussed in Chapter 6, no evidence ohéml
hydrogen bonding between felodipine and EUDRAGHPO was shown by ATR-FTIR. In
contrast, hydrogen bonding was confirmed in thepel blend melt extrudates as seen in Figure
7.23. A blue shift of NH peak in felodipine from3&mi* (amorphous felodipine) to 3292¢mwas
observed after formulating with Kollid8nVAB4 which indicates the formation of hydrogen
bonding between the drug and the polymer. Instdaal ldue shift, a red shift of NH peak was
observed in the corresponding felodipine-EUDRABEPO formulation, and the reason has been
discussed in Chapter 5 that the formed hydrogemibgrnbetween two felodipine molecules was
affected by the carbonyl groups from EUDRAGHPO. Thus it may suggest that the order of the
potential of forming hydrogen bonding is felodipiméth Kollidon® VA64 > two felodipine
molecules > felodipine with EUDRAGFTEPO. In the corresponding polymer blend formulation
these two NH peaks were both observed, suggedtmgxistence of the two separated phases:
amorphous felodipine-EUDRAGFIEPO phase and amorphous felodipine- Kollftiath64 phase.
Fourier self deconvolution was applied to analysegolymer blend formulation with the attempt
to distinguish the two peaks. However it was imgaesto completely separate them, and thus
guantitative analysis of the drug distribution cainbbve achieved. Nevertheless, it still can be
concluded that hydrogen bonding was formed betvigedipine and Kollidofi VA64 and the two

phases both contained drug molecules.
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Figure 7.23: ATR-FTIR results of NH groups from amaphous felodipine and 50% (w/w) melt

extruded formulations.

7.3.4.2.3 Transition temperature mapping analysis

Phase separation of felodipine-polymer blend regttudates with all drug loadings was also
studied using transition temperature mapping (THS!)seen in Figure 7.24. Due to the roughness
of the cross section of felodipine-polymer blendredates, only the surface of the samples was
tested. Two separated phases were observed orutlaees of the 10%-50% (w/w) felodipine-
polymer blend melt extrudates and only one phase deected on the surface of 70% (w/w)
sample, which is in good agreement with the MTD®6ults. It can be seen that in 10% (w/w)
sample domains (blue spots) with a transition teatpee of around 5& are separated phases and
domains (green spots) with a transition temperatafe95C are continuous phases. The two
detected transition temperatures were close tdvtbel,s measured by DSC in the same sample.
This demonstrates that, similar to the polymer tlerelt extrudates without drug, in felodipine-
polymer blend melt extrudates, KolliddnVA64-felodipine is the continuous phase and
EUDRAGIT® EPO-felodipine is the separated phase. Two sepbphtase with different transition
temperatures was also observed on the surface?6fad@ 50% (w/w) systems. The percentage of
the two detected phases (as shown in blue and greas) deviates from 50:50, which is possibly
because the tested areas were too small (30umx3@oum@present the intact phase separation of

the samples. It is also possible that the surfasedifferent phase behaviour from the bulk.
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Figure 7.24: TTM results of the surface of freshlyprepared felodipine-polymer blend melt extrudates.

7.3.4.2.4 Photothermal-microspectroscopy analysis

Phase separation of felodipine-polymer blend reeftudates was also studied by photothermal-
microspectroscopy (PT-MS). As transition tempemtuaicroscopy could not be applied to the bulk
of felodipine-polymer blend extrudates, PT-MS waedito study the bulk phase behaviour. The
analysis of fresh 10 % (w/w) felodipine-polymer fideextrudates is discussed here as an example.
10% (w/w) felodipine-polymer blends melt extrudatesre gently milled into particles by mortal
and pestle. A single particle from the milled 1084v() samples was attached to the probe for the
analysis of the bulk phase behaviour. Due to thétiimomponents in felodipine-polymer blend
melt extrudates, it is difficult to clearly conclidhe phase behaviour of the system as a unique
peak assigning to the individual component caneosdiected. However, it still shows the uneven
drug distribution in 10% (w/w) polymer blend systef(kigure 7.25). Three peaks were selected to
study the phase behaviour of 10% (w/w) systemsuiioh 3335cii representing amorphous
felodipine, 1715cm which is the overlapped peak from EUDRAGHPO and Kollidofi VA64
and 1681cm (carbonyl groups) which is the contribution fromarphous felodipine-Kollidoh
VA64 phase in the sample. It can be seen that mdtmalisation to the 1715¢hpeak, the relative
peak intensity of 3335c¢m(amorphous felodipine) varies among differentstestthe 10% (w/w)
sample, which suggests the uneven drug distributiori0% (w/w) felodipine-polymer blend
system. It may also suggest that amorphous felodipiispersed more in the KollidbrvA64
rather than EUDRAGIT EPO since the PT-MS results showed that with irsingarelative
intensity of amorphous felodipine, the intensity 181cni (amorphous felodipine-Kolliddh
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VA64 phase) increased as well. This demonstratspihase separation also exists in the bulk of

the sample, and more felodipine molecularly disgeim Kollidor® VA64 than in EUDRAGIT
EPO in bulk, which is in good agreement with MTD&Gults.

VA64 + felodipine (1681cm™)

EPO + VA64 (1715cm?)

Transmittance [%)]

felodipine (3335cm?)

4000 3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure 7.25: PT-MS results of freshly prepared andnilled particles of 10% (w/w) felodipine-polymer
blend melt extrudates.

7.3.4.2.5 Solid state NMR analysis

Solid state NMR (ss-NMR) relaxometry is a powktkchnique for detecting phase separation
with sub-micro dimension&0, 31). In this study, proton solid state NMRasemetry was used to
study the bulk phase behaviour of the felodipingsmer blend melt extrudates. Samples of the
polymer blend and the two binary melt extrudateth wD% and 70% (w/w) drug loadings (lowest
and highest in the study) aged under ambient dondfbr 4 months were tested by solid state
NMR. The'H spin-lattice relaxation timed, are summarised in Table 7.2. For the two binary
systems with different drug loadings, a singlexat®n of T, was detected, indicating a molecular
single-phase system. Although surface recrystéiimawas observed in the two binary melt
extrudates with 70% (w/w) drug loading, the bulistallinity was still extremely low according to
the calculated results by MTDSC study, leadingh® undetectable phase separation by solid state
NMR. It should be noted that the relaxation tim®f all samples was measured by collabrators in
China (Wuhan Insititute of Physics and Mathematichjnese Academy of Sciences, Wuhan,

China) and data analysis was carried out by theoaut
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Table 7.2:*H T, spin-lattice relaxation time of 10% and 70% (w/w) &lodipine-polymer blend and the
two binary extrudates.

Samples T.(1) (ms) T1(2) (ms)
felodipine-EPO 10% 81.7 -
felodipine-EPO 70% 166.4 -

felodipine-VA 64 10% 950 -
felodipine-VA 64 70% 1024 -
felodipine-blend 10% 79 787
felodipine-blend 70% 160 502

However, two spin-lattice relaxation times;, were detected in the 10% and 70% (w/w)
felodipine-polymer blend melt extrudates, suggestite presents of two phases in the dispersions.
By comparing the relaxation time of the polymerndemelt extrudates to the two binary melt
extrudates with the same drug loadings, it is nealle to confirm the separated phases in
felodipine-polymer blend melt extrudates as felowpEUDRAGIT® EPO and felodipine-
Kollidon® VAG4. For instance, in 10% (w/w) felodipine-polymslend extrudates, tHE(1) value
(79ms) was very close to thély(1) value (81.7ms) in the binary 10% (w/w) felodipine-
EUDRAGIT® EPO sample, and tHB(2) value (787ms) was also close to thél) value (950ms)
in the binary 10% (w/wJfelodipine-Kollidor® VAG4. For a heterogeneous system, the relaxation
time of different phases can be further used tones¢ the dimension of the separated phases (32).
The observation of two separated relaxation preseks T, indicates the existence of at least two
separated domains. Assuming the process of exchand® spin diffusion, the following
relationship is valid (33):

2v/2(A?/ (°D)) |4y| > 1 Eq7.1

where A is the dimension over which diffusion takes plao® is indicative of the smallest
dimension of the separated domaiis,is the spin diffusion coefficient mediating exchan
between the two phases, afidis the difference in the relaxation rates of theesated phases. The

spin-diffusion coefficienD has a typical value in polymeric systems as®ifs* (33). Thedy can
be calculated usingq 7.2

Ay=UTa—UT Eq 7.2
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where T, and Tg represent the relaxation time of phase A and B.uByng Eq 7.1 the size of
domains can be estimated. The average values dbnigel; (T, (2)) and shorfl, (T; (1)) of the
felodipine-polymer blend melt extrudates were usedstimate the domain sizes measured in the
T, experiments. The values obtained by 7.1 for 10% (w/w) felodipine-polymer blend melt
extrudates was greater than 5.5nm, and for 70% )(aample was greater than 9.0nm. As proved
by TTM study, felodipine-EUDRAGIT EPO was the continuous phase in the polymer blend
dispersions. Therefore, the calculated domainwazassigned to that phase. The results cannot be
interpreted as the accurate size measurement,nbaproximate estimation. Also it should be
noted that the estimated domain size in felodipialimer blend melt extrudates by ss-NMR was
not comparable to the dimension detected by TTNI'&d applied in this study only has a highest

spatial resolution of 1um (the smallest distande/een the two tested points).

7.3.5 Immiscible polymer blends as a formulation sategy in amorphous solid dispersions

In this chapterimmiscible polymer blends were proposed as a formulation esiyatfor the
enhancement of the physical stability of amorphsofd dispersions prepared by hot melt
extrusion. In comparison to the conventional binaiyug-polymer solid dispersions, two
advantages can be provided by polymer blends. @heyhe overall increased apparent solubility
of drugs in solid dispersions and the reduced m@ssorption. The key factor of the formulation
design is based on the immiscibility between the folymers, which ideally should form a
configuration of phase separation as illustratedrigure 7.1. With this structure, the polymer
which has higher solubility will dissolve the majgrof drug molecules and form the separated
phase. The polymer with higher drug solubility @mally hygroscopic which can lead to physical
instability by moisture sorption. By blending wighhydrophilic polymer, the separated phase can
be protected from moisture uptake by the continyshase formed by the hydrophilic polymer
with low quantity of drugs. Consequently, the pbgbistability of amorphous solid dispersions can

be enhanced.

The concept of immiscible polymer blend was aplio felodipine amorphous solid dispersions
by blending felodipine with Kollidoh VA64 (hydrophilic but with higher drug solubilityand
EUDRAGIT® EPO (hydrophobic) using hot melt extrusion. Althbuipe micro-structure study
showed an inversed structure (Figure 7.20d) tgptposed phase configuration (Figure 7.1), the
physical stability was still significantly enhancedth against stressed temperature and stressed
humidity in comparison to the two binary melt exiates. The phase configuration of the
immiscible polymer blends can vary depending ornrtpéysical properties. For instance, the
surface tension of the two polymers at operatiomperature in hot melt extrusion may affect the
phase distribution. Nevertheless, the study prolvasin practice even with inversed configuration

the polymer blend matrix still offers better stédation effect.
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With a great depth of the understanding of polypreperties, a desired phase configuration can
be achieved. In addition, using polymer blendsalan save the effort for the development of new
polymers as polymer blends can combine the degihgdical properties of individual polymer.
This immiscible polymer blend proposal may be gel®ed as a formulation strategy for the

enhancement of the physical stability of amorptenliil dispersions.

7.4 Conclusions

In this chapter, immiscible polymer blends as anidation strategy for the enhancement of the
physical stability of amorphous solid dispersiorasvintroduced. The polymer blend of Kollidon
VA64 and EUDRAGIT EPO was applied in hot melt extrusion with felodmi The proposed
formulation concept of this study was the combimatif increasing apparent solid solubility of the
drug by the incorporation of Kollid6hVA64 in the formulation and the moisture protestio
against high humidity by the addition of EUDRAGIEPO in the formulation.

Higher apparent solid solubility of felodipine kwollidon® VA64 than in EUDRAGIT EPO was
predicted by melting point depression and millipp@aches. On aging under stressed temperature
and humidity, respectively, felodipine-polymer lidemelt extrudates with 70% (w/w) drug loading
showed significantly higher physical stability thte corresponding two binary melt extrudates,
demonstrating the success of the polymer blenddtation design. It also consequently proves the
validation of the mechanical milling as a reliablgroach in predicting apparent solid solubility.
The polymer blend formulation dramatically reducedisture uptake to below 5% (in comparison
to the 12% moisture uptake by the binary felodigim#lidon® VA64 formulation), which also

contributes to the improved physical stability.

The phase separation configuration of felodigiogmmer blend extrudates was confirmed as
felodipine-Kollidor® VAG4 being the continuous phase and felodipine-RAGIT® EPO being
the separated phase. Felodipine was proved tordespe both polymers in the polymer blend
extrudates but a higher felodipine concentration Kallidon® VA64 phase and a lower
concentration in EUDRAGITEPO was observed, which was in good agreementtigtpredicted

apparent solid solubility.

In addition to the enhanced physical stabilitye tapplication of the polymer blend in melt
extrusion can also improve dissolution profile eoflipine. A significantly higher maximum drug
release was achieved from the 10% (w/w) felodigiokmmer blend melt extrudates in comparison
to the corresponding two binary extrudates. It rhigh explained by the enhanced wettability
provided by Kollidoff VA64 and the combined effects of EUDRAGIEPO on felodipine in
0.1MHCI media including the solubilisation effect orystalline felodipine and the recystallisation

inhabitation effect on amorphous felodipine.
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The polymer blend concept in formulation design hot melt extrusion may broaden the
application of the commercially available polymeether than developing new polymers. The

concept may also be generalised as a formulatrategly to enhance the physical stability of solid

dispersions
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Chapter 8: Enhancement of the physical stability ofolid
dispersions using different processing methods: gpicoating vs.
hot melt extrusion

8.1 Introduction

Solid dispersions have been widely used in therpheeutical industry as a formulation strategy
for increasing dissolution rate of poorly watendadé drugs and hence the bioavailabi(ity 2). As
mentioned in previous chapters, the main challemmfe commercialising pharmaceutical
formulations of solid dispersions is the physidalbdity issue, which is highly potential to affect
dissolution performance of amorphous solid dispeisi(3-5). To achieve a physically stable
amorphous drug-polymer formulation, several factarsre recommended by pharmaceutical
researchers including a certain degree of mistibletween drugs and polymers, apparent solid
solubility of drugs in polymers and some thermodyita properties such as glass transition
temperatures of amorphous drugs and polyrf@#). In addition to these factors mentioned above
processing methods have also been reported toldteddo the physical stability of amorphous

solid dispersions (9-11)

The fundamental theory of preparing amorphoug-ghalymer solid dispersions in general is to
destroy the lattice structure (long range orden)hef crystalline form drugs, and thus amorphous
drugs with short range order will be formed andshabilised by the added polymgk2). The
lattice structure in crystalline drugs can be brokg either dissolving drugs in solutions or megtin
them to temperatures above their melting pointso@dow melting points depending on the drug-
polymer ratios in formulationg)L3). Accordingly, two main methods of preparingiGdispersions
were introduced in the pharmaceutical industryudirlg solvent evaporation based methods, such

as film casting or spray drying, and melting basmthods, such as hot melt extrusion.

Similar to film casting, spin coating is a typic®lvent evaporation based preparation process
whereby crystalline drugs and polymers dissolveuailyt in a solvent or co-solvelfi4). Unlike
film casting in which solvent evaporates naturallyder either ambient or lower pressure
environment, solvent evaporation in spin coatingues due to the fast spinning within a short time
of preparation (15). It is a technology originafesin semi-conductor industry for preparing thin
film coatings with various thicknesses dependingtan applied solvent (16). Due to the precise
control and high consistency of the processingraparation, spin coating has been used in the
pharmaceutical research in areas such as theigatiah of crystallisation tendency of amorphous
drugs and the understanding of recrystallisatidmabimur of amorphous drug&7-19). It also has
been reported that spin coating was an effectieegqasing method of preparing physically stable

solid dispersions containing amorphous drugs wiffler@gnt crystallisation tendendyL7).
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Studies from articles have showed that solid atispns with the same drug-polymer
compositions but prepared by different processasgo@zd significantly different physical stability
on aging, which may indicate that the apparendssdilubility of drugs in solid dispersions may
vary depending on different preparation proces¢idl). In Chapter 6, a high level of surface
recrystallisation was observed in hot melt extrufidadipine-EUDRAGIT EPO dispersions aged
upon exposure to high humidity. In Chapter 7, with addition of the polymer Kollid6nvVA64
into the binary formulation to increase the ovemgbarent solid solubility of felodipine in the
extrudates, the physical stability of amorphougdstispersions was substantially improved. In this
chapter, another formulation strategy of enhancithg physical stability of felodipine-
EUDRAGIT® EPO solid dispersions, using spin coating as mretive rapid solvent evaporation
preparation process was introduced. With a diffemechanism of preparing solid dispersions to
hot melt extrusion, solid dispersions preparedg soating may show different physical stability
behaviour. Although the reason has not been deapfierstood, drug-polymer miscibility and
solubility may vary depending on different procegsmethods, leading to an enhanced physical
stability (9). In this chapter, the comparisorpbfysical stability between spin coated and hot melt
extruded felodipine-EUDRAGIT EPO solid dispersions was reported. Results shahaidthe
physical stability of amorphous solid dispersionsld be significantly enhanced by spin coating in

comparison to hot melt extrusion.

Research objectives

1. Using spin coating to prepare felodipine-EUDRAGEPO solid dispersions.

2. Comparing with melt extruded felodipine-EUDRAGIEPO formulations to investigate if
physical stability of solid dispersions can be edea by using spin coating.

3. Investigation into the phase separation of spoated and melt extruded felodipine-
EUDRAGIT® EPO solid dispersions in order to understand theemial mechanism of the

enhanced physical stability.

8.2 Experimental methods
8.2.1 Hot melt extrusion

Instrumental information and operation parametefer to Chapter 2 (session 2.2.1.1). Drug-
polymer ratio (felodipine:EUDRAGIT EPO) in melt extrudates included 10:90, 30:70560:

70:30 and 90:10 (w/w). The prepared extrudates stered under 75%RH at room temperature up
to 10 months.
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8.2.2 Spin coating

Instrumental information and sample preparatiorerrdd Chapter 2 (session 2.2.1.2). Drug-
polymer ratio in spin coated samples included: @03D:70, 50:50, 70:30 and 90:10 (w/w). The

prepared spin coated films were stored under 75%Rbom temperature up to 10 months.

8.2.3 Physicochemical characterisation

Instrumental information of the characterisatiechniques and the used parameters for MTDSC,
PXRD, ATR-FTIR, SEM, LTA refer to different sess®in Chapter 2 (2.2.2.1.3 for MTDSC,
2.2.2.4.2 for ATR-FTIR, 2.2.2.5.2 for PXRD, 2.2.260r SEM, and 2.2.8.2 for LTA)

8.2.4 Kinetic study of surface recrystallization

Method for the kinetic study of surface recrystation of smelt extruded and spin coated
felodipine-EUDRAGIT EPO solid dispersions refers to Chapter 6 (sessis).

8.2.5 Neutron Reflectivity

Neutron reflectivity was used to investigate theag#h separation behaviour of ultra-thin spin
coated films. It was performed on the SURF neutreitectometer at the ISIS facility of the
Rutherford Appleton Laboratory (Oxfordshire, UK).well-collimated incident neutron beam at a
glancing angle of less thafl @as shined on the surface of spin coated filmsrefidcted into the
detector. The neutron beam was polychromatic coinigiia range of neutron wavelengths from 0.5

to 6.5 A. The magnitude of momentum transfer Q gadsulated by:
Q = 4sind/l Eq8.1

where 1 is the wavelength of the incident neutron beam @il the incident beam angle. The
reflected intensity as a function of time-to-artiveere normalised for the incident beam spectrm
and converted to reflectivityersus Qusing a standard data reduction routine (QUICK)vjored

by the ISIS laboratory. Data measurement and aisalere both carried out by ISIS laboratory.

To increase the signal contrast, deuterated if@loel (felodipine-d(2,3-dichlorophenyl-g), CDM
Isotopes, Pointe-Claire, Canada) was used to preg@in coated thin films witEUDRAGIT®
EPO. To ensure the flatness of the thin films, f@ating was carried out on silicon wafers rather

than microscope glass slide for neutron reflegtistudy only.

8.2.6 Dissolution test of melt extrudates

Dissolution instrumental information (session.%)2and UV method (session 7.2.4) refer to
Chapter 7. Freshly prepared and aged strand fotmdates (tested as intact strand) were tested in

sink-condition media consisting of 0.386dium dodecyl sulphate (SDS) in 0.1MHOissolution
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samples were filtered using 0.22um membrane. Sficand extrudates with the same drug loading

were maintained with the same dimensions betwefrélsh and aged samples.

8.3 Results and discussion

8.3.1 Physical stability studies of hot melt extrued vs. spin coated felodipine-EUDRAGIT
EPO solid dispersions

8.3.1.1 Surface physical stability

In terms of the ability of preparing amorphous éiine-EUDRAGIT® EPO solid dispersions,
significant difference was observed between spiating and hot melt extrusion. This was
particularly evident for 90% (w/w) sample prepasatas proved by PXRD results in Figure 8.1. It
can be seen in Figure 8.1 that freshly prepared 90f) felodipine-EUDRAGIT EPO melt
extrudates showed typical crystalline featureofigine form I) detected by PXRD, indicating the
system contains significant amount of felodipingstals. However, only an amorphous halo was
observed in the corresponding spin coated sampis.proves spin coating can prepare amorphous
felodipine-EUDRAGIT EPO solid dispersions with extremely high drugdiog. This may also
possibly indicate that the apparent solid solupdit felodipine in spin coated solid dispersionswa

higher than that in melt extruded dispersions.

40 —
5]
30—-
25—- fresh 90% extrudate

15+

Intensity (%)

104 fresh 90% spin coated sample

20°

Figure 8.1: PXRD results of freshly prepared 90% (ww) melt extruded and spin coated felodipine-
EUDRAGIT ® EPO samples.

In order to compare the difference of the physitability, 10%-70% (w/w) melt extruded and
10%-90% (w/w) spin coated felodipine-EUDRAGITEPO solid dispersions were aged under
75%RH/room temperature up to 10 months (90%w/w mditudates were not studied as the fresh
sample showed a significant amount of crystallinggyl After 10 months aging under 75%RH at
room temperature, no crystalline felodipine wasedietd on the surface of 10% (w/w) felodipine-
EUDRAGIT® EPO melt extrudates by ATR-FTIR, indicating sigrahtly high physical stability

of this sample against stressed humidity.
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However, surface recrystallization appeared ifo3®% (w/w) melt extrudates after aged for
different time periods by monitoring NH peak pasitiusing ATR-FTIR. For 30% (w/w) samples,
it can be seen that freshly prepared extrudatew shroidentical NH peak position as the aged
sample which was very close the NH peak positioarystalline felodipine (Figure 8.2). But this
did not mean crystalline felodipine was detectedtensurface of fresh 30% (w/w) sample. The
reason has been discussed in Chapter 5 that canpayps from EUDRAGIT EPO can disturb
the hydrogen bonding between two felodipine moleslkading to the NH peak shift in the melt
extrudates. It has been reported that peaks ddineshemical groups (e.g. NH or OH) in drugs in
crystalline state detected by FTIR can become lemoaith a lower intensity (in amorphous state)
after they are changed to amorphous state, andvtssthe case here with the NH group from
felodipine (20). It can be seen that after 6 momathisg, the NH peak from 30% (w/w) felodipine-
EUDRAGIT® EPO melt extrudates became sharper in comparistiretfreshly prepared samples,

which may suggest the occurrence of surface rehigsition on aging under75%RH/room

crystalline felodipine

temperature.

0.20
|
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Figure 8.2: ATR-FTIR results of the NH group from the surface of 30% (w/w) felodipine-
EUDRAGIT ® EPO melt extrudates on aging under 75%RH/room temerature.

Surface recrystallization in 50% (w/w) melt extates were detected after 4 months aging under
75%RH/room temperature as shown in Figure 8.3.n8leiNH peak at 3358ciwas detected in
the fresh 50% (w/w) samples, indicating amorphooléd sdispersions of the surface. After 4
months aging, the NH peak shifted to 3368cwhich was identical to the NH peak from

crystalline felodipine, indicating the occurrendesorface recrystallization.
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Figure 8.3: ATR-FTIR results of the NH group from the surface of 50% (w/w) felodipine-
EUDRAGIT ® EPO melt extrudates on aging under 75%RH/room temerature.

Surface recrystallization in 70% (w/w) extrudateas confirmed after 1 month aging under
75%RH/room temperature as seen in Figure 8.4. Nk @ 3345cm in freshly prepared 70%
(w/w) sample shifted to 3365¢hmafter 1 month aging which was identical to the ek in
crystalline felodipine indicating the surface restaflization on in 70% (w/w) extrudates. The
ATR-FTIR results showed that 30%-70% (w/w) meltregdates were not physically stable against
stressed humidity, and surface recrystallizatiocuaed in these samples after different aging time

periods.
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Figure 8.4: ATR-FTIR results of the NH group from the surface of 70% (w/w) felodipine-
EUDRAGIT ® EPO melt extrudates on aging under 75%RH/room temerature.

However, spin coated felodipine-EUDRAGIEPO thin films presented substantially different
surface physical stability by ATR-FTIR tests asrsgeFigure 8.5. After 10 months aging, the NH
peak did not shift in any spin coated samples évelnding the 90% (w/w) sample, indicating no
crystalline felodipine appeared on the surface mf apin coated systems and all spin coated
samples still remained as amorphous solid dispessi®his proves that spin coated felodipine-
EUDRAGIT® EPO were physically stable with the level of tleasitivity of detecting felodipine
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crystals by conventional ATR-FTIR technology. Th&RFTIR results demonstrate that the
physical stability of felodipine-EUDRAGITEPO solid dispersions prepared by spin coating was
significantly higher than prepared by hot melt egion, especially the surface physical stability.

b crystalline felodipine
90% 10 months
90% fresh

70% 10 months

70% fresh

50% 10 months
50% fresh

amorphous felodipine

Absorbance Urits
000 005 010 015 020 025 030 035 040

i

T T T T T
3500 3450 3400 3350 3300 3250 3200
Wavenumber cm-1

Figure 8.5: ATR-FTIR results of the NH group from 50%-90% (w/w) spin coated felodipine-
EUDRAGIT ® systems on aging under 75%RH/room temperature.

Surface recrystallization of felodipine-EUDRAGIEEPO melt extrudates was also studied by
SEM as seen in Figure 8.6. No particles was obdemnethe surface of fresh 10% and 30% (w/w)
extrudates, and few particles were seen on thasdf freshly prepared 50% and 70% (w/w) melt
extrudates. However, after 10 month aging underRB%oom temperature, particles with the size
of approximately 10um were seen on the surfac®& 8v/w) extrudates. For 50% (w/w) samples,
after 10 months aging particles with the size o##8Qum were observed. The surface of 10months
aged 70% (w/w) was nearly covered by particlesy@mé surface of 10% (w/w) extrudates was
still as smooth as the fresh 10% (w/w) sample. SEMults showed that 30%-70% (w/w)
extrudates had poor surface physical stability gingaunder 75%RH/room temperature, which is

in good agreement with the ATR-FTIR results.

Fresh 10 months

Figure 8.6: SEM images of the surface of fresh anti0 months aged felodipine-EUDRAGIT EPO melt
extrudates.
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Spin coated thin films showed completely différearface morphology. No particles were seen
on any freshly prepared thin films. After 10 mon#ygng, only very few particles with the size
below 30um were observed on the surface of 50%-088%) thin films (Figure 8.7). Compared
with the surface of the corresponding melt extragatthe particle size and density was
significantly smaller and lower. This indicatesigngficantly higher level of physical stability of
spin coated thin films than that of correspondirgjtraxtrudates. The observed particles in the spin
coated samples suggest that surface phase separaspin coated film only occurred at a very
low level, and it could not be detected by convaral ATR-FTIR.

X1,888 18mm 12 35 SEI zekv X1,888 18mm 12 35 SEI

NP
G

11 35 SEI zZeku ){1:6&;\'19)”\-. 11 35 SEI
>

Figure 8.7: SEM images of the surface of spin coatel0%-90% (w/w) felodipine-EUDRAGIT® EPO

films after 10 months aging under 75%RH/room tempeature.

Kinetics of surface recrystallisation in hot melttruded felodipine-EUDRAGIT EPO solid
dispersions on aging were studied using the asabfSSEM images on aging by Image J (Figure
8.8). After 10 months aging, approximately 10% ¢ukdted using the measured total particle areas
divided by the size of the whole image area) of shdace area tested by SEM was covered by
particles (drug crystals) in 30% (w/w) melt extrtea and for 50% (w/w) extrudates the particles-
covered area was circa 30%. For 70% (w/w) extriglatearly 90% of the surface area tested by
SEM was covered by particles, indicating a higrelesf surface recrystallization in this sample.
Kinetics of surface recrystallization of 30%-70%/\ melt extrudates did not fit in the Avrami
model (described in Chapter 6) as it lacked ofmiheleation phase and the phase of the completion
of the nucleation. Instead, linear relationshipthveicceptable regression coefficients were found
for the kinetics of surface recrystallization oR8r0% (w/w) extrudates (Figure 8.8). The slope of
individual linearity can be considered as the sigferystal growth rate of each sample on aging. It
clearly showed that the recrystallization rate éased with increasing drug loading on aging
(5.48uni/day for 30%w/w extrudates, 13.67f(day for 50%w/w extrudates, and 34.24jday

for 70%w/w extrudates).
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Figure 8.8: Results of total particle domain area %) achieved by using Image J to analyse SEM

images on the surface of felodipine-EUDRAGIT EPO melt extrudates with different drug loadings.

Kinetics of surface recrystallization of spin tagh thin films was also studied. For 50%-90%
(w/w) spin coated solid dispersions, no particlesenobserved on the surface after 2 months aging
under 75%RH/room temperature. After 10 months agthg percentage of the surface area
covered by particles (drug crystals) was below 1@&iculated using the measured total particle
areas divided by the size of the total image diaaall samples even including the 90% (w/w) spin
coated film. For spin coated thin films, the nutil@aphase was observed as proved by the absence
of particles on the surface within the first 2 mfentaging time period. However, kinetics of the
surface recrystallization of spin coated thin filst#ll did not fit in the Avrami model. This is
because the crystals growth on the surface occatredslow rate on aging and after 10 months
aging the overall surface recrystallization wa#f stgnificantly below completion, leading to the
unfitting in the sigmoidal of the Avrami model. Tkimetics surface recrystallization in spin coated
films on aging showed a linear relationship as deehigure 8.9 (form 2 months to 10 months
aging time). The slope of the linearity can be der®d as the surface crystal growth rate in
individual spin coated thin film, and it can be sdbat the rate increased with increasing drug
loading. This can also provide a clear comparidaearystallization rates between melt extrudates
and spin coated films. Surface recrystallizaticie &f 70% (w/w) melt extrudates (34.24fiday)
was nearly 10 times faster than the rate of 90%)\wpin coated films (3.88AMday). This again
demonstrates that the physical stability of felot#pEUDRAGIT® EPO solid dispersions prepared

by spin coating was significantly higher than pregaby hot melt extrusion, especially the surface
physical stability.
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Figure 8.9: Results of total particle domain area %) achieved by using Image J to analyse SEM
images on the surface of spin coated felodipine-EUAGIT ® EPO thin films with different drug
loadings.

8.3.1.2 Bulk physical stability

Due to the extremely low sample mass and thécdiffes of removing the thin films from the
coating substrate, bulk physical stability of spiated felodipine-EUDRAGIT EPO cannot be
studied using MTDSC. The bulk physical stabilitysssudied using PXRD. After 10months aging
under 75%RH/room temperature, no crystalline felodi was detected by PXRD in any spin
coated samples, indicating all spin coated sampl®sined as amorphous solid dispersions as bulk.

This demonstrates high bulk physical stability pinscoated felodipine-EUDRAGITEPO thin
films.

Bulk physical stability of melt extrudates watsdied using MTDSC. No melting of crystalline
felodipine was detected by MTDSC in the extrudatéh the drug loading of 50% (w/w) and
below after 10 months aging under 75%RH/room teatpee. This can be attributed to the reason
that the amount of recrystallised felodipine in gboformulations was below the detection
sensitivity of MTDSC. Felodipine crystals were vdikely to re-dissolve into the polymer on
heating as proved in the melting point depressiodysof felodipine in EUDRAGIT EPO in
Chapter 4. This also proves the surface recryzgdiltin level of these samples was low.

Melting of crystalline felodipine was detectedMyDSC in 70% (w/w) melt extrudates on aging,
and usingeq 5.1the crystallinity in this sample can be analysedrmitatively as seen in Figure
8.10. The amount of crystalline felodipine increhf®m 0.7% (w/w) in freshly prepared sample
to 1.8% (w/w) after 10 months aging under 75%RIrbatm temperature, indicating extremely high

bulk physical stability despite the high degreesafface recrystallization. The recrystallization
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profile does not fit in the classic Avrami modeledio the existing heterogeneous nuclei in freshly

prepared samples.
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Figure 8.10: The amount of crystalline felodipine i 70% (w/w) felodipine-EUDRAGIT® EPO melt
extrudates on aging under 75%RH at room temperaturecalculated using the measured melting

enthalpy.

The physical stability study of felodipine-EUDRAS EPO solid dispersions clearly
demonstrated that spin coating can significantipagce the physical stability against stressed
humidity in comparison to hot melt extrusion, esay the surface physical stability. The

mechanism of the physical stability enhancemeritheildiscussed later in this chapter.

8.3.2 Investigation into the underpinning mechanism of the observed physical stability
difference of melt extruded and spin coated solididpersions

Results of physical stability studied showed ttedodipine-EUDRAGIT EPO solid dispersions
prepared by spin coating were significantly mor@bkt than by hot melt extrusion. No surface
recrystallization was detected in any spin coatkoh films after 10 months aging under
75%RH/room temperature by conventional charactésisdechnology (ATR-FTIR and PXRD).
However, particles were observed on the surfacB086-90% (w/w) spin coated thin films on
aging using SEM, which indicates that surface r&tefiization already occurred in spin coated thin
films but it remained at a low level. Thereforegirder to understand the surface physical stability
of spin coated and melt extruded felodipine-EUDRARGEPO solid dispersions in greater depth,

LTA was used to analyse the both aged systems.
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8.3.2.1 Methodology validation of LTA

To confirm the transition temperatures of amorphang crystalline felodipine detected by LTA,
a validation study was carried out before the sanipbts. To summarise, a spin coated pure
felodipine thin film (confirmed as amorphous ascdssed in Chapter 2) and compressed
crystalline felodipine tablet were tested by LTAm®asure their thermal transition temperatures.
Results are shown in Figure 8.11. It can be searetthermal transition at circa®@was detected
for amorphous felodipine (spin coated thin filmmire felodipine) which is in good agreement
with the DSC results. However, a consistent traovsitemperature at circa 1ZDwas detected for
crystalline felodipine (compressed tablet of purgstalline felodipine) which is Z& lower than
the melting point (14%) detected by DSC. This is possibly because théaca defects of
crystalline felodipine caused by compression, legqdd the depressed melting points (21, 22). It is
also possible that the thermal transition of a nieteletected by LTA on heating is the transition
occurs at the temperature where the thermo-mediapioperties of the material change (23).
Therefore transition temperatures, such as glassition temperatures drand melting points ()
detected by LTA can be lower or higher than thossasared by DSC if thermo-mechanical
properties change on heating occurred at diffel@nperatures fromglor T, (24, 25). These two
reasons are why the reference test of amorphousrgsthlline felodipine was carried out before
testing samples. With the results of referencestéistvas then possible to identify potential phase

separation and recrystallization on the surfadbd@thin films and melt extrudates.
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Figure 8.11: LTA results of freshly prepared spin oated pure amorphous felodipine (a) and

compressed crystalline felodipine tablet (b).

8.3.2.2 LTA studies of spin coated thin films

8.3.2.2.1 Surface phase separation in aged spin taxhthin films detected by LTA

The AFM and LTA results of 10 months aged 10% &086 (w/w) spin coated felodipine-
EUDRAGIT® EPO thin films are shown in Figure 8.12. Only dransition temperature (circa

80°C for both samples) was detected for both thin djlimdicating an amorphous single-phase
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dispersion for both samples after 10 month agindeury5%RH/room temperature, which is in
good agreement with the observation by SEM. In taudi it can be seen from the AFM
topography images that these two samples had veppth surfaces with a roughness within
150nm, indicating a significantly low level of hatgeneity. Transition temperatures detected for
10% (w/w) and 30% (w/w) samples (glass transitemgeratures) were close at circd@0which
were different from the values of the correspondimgt extruded solid dispersions measured by
DSC (46C for 10% w/w and 3 for 30%w/w). This temperature difference may pecsilated
with two reasons. Firstly, this can be explainedh®yreason that the thermo-mechanical properties
of the spin coated thin films were different frohetcorresponding melt extruded solid dispersions.
Secondly, it is possible that glass transition terapures of solid dispersions with the same
composition prepared by different processing methcath be different, although the mechanism
has not been clearly understood. However, thesespgoulations can not be proved. Nevertheless,
with the detected single transition temperature4@8 and 30% (w/w) spin coated thin films in
between the reference amorphous and crystallimelifghe transition temperatures, it proves that
these two systems showed extremely high physieddilgy against stressed humidity at room
temperature.
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Figure 8.12: LTA results (a) and AFM topography images (b) of 10months aged 10% and 30% (w/w)
spin coated felodipine-EUDRAGIT® EPO thin films (numbers in LTA results refer to the testing points
in AFM topography image).

Phase separation at different levels were detenté0 months aged 50%-90% (w/w) spin coated
thin films as seen in Figures 8.13 and 14. Surfaatures were observed in 50%-90% (w/w) aged
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thin films. The sizes of the particles observedAFFM topography images (below 5um for 50%
wi/w, circa 10um for 70% wi/w, and circa 20 um foR®@/w thin films) were in agreement with
those observed in SEM images. Two phases withrémsition temperature of circa®Dand 65C
were detected in 50% (w/w) sample (Figure 8.13), lmncomparing the transition temperatures in
the sample with the reference tests they can bére@u as amorphous felodipine phase®®0
and miscible felodipine-EUDRAGITEPO phase (68). Although few particles were scanned by
AFM in the 50% (w/w) sample, no crystalline felodip was detected, and they could be the early-
stage phase separated amorphous felodipine froraroeath the surface layer of the film as

reported in the literature (19).
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Figure 8.13: LTA results (a) and AFM topography image (b) of 10 months aged 50 (w/w) spin coated
thin films (humbers in LTA results refer to the teging points in AFM topography image).

Crystalline felodipine was detected in 70% an&o9@v/w) thin films as seen in the Figure 14.
The detected higher transition temperatures ‘@)L both samples were close to the transition
temperature of crystalline felodipine (£2) in the reference tests. Therefore it is reasentb
conclude the occurrence of recrystallization obdpine in both samples after 10 months aging
under 75%RH/room temperature. The detected lowesition temperatures in both samples’C70
for 70% w/w sample and 80 for 90% w/w sample) showed consistent and the taloes in
between the transition temperatures of amorphadfCj4and crystalline felodipine (120) in the
reference tests. Thus they were very likely to e miscible drug-polymer phase. In addition,
those detected transitions of crystalline felod#pionly occurred on the scanned patrticles,

confirming these particles being felodipine crystal
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Figure 8.14: LTA results (a) and AFM topography images (b) of 10 months aged 70% and 90% (w/w)

spin coated thin films (numbers in LTA results refe to the testing points in AFM topography image).

In summary, the LTA results of the aged spin eddhin films showed that phase separation and
recrystallization were only detected in 50%-90% wjvsamples after 10 months aging under
75%RH/room temperature, and they all occurredlawdevel (as proved by the AFM topography
images). Amorphous felodipine was detected in 58%) samples, and crystalline felodipine was
detected in 70% and 90% (w/w) thin films. Thesadlifitlgs possibly indicate that three steps were
involved with regards to phase separation in spited felodipine-EUDRAGIT EPO thin films
on aging and they are 1) freshly prepared misdhlg-polymer, 2) followed by the appearance of
phase separated amorphous drug in the possibleridlughase on aging and 3) completed in the
form of recrystallized drugs. The absence of detgcamorphous drug phase in 70% and 90%
(w/w) films could be attributed to the reason tbaparation in terms of the presence of amorphous

felodipine in both systems had already accomplistiexh earlier stage on aging.

8.3.2.2.2 Attempt of using neutron reflectivity tostudy phase behaviour of ultra-thin spin
coated films

Spin coated thin films showed extremely high phgisitability against stressed humidity, and
only a low level of phase separation was deteateaDPo-90% (w/w) samples. This may suggest
that solid dispersions prepared by spin coating reaylt in a molecular dispersion, whereby drugs

dissolve into to polymers in solid dispersions forgna solid solution. However, due to the
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thickness of the spin coated films (500nm-10pmyy Mamited technologies can be applied to

investigate drug-polymer distribution in the spinated films. Neutron reflectivity has been
reported as a successful tool to study thin fi{@6). It is based on the classic specular reflactio
approach which analyses the beam energy changéuastan of incident angle. The information
regarding the structure and composition of thiméilparticularly in molecular dimensions can be
provided (27, 28). Although it is normally appli¢d study films composed of single layer of
molecules, an initial attempt of using neutroneetilvity to investigate drug polymer distributian i
spin coated thin films was carried out in this studror neutron reflectivity study, ultra-thin fign

were prepared.

90% (w/w) spin coated samples showed very gotdl fitting as shown in Figure 8.15. After data
fitting, a felodipine layer with the thickness gimoximately 300nm was confirmed to cover the
surface of 90% (w/w) spin coated thin film. Thesea for this separated drug layer on top was still
not clearly understood. The 10% (w/w) sample showedalmost identical pattern to pure
EUDRAGIT® EPO, and this might be due to the low drug comraéinn in this system. The 30%-
70% (w/w) spin coated d-felodipine-EUDRAGITEEPO showed very poor data fitting, indicating
drug molecules distributed into small patches m shistems instead of complete phase separation
by layers as in 90% (w/w) sample.
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Figure 8.15: Neutron reflectivity patterns of fresh 10% and 90% (w/w) d-felodipine-EUDRAGIT®
EPO and pure EUDRAGIT® EPO spin coated samples.

According to the neutron reflectivity resultsetproposed drug-polymer distribution in fresh spin
coated films is shown in Figure 8.16. The coveragydayer was not detected in 90% (w/w) spin
coated films by LTA. This is because the thicknafsthe film can significantly influence the phase
behaviour in thin films (29-31). Spin coated filma microscope slide gave a thickness of circa

10um whereas using silicon wafer the thicknesshefdpin coated films was decreased to sub-
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micron level. Therefore, spin coated felodipine-ERAGIT® EPO films with different thickness
showed different phase behaviour.

Drug/polymer rich domains (sub-micrometre size)

Drug-polymeriayer Drug-polymer matrix

Extremely high drug Intermediate drug concentration
concentration

Figure 8.16: Proposed drug-polymer distribution infresh spin coated felodipine- EUDRAGIT EPO

thin films.

8.3.2.3 LTA studies of hot melt extrudates

8.3.2.3.1 Bulk physical stability

LTA was first applied to investigate the bulk gioal stability of aged hot melt extruded
felodipine-EUDRAGIT EPO dispersions. As discussed earlier, MTDSC teslowed that the
bulk physical stability of melt extrudates wasl|stktremely high after 10 months aging under
75%RH at room temperature. Crystallintiy in 70%vvéxtrudates only increased form 0.7% w/w
(fresh) to 1.8% wi/w after 10 months aging. This father confirmed using LTA to test the cross
section of the 10 months aged melt extrudatefotisl be mentioned that AFM imaging cannot be
performed on the cross section of the extrudatestalthe roughness (caused by using a scalpel to
cut the strand form extrudates), and thereforetdpegraphyare not provided. It can be seen in
Figure 8.17 that only one transition temperatu@@efor 10% w/w, 58C for 30%w/w, 56C for
50%w/w and 4%C for 70%w/w extrudates) was detected on the gestion of all melt extrudates
after 10 months aging under 75%RH/room temperatodégating 10%-70% (w/w) melt extrudates
as bulk were still physically stable. The detectexhsition by LTA in all samples can to be
confirmed as the miscible drug-polymer phases asethransition temperatures were in between
the amorphous and crystalline felodipine transitemperatures in the reference study. Melting of
crystalline felodipine in fresh and aged 70% (wéxjrudates was detected by DSC. However, as
proved by the surface morphology study of 70% (wéwirudates, felodipine crystals were likely
to stay on the surface rather than the cross secliberefore, no crystalline felodipine was

detected on the cross section of aged 70% (w/wh@ates.
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Figure 8.17: LTA results of the cross section of Ifionths aged 10%-70% (w/w) felodipine-
EUDRAGIT ® EPO.

8.3.2.3.2 Surface recrystallization

Surface recrystallization of 10 months aged (urd#®oRH/room temperature) melt extrudates
was studied by LTA. Due to the roughness of thdaser of the aged melt extrudates, AFM
imaging area was only restricted to 10um x10uroaft be seen that even with the small scanning
area (Figure 8.18 and 8.19), the roughness ofuttfaces was still high (with a range between 0.6-
2.1pum between 10%-70% w/w extrudates), which suggegreat level of surface phase separation
after 10 months aging. Although no crystalline é&fine was detected on the surface of 10% (w/w)
extrudates by ATR-FTIR, thermal transition of cafshe felodipine was confirmed by LTA as
seen in Figure 8.18. Two separated phases weretel@teithin the scanned area and they can be
assigned to the miscible drug-polymer phase’GPland crystalline felodipine (130). This
demonstrates that phase separation still occuaeally on the surface of the 10% (w/w) sample
but with a low level as proved by the size of tlaetiples (felodipine crystals) in the topography
image (below 5um).
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Figure 8.18: LTA results (a) and AFM topography image (b) of the surface of 10 months aged 10%
(wiw) felodipine-EUDRAGIT® EPO melt extrudates (numbers in LTA results referto the testing

points in AFM scanning image).

Surface recrystallization in 10 months 30%-70%wwextrudates was also confirmed using LTA
(Figure 8.19). Miscible drug-polymer (with the tsi#tion temperatures of 86 for 30%w/w, 56C
for 50%w/w and 4%C for 70%w/w extrudates) and crystalline drug (with transition temperature
of circa 126C) were both detected on the surface of 30%-70%)\wielt extrudates. In addition,
taking into account the significantly smaller imagjiareas (10um x10um for extrudates and
100pum x100um for thin films), particle (felodipir@ystals) density on the surface of melt

extrudates should be significantly higher than trathe surface of spin coated thin films.
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Figure 8.19: LTA results (a) and AFM scanning imags (b) of the surface of 10 months aged 30%-70%
(w/w) felodipine-EUDRAGIT® EPO melt extrudates (numbers in LTA results referto the testing
points in AFM scanning image) (the red circles refeto the detected first reansition in samples with

double transitions).

Double thermal transitions in one test were detton the surface of 30% and 50% (w/w) melt
extrudates (as highlighted by red circle in Fig8r&9). For instance, in the LTA result of 30%
(w/w) melt extrudates, a double transition was ctetdin Test 2. The first transition occurred with
a decrease of the deflection signal at the temperadentical to the temperature where the thermal
transition of miscible drug-polymer occurred (T8%t Subsequently, following the first transition
another transition was detected in the same téstivshowed a transition temperature close to the
LTA-detected melting of crystalline felodipine aitdvas also very close to Test 1. This suggests
that, in Test 2 the thermal probe was first in aohtvith the miscible drug-polymer layer and after
penetration the first layer on heating, it touchieel second layer, crystalline drug. Similar results

were achieved in 50% (w/w) samples as shown inrEigul9. Consequently, this may suggest that
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surface recrysllisation may occur from the layedemmeath the surface and the crystals grew

upwards rather than inside of the extrudates omgagi

8.3.2.4 Possible mechanisms of surface recrystadition of hot melt extrudates

Surface crystallisation of pure amorphous drugs heen investigated in articles (32-34). By
evaluating the surface recrystallization of inddmagin, nifedipine, it was concluded that surface
recrystallization rate could be 1 to 2 orders ofjnimude faster than the bulk recrystallization rate
at the temperature below their glass transitionpatures (33). The reason was attributed to the
greater molecular mobility of amorphous drugs oa $urface than in the bulk, leading to the
higher surface recrystallization rate, and usindd goano-coating to cover the surface the
recrystallization rate was significantly reduce@)(3rhese researches made a great contribution to
the confirmation of higher surface recrystallizatiate of amorphous drugs in comparison to the
bulk. However, it did not discuss surface recryizi@ion behaviour of drug-polymer solid
dispersions. Recently, Qi et al reported a studpceming early stage phase separation of
felodipine-PVP solid dispersions prepared by spating (19). In this literature, it was confirmed
that surface recrystallization of felodipine-PVHigalispersions initiated in the layer underneath
the surface rather than on the surface, and a @vogentration gradient towards the surface was
observed on aging due to the drug migration (1®)hls study, similar surface recrystallization

progress to Qi et al report was observed in feiogfEUDRAGIT® EPO melt extrudates.

Surface recrystallization behaviour of melt extigd was studied by analysing ATR-FTIR data of
the surface of melt extrudates on aging (Figured &Rd 8.21). Results of 70% (w/w) melt
extrudates was discussed here as an example (FRBg20a). As can be seen in the figure the
spectra were normalised to the intensity of thébaayl group from the drug (1696 and
subsequently a trend of decreased intensity ofocgtlgroup from the polymer (1727¢hin the
same extrudates with increasing aging time peneals observed. This was also observed in 30%

and 50% (w/w) extrudates on aging (Figure 8.21).
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Figure 8.20: a:ATR-FTIR results of carbonyl groupsin 70% (w/w) felodipine-EUDRAGIT® EPO melt
extrudates on aging under 75%RH/room temperature; b peak intensity ratio of normalised 1696crt

to 1727cmt in 30%-70% (w/w) melt extrudates on aging.

Peak intensity ratio of the normalised 1698cfoarbonyl group form crystalline felodipine) to
1727cn (carbonyl group from EUDRAGITEPO) against aging time is shown in Figure 8.20b.
With increasing aging time, gradually increasedgdrancentration was detected on the surface of
30%-70% (w/w) extrudates. This may indicate thecpdure of the surface recrystallization of melt
extrudates. Firstly, the reduced relative peaknsitg form the polymer indicates the increased
drug concentration towards the surface on agingcoig#y, the gradually increased drug
concentration on the surface demonstrates thatatiogr of drug molecules in the extrudates

occurred from the inner core part towards the serfayer on aging.
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Figure 8.21: ATR-FTIR results of carbonyl groups in30% and 50% (w/w) felodipine-EUDRAGIT®

EPO melt extrudates on aging under 75%RH at room tmperature.
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However, drug migration towards the surface watsdetected in spin coated samples on aging

(Figure 8.22). It can be seen that after 10 moatisg under 75%RH/room temperature the peak
intensity ratio of 1696cthto 1727crit did not change in 70% and 90% (w/w) spin coatéd th
films in comparison to the corresponding sampldss Bemonstrates that within 10 months aging
under 75%RH/room temperature, there was no drugatngp towards the surface in any spin
coated films, indicating the molecular mobility $pin coated thin films was extremely slow in

comparison to the corresponding melt extrudates.

B 1696cm?
1 crystalline feldoipine
] 90% 10 months

70% 10 months 1727cm?

EPO
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Figure 8.22: ATR-FTIR results of carbonyl groups infresh and 10 months aged 70% and 90% (w/w)
spin coated felodipine-EUDRAGIT® EPO thin films.

Combined with the LTA results, the possible pesgrof surface recrystallization in felodipine-
EUDRAGIT® EPO melt extrudates on aging under stressed hiynaidioom temperature could be
described by the scheme in Figure 8.23. As demetestiby the LTA measurements on the cross
section of the melt extrudates, a single phase @moois solid dispersion was confirmed even after
10 months aging, it is therefore reasonable to magsthat a molecular solid dispersion of
felopdipine-EUDRAGIT EPO was formed as bulk after fresh preparation. &@img under
75%RH at room temperature, drug molecules in thid dispersions tended to migrate towards the
surface to form amorphous drug-rich phase (amorplptiase separation in the layer underneath
the surface), and subsequently within the amorphdusgy-rich phase recrystallization of
amorphous felodipine occurred. Finally, recrystalti felodipine stayed on the surface and at the
layer underneath the surface. For ATR-FTIR spectpg, the IR beam within the mid-infrared
region can penetrate approximately 1-3um, whiclcatds the recrystallization progress occurred

in the layer 1-3um underneath the surface (35).
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Figure 8.23: Schematic illustration of surface regystallization in felodipine-EUDRAGIT® EPO melt

extrudates on aging.

In Chapter 5, the apparent solid solubility ofotépine in felodipine-EUDRAGI? EPO was
predicted by the milling method as approximate 4B&bw). The milling method was only
applicable to measure the bulk drug-polymer sailybilhe occurrence of surface recrystallization
in the melt extrudates with the drug loading (30%wvWbelow the predicted solubility could be
attributed to the proposed recrystallization pregréigure 8.22). The amorphous drug migration
towards the surface on aging is very likely to cwite to the surface recrystallization. Due to the
accumulation of amorphous drugs on the layers umedh the surface on aging, an amorphous
drug-rich phase was formed (amorphous phase sapaiatthe layer underneath the surface), in
which the local drug concentration can be highantthe predicted apparent solid solubility. This
localised higher drug concentration could be theimly force for the surface recrystallization. The
impetus of the molecular motion at the layer undath the surface was still not clearly understood,
and it could be associated with the lower molecdIfusion barrier at the interface between the
surface of extrudates and the ambient, resultinigigher local molecular motio(82). However,
this drug migration was not observed in any spiated solid dispersions on aging (Figure 8.22).
This is possibly because surface phase separatiail spin coated thin films was still at early

stage, and therefore drug migration may only oetar substantially low level.

The investigation into surface recrystallisaorspin coated and melt extruded solid dispersions
demonstrates the physical stability of felodipindEERAGIT® EPO solid dispersions was
significantly enhanced by spin coating, especitiig surface physical stability. For felodipine-
EUDRAGIT® EPO solid dispersions with the same drug loadingthis study the transition
temperature of amorphous drug-polymer phagef(@imorphous solid dispersion) detected by LTA
in spin coated thin film was always higher thart thetected in melt extrudates (e.g. 10% w/w spin
coated thin film showed a transition temperature 88fC whereas the corresponding melt
extrudates showed a transition temperature SCBOAlthough the amorphous drug-polymer
transition temperatures of melt extrudates by LTéravdifferent from the value of,3 measured
by DSC, given the fact that two systems were besited using the same technique (LTA), it is
reasonable to believe that glass transition tentpes of spin coated thin films were higher than
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the corresponding melt extrudates. As both systeere stored at room temperature which was
lower than the Jof any samplethis increased glass transition temperatures by spating
contributed significantly to reduce the moleculashihity of drugs in amorphous solid dispersions
(36). This reduced molecular mobility of drugs ipirs coated thin films in comparison to the
molecular mobility of drugs in melt extrudates vpasved by the ATR-FTIR analysis (Figure 8.20).
Evident drug migration towards the surface was eskin 30%-70% (w/w) extrudates whereas
no drug migration was detected in spin coated fiims on aging. Eventually, this reduced
molecular mobility by spin coating significantly leanced the surface physical stability of
felodipine-EUDRAGIT EPO solid dispersions.

8.3.3 Effect of surface recrystallization on dissation performance of melt extrudates

Bulk recrystallisation in amorphous drug-polynselid dispersions on aging has been reported to
have impact on dissolution performance from forriates (37). However, very few articles
focused on the effect of surface recrystallizatordrug release from solid dispersion formulations.

If melt extrudates were tested as intact strandputld be expected that surface recrystallisation
may reduce overall drug release rate. This is Isrdhe dissolution of the inner core part
(amorphous solid dispersion) can be delayed dubeslower dissolution rate (in comparison to
amorphous drug) of the drug crystals on the surfdoeorder to investigate the effect of surface
recrystallization on drug release from the extradatreshly prepared and 10 months aged 10%-70%
(w/w) strand form (intact strands without millingktrudates were tested and compared. It should
be mentioned that due to the low mass of spin daodti@ films, dissolution test cannot be carried

out using conventional dissolution bath with 90@nddia.

Preliminary study showed that under non-sink d@ood (0.1MHCI), drug release was
undetectable for any freshly prepared strand foorméllation after 3 hours. This is possibly
because the significantly smaller surface areadmparison to the milled extrudates in dissolution
test) delayed the dissolution of the drug and tblgrper. As proved in Chapter 7, drug release
from felodipine-EUDRAGIT EPO melt extrudates in 0.1MHCI was dominated by th
concentration of dissolved EUDRAGITEPO in the media, and therefore the insufficient
dissolution of polymer (after 3 hours, the testedral samples were still intact strand) could lead
to the extremely low drug concentration in dissoluttest. Therefore, sink-condition composed of
0.3% (w/v) SDS in 0.1MHCI (solubility of felodipinen this solution was measured as

273.83ug/ml at ) were used for the dissolution test.

No significant difference of accumulated drugcese was seen between 10%-50% (w/w) freshly
prepared and 10months aged felodipine-EUDRAGEPO melt extrudates in strand form as seen
in Figure 8.24. Maximum drug release was achievieat 20min dissolution of 10%-50% (w/w)
fresh and aged melt extrudates, indicating surfaoceystallization on aging did not have any

impact on the drug release from formulations withigdoadings of 50% (w/w) and below.
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Figure 8.24: Results of dissolution test of 10%-50%w/w) freshly prepared (a) and 10 months aged (b)
felodipine-EUDRAGIT ® EPO strand form extrudates under sink condition.

However, evident differences of dissolution perfance between 70% (w/w) fresh and 10
months aged extrudates were observed as seenureRB®5. Freshly prepared extrudates showed
a higher dissolution rate than the correspondingndfiths aged sample. In addition, after 24 hours
dissolution test, maximum drug release from thehieprepared sample can reach as high as 65%,
whereas the 10 months aged extrudates only had xamoma release of 38%. This clearly
demonstrates that surface recrystallization camedse drug release from intact strand extrudates

with higher level of recrystallization.
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Figure 8.25: Results of dissolution test of 70% (wv) freshly prepared (a) and 10 months aged (b)
felodipine-EUDRAGIT ® EPO strand form extrudates under sink condition.

Drug release from formulations can be describeNdyes-Whitney dissolution equation (38):
dW/dt=DA (6C)/L Bdl

wheredW / dtis the dissolution ratd is the surface areg&, is the concentration of the drug in the
bulk media,C; is the concentration of the drug in the surrougdiiffusion layer and. is the
diffusion layer thickness. Given the fact that tfimensions of the freshly prepared and 10 months
aged strand extrudates were controlled by the @#ith@ extruder, the surface ardacan be
considered identical in dissolution between the samples. Therefore, the main factor that affects
dissolution rate is the difference of drug concatitn in the diffusion layer and the bulk media.
Since a significantly high degree of surface reatligation occurred in the 70% (w/w) aged
sample, the dissolution driving force in aged samplas the dissolution rate of crystalline
felodipine, whereas in freshly prepared strand $angissolution rate of felodipine in amorphous
solid dispersions became the driving force. Thédiglissolution rate of the drug from amorphous
solid dispersions in comparison to the crystaltnanterpart resulted in the higher drug release rat
in freshly prepared strand extrudates. Accordinglyen the same dissolution time period, the
higher dissolution rate from fresh 70% (w/w) foramidns could lead to a higher maximum drug
release at the end of dissolution test. It can dtechthat drug release plateau was not achieved
even after 24 hours dissolution for fresh and 1@tm® aged 70% (w/w) strand extrudates. This is
possibly because the total surface area of the Isampontact with dissolution media was not
sufficiently large leading to a relatively slow sldution rate in comparison to 10%-50% (w/w)

strand extrudates.
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It was also noted that fresh and 10 months a@étl (iv/w) strand extrudates showed linear drug
release profile, which was significantly differéndm 10%-50% (w/w) extrudates (fresh and 10
months aged). This linear drug release profilecatdis drug release from fresh and aged 70% (w/w)
strand extrudates followed a nearly zero-ordertidgeaevhereby the drug release rate was constant
throughout the entire dissolution test (39). Thesozorder drug release might be attributed to the
reason that both fresh and 10 months aged 70% (whiudates served as a reservoir in
dissolution in which drug concentration was supthsated and drug was constantly released by
diffusion into the media though the pathway geregtdily the dissolved drugs and polymers (40).
Since EUDRAGIT EPO was soluble in 0.1 MHCI, the mechanism ofaliggn of 70% (w/w)
extrudates may follow a combination of diffusionda@rosion. This could be supported by the
observation that after 24 hours dissolution tessH and 10 months aged 70% (w/w) extrudates

remained as stand extrudates but with smaller dsinan

The dissolution study proved that a high levekofface recrystallization on aging can have a
significant influence on drug release from intaitarsd extrudates with high drug loading (70%
w/w). Aged strand form samples with 70% (w/w) dfagding showed a reduced drug release rate

leading to a lower maximum drug release under simidition.

8.3.4 Potential explanations for the improved physal stability by spin coating

In articles, it has been reported in case stuthes the rate of surface recrystallization of
amorphous nifedipine, indomethacin and grisefuban be 1-2 orders of magnitude faster than that
of bulk recrystallization since the molecular mapilat the interface between the bulk and the
ambient was significantly faster than that in tiikl{32-34). However, given the fact that the melt
extrudates and spin coated felodipine-EUDRAGHPO solid dispersions were both aged under
75%RH/room temperature and the volume to mass o&spin coated thin films were substantially
larger than that of the corresponding melt extreslait eventually demonstrates that felodipine-
EUDRAGIT® EPO solid dispersions prepared by spin coatingsegnificantly more stable than

those prepared by hot melt extrusion.

Spin coating as a processing method for the pagipa of solid dispersions was limited in the
pharmaceutical industry and the application wasnipaiocused on the understanding of the
fundamental mechanism of physical instability oidsdispersions prepared by spin coating alone
(19, 41). In this study, by comparing with hot meMtrusion, spin coating was developed into a
processing method which can be used to enhancephisical stability of amorphous solid
dispersions. The mechanism of the differencesamtiysical stability of solid dispersions prepared
between spin coating and hot melt extrusion wdkrgit clearly understood. However, although
lack of literature support, based on the naturgpari coating process and the achieved results from

this study, there still could be several specutegtiexplaining the differences.
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Firstly, a more intimate mixing in preparatioropessing between felodipine and EUDRA&IT
EPO by spin coating than by hot melt extrusion ddi¢ expected. The drug and the polymer were
dissolved in a co-solvent before spin coating, Whigsults in a molecular level of mixing between
the drug and the polymer. Whereas in hot melt sidry mixing between drugs and polymers was
performed by the co-rotating twin screws which may blend drugs and polymers as intimately as
the spin coating method. This was possibly becdasgpite drugs and polymers were melted in hot
melt extrusion, the relatively higher viscosity melted drug-polymer mixtures in comparison to
that of pre-spin coating solution may limit the migz. Secondly, a local “quench” cooling effect in
spin coating, which is caused by the fast evapmmaif the organic solvent during processing, may
contribute to the preparation of a physically stadblid dispersion. In contrast, the melt extruded
products were cooled down naturally by the ambiand, thus molecular motion was not as “frozen”
in melt extrudates as that in spin coating. Thege $peculations may possibly lead to higher
apparent drug-polymer solubility in solid dispersoprepared by spin coating than by hot melt
extrusion. This higher apparent drug-polymer sditybby spin coating could be proved by the
successful preparation of amorphous felodipine-EBMBR® EPO solid dispersions with
extremely high drug (90% w/w) whereas hot melt @sitbn failed to prepare amorphous solid
dispersions with the same drug loading. Thirdly,d@monstrated earlier, molecular mobility of
drugs in amorphous solid dispersions prepared by@mting was significantly lower than by hot
melt extrusion, which leads to the enhanced surfhgsical stability of spin coated thin films.

Although a complete understanding of the highelitg of spin coating in stabilising amorphous
felodipine in comparison to hot melt extrusion has been achieved, possibilities discussed above
are very likely to explain the observed resultsvéttheless, the study still proved that spin cagtin
was an effective processing method for enhanciaghiysical stability of felodipine-EUDRAGFT

EPO solid dispersions in comparison to hot meltuskon.

8.4 Conclusions

In this chapter, a fast solvent evaporation (withheating involvement which is different from
spray drying) based method, spin coating, was egppto enhance the physical stability of
felodipine-EUDRAGIT® EPO solid dispersions. Upon exposure to streseeddity (75%RH) at
room temperature on aging, physical stability ofnfolations prepared by spin coating were
significantly higher than those prepared by hottnesfrusion, especially the surface physical
stability. A high degree of surface recrystallipatiwas observed in 30%-70% (w/w) melt
extrudaes on aging after different time periodsgigionventional characterisation techniques. In
contrast, surface recrystallization in 50%-90% (Wépin coated samples was only confirmed at a

low level using LTA after 10 months aging.

Upon exposure to stressed humidity (75%RH) atréemperature, drug migration towards the

surface of melt extrudates to form a drug-rich phass observed, which was considered as the
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contribution to the surface recrystallization irtragates with drug loading (30% w/w) below the

predicted apparent solid solubility (45%w/w). Dnenggration was not seen in spin coated samples

indicating lower drug molecular motion in spin atsamples than in melt extrudates. This

reduced drug migration in spin coated thin filmssvelieved to be one of the main reasons for the

higher surface physical stability provided by spiating.

Surface recrystallization in 70% (w/w) extrudatgsowed significant impact on dissolution

performance. The maximum drug release decreased 66% in fresh samples to 38% in

10months aged sample. For extrudates with 10%-5@#)( drug loadings, no significant

difference of drug release was observed betwesh fiad 10 months aged samples.
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Chapter 9 Concluding remarks

The physical stability of amorphous solid dispmrs has been the most emphasized topic in
articles regarding solid dispersions since the ephof the solid dispersion was introduced (1-4).
The physical instability has been considered asrthm obstacle for the formulation development
and commercialization of amorphous solid dispessimnthe pharmaceutical industry (3, 4). It is
generally accepted that the physical stability lsawe significant influence on-vitro andin-vivo
performance from amorphous solid dispersions coimgipoorly water-soluble drugs. Therefore,
from the view of the formulation development of apt@mus solid dispersions, it is essential to gain
a comprehensive understanding of the physical lgtabi order to better predict and control the
physical stability. This project was fundamentalysigned for the understanding, prediction and
enhancement of the physical stability of amorphsalgl dispersions. By using four model drugs
(felodipine, celecoxib, carbamazepine and fenoféjrand three polymeric matrices (EUDRAGIT
EPO and Kollidofi VA 64 and the blend of the two polymers) to benfolated by hot melt
extrusion (main method) and spin coating, threennmaghievements were obtained from the
project:1) a clear understanding of factors whiomuhate the physical stability of amorphous solid
dispersions; 2) development of a practical methadlitg) for more accurate prediction of
processing-related apparent drug-polymer solubilgy development of two methods for the

enhancement of the physical stability of amorpleni&l dispersions.

9.1 Understanding of the dominant factors controling the physical stability of amorphous
solid dispersions
In order to find out the key factors associatedhvifie physical stability of amorphous solid

dispersions, a series of physical properties inolydjlass transition temperatures of amorphous
drugs, relaxation time (molecular mobility) of ampbous drugs, physical stability of amorphous
drugs alone and drug-polymer miscibility and sditiwere studied. These factors have been
suggested in articles to be related with the playstability of amorphous solid dispersions (4-8).
However, there have been few studies evaluatinthefle factors together and revealing which of

these factors are dominating the physical stalilitgmorphous solid dispersions.

In Chapter 3, physical characterization of modieigs and polymers was carried out. Results
showed that the glass transition temperatures efmbdel drugs used in this study varied in a
broad range from (-£& for fenofibrate) to (5& for celecoxib). Calculated relaxation time also
showed a wide range amongst amorphous model drugsder to evaluate the physical stability of
amorphous model drugs thoroughly, amorphous druge verepared using melt-cool and spin
coating, respectively. On aging under 0%RH/roompemature and 75%RH/room temperature up
to 2 weeks, irrespective of preparation methods,dtder of the physical stability of amorphous

model drugs alone was felodipine > celecoxib > aarézepine > fenofibrate. However, thg T
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and calculated relaxation time of the model druidsndt show this order, demonstrating these two

factors may not always correlate with the physstability of amorphous materials.

In Chapter 4, different theoretical approacheduniing solubility parameter method, melting
point depression method and an enthalpy based thetleoe used to predict the drug-polymer
miscibility and solubility (Table 4.5). Predictedlsbilities of the model drugs in EUDRAGIT
EPO varied with the different theoretical methodedi In Chapter 5, a processing-related method,
milling, for more accurately predicting apparentghpolymer solubility was developed. Using the
milling method, the apparent solubility of the mbdeugs in melt extrudates was predicted and
they were felodipine (45%wi/w), celecoxib (42%w/egrbamazepine (18%w/w) and fenofibrate
(13%w/w). Compared with the solubilities predictleyg the theoretical approaches, solubilities
predicted by the milling method were proved to l@reraccurate by the real-time physical stability
studies. This is attributed to the reason thatriiéng method took into account the effect of

processing method.

In Chapter 6, the real-time physical stabilityroélt extrudates prepared with model drugs and
EUDRAGIT® EPO were studied under 4 conditions: 0%RH/roomptature, 75%RH/room
temperature, 0%RH/4Q and 75%RH/4TC. All melt extrudates were prepared with drug lngd
below (10% w/w) and above (70%w/w super-saturatbd) individual predicted solubility (by
theoretical and milling methods). Results showexd tbr individual drug-polymer systems with the
two drug loadings, stressed humidity had more 8iant impact on the physical stability than
stressed temperature. It has been well-known tieaage conditions of stressed temperature and
stressed humidity both have effect on the phystability of amorphous solid dispersions (3, 9,
10). However, few studies have disclosed whichlmamk more significant influence on the physical
stability. Results from the real-time physical dibstudy clearly revealed that even for systems
with low water sorption stressed humidity had msignificant impact on the physical stability of
amorphous solid dispersions than stressed temper&omparing different drug-polymer systems
with the same drug loading aged under the condtio%RH/room temperature, 75%RH/room
temperature, 0%RH/4Q, the order of the physical stability of melt extates was felodipine >
celecoxib > carbamazepirefenofibrate. Only aged under 75%RHI@) 70% (w/w) celecoxib-
EUDRAGIT® EPO showed higher physical stability than 70% (wfelodipine-EUDRAGIT
EPO. The reason can be attributed to the lowersgiasition temperature of the 70% (w/w)
felodipine-EUDRAGIT EPO systems (38) in comparison to the corresponding celecoxib
systems (5&), resulting in a high molecular mobility in 70%/() felodipine-EUDRAGIT EPO
systems under the aging condition (75%RE)0

Combining the physical stability study and theygibal characterization study, a comprehensive
understanding of the physical stability behavioraaforphous solid dispersions prepared by hot

melt extrusion can be achieved. Amongst all thduattad factors, only the physical stability of
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amorphous drugs alone and the predicted drug-polgmi@bility by milling method showed the
same order as the order of the physical stabifitjifterent systems. Therefore, it can be concluded
that these two factors are the dominant factorchvhbbntrol the physical stability of amorphous

solid dispersions.

The results from the project significantly enrichig understanding of the behavior of the
physical stability of amorphous solid dispersiofe practical implications of these finds can be
useful for the formulation development of amorph@adid dispersions. In terms of selecting
storage conditions for amorphous solid dispersiitrshould avoid high humidity. When screening
drug candidates for the formulation develop, higsighble amorphous drugs may lead to highly

stable amorphous solid dispersions.

9.2 Prediction of apparent drug-polymer solubilityin melt extrudates

Drug-polymer solid solubility has been suggestedraes of the most significant factors associated
with the physical stability of amorphous solid disgons (6, 9). However, due to the extremely
high viscosity of amorphous solid dispersions amdemperature (temperature below th@fTthe
solid dispersion), it can take years for super+séta systems to reach the equilibrium state,

resulting in the difficulty of measuring the egbiium drug-polymer solid solubility (11).

Therefore, instead of measuring the equilibriungepolymer solubility, a few attempts by using
theoretical models have been made to predict thparapt drug-polymer solubility. Solubility
parameter method, melting point depression methwt an enthalpy based method have been
reported in articles to predict the drug-polymdubiity and they are currently widely used for in
the area of solid dispersions (6, 12, 13). Howevke predicted values by all theoretical
approaches did not show the same order as the ofdée physical stability of different melt
extrudates on aging. This indicates that theserdieal approaches may not be capable to predict
drug-polymer solubility accurately due to their iiations (limitations have been discussed in
Chapter 4 and 5). More importantly, these methoids bt take into account the effect of

processing method on the apparent solubility ofjdiin amorphous solid dispersions (14).

In this project, a novel milling-based method wies/eloped to more accurately predict the
processing-related apparent solubility of drugsnielt extrudates. In Chapter 5, by studying the
effect of milling on the physical state of felodiptFEUDRAGIT® EPO melt extrudates, it
demonstrated that using milling can significanttgelerate the procedure of super-saturated melt
extrudates to reach the equilibrium state, whichbés the fast prediction of apparent drug-
polymer solubility. The accuracy of the milling rhed in predicting apparent drug-polymer
solubility was assessed by comparing the real-pmgsical stability studies of different systems

under different conditions. Results showed thattesys with higher predicted drug-polymer
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solubility were more physically stable than systemith lower predicted solubility under most

conditions.

The developed milling method demonstrated ith higtential to be practically used in melt
extruded amorphous solid dispersions for the ptiedicof drug-polymer solubility and physical
stabilization. It can be used to rapidly screensafé¢” range of drug loadings to enhance the
physical stability on aging at the pre-formulat&tage. With drug loadings in formulations below
the predicted solubility by the milling method, mektruded amorphous solid dispersions are

expected to have good physical stability on aging.

9.3 Enhancement of the physical stability of amorpbus solid dispersions

The enhancement of the physical stability can eodahe shelf life of an amorphous solid
dispersion. The application of polymers which caieptially form hydrogen bonding with drugs
are expected to improve the physical stability les hydrogen bonding may improve the drug-
polymer miscibility and solubility and hence theypital stability. However, as discussed in
Chapter 7, those polymers can be hygroscopic aratpdraus formulations prepared with them
have high propensity to take up moisture on agiegding to drug phase separation and
recrystallization. In this project, two methods dé&sn the formulation design and processing
effect were developed for the enhancement of tlysipal stability of amorphous solid dispersions,
and they were the application of immiscible polyrakamds in melt extrusion and the development

of spin coating into a processing method.

9.3.1 Enhancement of the physical stability of amghous solid dispersions using immiscible
polymer blends

Polymer blends of EUDRAGFTEPO and Kollidofi VA64 combined the advantages of the two
polymers whereby Kolliddh VA64 has higher apparent drug- polymer solubi{jyoved by the
milling method) and EUDRAGIT EPO is hydrophobic which does not take up moistysen
exposure to high humidity. Therefore, in felodipjpadymer blend extrudates the overall drug-
polymer solubility was increased in comparison he tinary felodipine-EUDRAGIT EPO
systems and the overall moisture uptake was demtei@scomparison to the binary felodipine-
Kollidon® VAG4 systems. These combined advantages signifjcanhanced the physical stability
of the amorphous solid dispersions on aging untlessed humidity and stressed temperature

compared with the two binary systems.

The developed immiscible polymer blends concegy ive generalized as a common formulation
strategy which can be applied widely in amorphaalgdsdispersions for the enhancement of the
physical stability, and may not just be restridtethot melt extrusion. The fundamental conception
of polymer blends is to take advantage of the meoftindividual polymer and “silence” their
disadvantage. Ideally, in drug-polymer blend amogsh solid dispersions, more drugs will
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dissolve into the polymer phase having higher stilybDue to the immiscibility between the two
polymers, phase separation will exist in the polyrokend systems. The phase separation can
effectively protect the high drug concentrationg#hay increasing the diffusion length of the water
sorption into the system, and thus decrease thealbvmoisture uptake of the blend system.
Therefore, the application of immiscible polymeernds may generally be effective in enhancing

the physical stability of amorphous solid dispensiprepared by different methods.

9.3.2 Enhancement of the physical stability usingpg coating as a processing method

In this project, spin coating was successfully dewed into a processing method for the
enhancement of amorphous solid dispersions. In adsgn to the corresponding melt extrudates,
felodipine-EUDRAGIT EPO systems prepared by spin coating showed eslyelow level of

surface recrystallisation on aging under 75%RH/réemperature up to 10 months.

The enhanced physical stability by spin coatirap wtill not clearly understood, and it may be
attributed to the decreased molecular mobilityiasussed in Chapter 8. Nevertheless, results from
this part of the project still proved using spinating can be an effective process to prepare
amorphous solid dispersions with improved physstability. The enhanced physical stability by
spin coating provides several implications to tberfulation development of amorphous solid
dispersions. It clearly demonstrated that physitatbility of amorphous solid dispersions can vary
depending on different processing methods. Moreomamtly, with the growing interest in
formulating drugs into thin films, such as bucaablingual oral films (15-17), spin coating can be
used as a practical film preparation method to pcedamorphous drug-polymer films with high

physical stability.

9.4 Recommended future work

Results collected from this project provided anpeehensive understanding of the physical
stability of amorphous solid dispersions, a prattiool for the prediction of apparent drug-
polymer solubility, and two methods for the enhanert of the physical stability of amorphous
solid dispersions. However, as there were stillesglvresults from the project without clear
explanation, the continuation related to this prbjmight be needed. The recommended future

work is listed as follows:

1. Investigation into the underpinning mechanisnthef solubilizing effect of EUDRAGIT EPO

in 0.1MHCI solution on poorly water-soluble drugs.

2. Correlating the enhanced in-vitro performanaarnfithe polymer blend formulations to the in-

vivo performance by animal test.

3. Investigation into the mechanisms of the enhaupteysical stability by spin coating.
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