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ABSTRACT

The purpose of this study was to improve the mdhusion processability of
polyvinyl acetate phthalate (PVAP) and investigeteise as a stabilizing polymer for
supersaturated solutions of itraconazole (ITZ)eatral pH aqueous media and in the
solid-state during storage over time. Polyvinyirplidone vinyl acetate (PVPVA) was
incorporated into PVAP as a carrier matrix with #m@ of lowering the melt viscosity
and increasing the plasticity of PVAP while maintag its high glass transition
temperature (Tg). Amorphous solid dispersionslaf (40% w/w) in a 30:70% w/w
PVAP:PVPVA mixture were produced by melt extrusi@olid-state analyses of the
composition were performed using differential séagrcalorimetry and X-ray
diffraction. Dissolution analysis was conductethgs pH-change method. Solid-state
analyses demonstrated that the extruded composvasrentirely amorphous and ITZ
was largely distributed in PVAP- and PVPVA-rich pons of the ternary dispersion.
Dissolution analysis revealed that PVAP functioteeg@rolong the release of
supersaturated levels of ITZ from the dispersidlofang an acidic-to-neutral pH
transition. In the solid state, ITZ remained mamorphous form throughout 6 months of
storage. The results of this study suggest tHagtantial improvements in melt extrusion
with PVAP can be achieved by incorporating PVPVA #mat the PVAP-PVPVA

polymer combination can stabilize amorphous ITZ.
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PREFACE

The majority of marketed drugs have been isolatetidelivered to the body in
their crystalline state. In most instances, thasesrepresents the lowest energy form of
the drug with the greatest physical and chemicddikty. The approach described herein
is a shift away from the crystalline state andeastfocuses on producing
pharmaceutically acceptable, high-energy, amorplfmuss of drugs. Amorphous drug
delivery provides opportunities for significant reeses in aqueous solubility and

bioavailability of active pharmaceutical ingredignt



TABLE OF CONTENTS

Page
F N 1 I AN PR ii
ACKNOWLEDGMENTS . ....o ottt sttt st saesse st snesnesnens iv
L O TSP v
LIST OF TABLES ...ttt sttt st nneens Xi
LIST OF FIGURES. ...ttt st s snenne s Xiii
CHAPTER
1. INTRODUCTION ..ottt eemer et e e e e e e e e e e e e e s s s st eeseeeeeeananessannnnnnes 1
Increasing Number of Poorly Water-Soluble DrugS........ccceeeevieeeieeiiieivieiiiiiinns 2
Defining a Drug as Poorly Soluble ..., 4
Biopharmaceutics Classification System........cccccevveiiiiieiiiiiviieeeeiiiiiinnns 6
Factors Affecting the Dissolution Rate of Drugs...........coovvviiiiiiiiiiiiiiiineee e
Formulation Strategies for Poorly Water-Soluble @ u...............cccooevvvivivveviinnnnns
SAIL FOIMALION ...t et e e e e e e 9
Crystal ModifiCatioN .............ccoviiieiees et s s e e e e e e e e e eeeereeeeeeennnen 9
PH MOIfICALION ........coiiiiiiieiii e 10
Cyclodextrin CompleXxation ...............uuvuimmmmmieeeeeeeeeeeeeeeeee s 10
Self-EMUISIICAtION ......cccoiiiiiiiiiiiiiiit e e 11
Particle Size REAUCHION ...........uuiiiiiiiieeeeeeiiiiiie e 12.
y N g aTe] 0] a1¥2= 11 o] o [P 12
Y0 1o [ 1S =1 £ 0] o SRS 19
Marketed Products Based on Solid Dispersion Tedgyol..............ccccceeeeeineennnn. 24
Methods of Preparing Solid DISPersions .....ccccccceeevieeeeeeeiieeeeeeeieiiiceeeen 24.
SPray DIYING .cooeeeiiiiiiieae ettt 25



[ (=Tt o1 7=V [0 ] o PSRRI 25

MEIE EXIIUSION ...ttt et e e e e e e e e e e e e e e e e e e s 26
EXrusSion TECNNOIOQY ....ooiiiiiieiiiiiie e s 29
BaCKGrOUNd ........eviiiiiiiie et e e e e e e e e e e e e e e eeeeaeeees 29
Melt Extrusion for Pharmaceutical Dosage FOrms............cccovvvvvvvnnnee 30
Marketed and In-Development Products Based on HME.................. 31
Polymer SeIeCION ........uuueiiiieee e 33
HME EqUIPMENT OVEIVIEW ......ccceeviveeeeiiiimmmmme e e e e e e e e e e e eeeeeeeanannne e 35
HME ProCeSS OVEIVIEW......uuuuiiiiiii i eeeeeeeeeee ettt 39
Manufacturability.............ooooiiiiiiiii e ceeee e 48
0] 2= o1 1 2P 52
Hygroscopicity of the POlYmMer ...........oo e 55
Drug and Polymer INteractions ...........ooiiceeecuiiiiiiiiinee e 57
2. PROBLEM AND OBJECTIVES ....ccoiiiiiiiiiee e sieeeee et 58
Statement of the Problem ... 58
(@Y= = 1 @ o] [T 11V USRS 59
SUPPOIING ODJECHVES ......uuiiiiiiiiieee e eeeeee ettt e e ee e ennnneeenees 59
3. MATERIALS AND METHODS......ccciiiiitiiieiee et eesiiieeee e e siaeaee e e e e e enneaeees 61
Polyvinyl Acetate Phthalate (PVAP) ... 61
SIS ettt ——————— e e e ———————— e e e 62
Vinylpyrrolidone Vinyl Acetate (PVPVA) ... 62
L= Tolo ] aF= V4o (=T (N 1724 63
Food Effect in BCS Class 1 DIUQS ......coooiccce it 65
Biopharmaceutics Of [tracoNazole...........oeeeeeeeeeieiiiiiiiiiiieieeeeeaeeeen 67
Thermogravimetric ANAIYSIS (TGA) ... i eeeeeeeeiii e 69.
Thermal Decomposition Of PVAP ..........ovvvicemmmeiieiii e 70
Isothermal TGA AnalysiS Of PVAP ... 70
Thermal Decomposition 0f PVPVA ... 70
Glass Transition Temperature (Tg).........ecceeeeeeerrmermmmanaaeaeeeeeeeeeeeeeeeeeeeennenn 70
TG OF PVAP ...ttt e e e 71
Tg of PVPVA and Itraconazole ................cceeeeiiiiiiiinieeeeeeeeeeeeeeiiiiis 75
Tg of ITZ-PVPVA and ITZ-Polymer Blends .......cocevvveiiiiiiiiieeeeeeee 76

Vil



Tg of Extruded ITZ-Polymer Blend ..........cooceeeeiiiiiiiiieiiiie 76
Melt Viscosity of PVAP, PVPVA, PVAP-Plasticizer aY/AP-PVPVA

BIENAS .. e e e e e e e e e et e e et n—————— 77
Hygroscopicity of PVAP and PVPVA ... 78
Sample Preparation to Evaluate the Water AffinitP¥AP and
P VPV A ettt e e e 78
TGA Analysis of PVAP After Exposure to Various Rela
HUMIAITIES ..o 78
Loss on Drying After Exposure to Various Relativeriidities for
PVAP and PVPVA ...ttt e e 79
DSC Analysis of PVAP After Exposure to Various Rela
HUMIAITIES .. 79
Solubility Parameter for PVAP, Plasticizers, Polysnand Other Excipients .....80
Miscibility Studies for PVAP, PVPVA and Itraconagol................cccccevvvvvvvnnnnn. 83
HIME PrOCESSING ..cceeiiiiiiiiiiiiieie ettt e e e e e e e e e e e e e eeeeeeeneneeeeeee 84
1Y o] (o] gt e T To LSOO 84
Preparation of PVAP-PVPVA-ITZ Solid DISPersions cu.........cccceeeenn.. 84
ANalysis Of PVAP CONENT ..........ooveviieetmmmmme s sss s e e e e e e eeeeeeeeeeesanannnnnnnnnnes 85
ANAlYSIS Of ITZ CONTENT ...ceeiiiiiiiiiiei e eeeeeee e 85
X-Ray Powder Diffraction (XRPD)..........uuuummmmerererrnniiaaaeeeeeeeeesseeeeeeennnnnnnn. 85
DISSOIULION ... e e e e e e 86
SINK CONAITIONS ...ttt e 87
Non-Sink Conditions (Supersaturated) ..........ccceeeeeiiiiiiiiiiiiiiiiiiieeeennn 87
Area Under the Supersaturated Dissolution CUrves...........cccceevvvvvnnns 91
0] 2= o1 1 2P 91
4. RESULTS AND DISCUSSION ....ccoiiiiiiiiiiieeeiieteee e esiiieee e siiieee e e s sninneee e e eans a3
Thermal Decomposition Of PVAP ... Q3
Isothermal TGA Of PVAP ...ttt 95
Glass Transition Temperature (Tg) Of PVAP ..o ciiiiiiiieiiiiiiieeeae e 96
Conventional Differential Scanning Calorimetry (DSC.........ccccccvve... 96
Modulated DSC (MDSC) ....ooiiiiiieiiiiiieeeet ettt 97
Thermomechanical AnalysisS (TMA) ........ccoo e 98
Dynamic Mechanical AnalysiS (DMA) .......ooiiorrr e 99

viii



Thermal AnalysiS SUMMAIY ........uuuiiiiiiieeeee e 100

Melt VISCOSItY Of PVAP ...t e e e e e e e e e e aeneens 101
HygroscopiCity OFf PVAP ...t 102
TGA and Loss on Drying of PVAP After Exposure toras
Relative HUMIAILIES ......ccooieeiieieeeeeee e 0yl
DSC Analysis of PVAP After Exposure to Various Rela
HUMIAITIES . 103
Water-Solid INtEraCtioNS ..........ouvviiiees e 104
Moisture Uptake SUMMATY ..........uuuuuerummieeeeeeiiiiiiinana e e e e e e eeeees 106
Y0 ] 0] o1 10V =T = U 1] (=] 106
Method of Hoftyzer and Van Krevelen .........cociiiiiiiininiinnnne, 106
Method Of HOY .....cooo e 108
Solubility Parameter SUMMArY ...........ooiiieeeeeeiiiiiieee e 109
Solubility Parameters for Plasticizers, Polymerd @ther
EXCIPIENES ... .ot e e e e e eeeees 110
Melt Viscosity of PVAP and PIAStCIZErS ......ceeemreeiiiiiiieieeeeeeeeeeeeeeii s 31
PVPVA as an Alternative to PIastiCIZErS ... 171
Characterization Of PVPVA ...ttt 118
MDSC Of PVPVA . .t aaeans 118
TGA OF PVPVA .ottt e e a1
Melt ViSCOoSIty Of PVPVA ..o 120
Moisture Uptake of PVPVA ... 121
PVPVA Characterization SUMMAIY ...........cooceeeemiiinniiiinaaee e eeeeeeeeeen 122
Miscibility of PVAP-PVPVA Polymer BIends ......ccccucceiiiiiiiiieiiiieeeeeiiis 123
Processability of the Polymer Blends ....... o eeeeiiiiineieeeeeiiiiiiie 124
Analysis 0f PVAP CONENT ..........oovvvivietmmmmmeees s e e e e e eeeeeeeeeeeeeessennnnnnaans 125
Melt Viscosity of the Polymer Blend............ooooiiiiiiiiieies 126
[ErACONAZOIE .....eeiiiiiiiiiiiiii et 128
Tgand TM Of ITZ e 281
Miscibility of PVAP-PVPVA-ITZ BIENAS ........uuueeeieiiiiiiiiiiiiee e eee e 130
Processability of ITZ-Polymer BlendsS.........cccee i 351
ANAlYSIS Of ITZ CONLENL .....evvviiiiciie e e e e e e e e e ennanees 137
Miscibility of ITZ-PVAP-PVPVA EXtrudate..........ccccoeevieeiiiiiiiieeeeeceiiiee e 137

IX



X-Ray DIffraction (XRD) .....uuuiiiiiiiieeeeei sttt eeeeeeaeeeee s 138

DISSOIULION ...ttt ettt e e e e e e e e e e e nnnnnr e e e e e e e e as 139
SINK CONAITIONS ...uviiiiiiiiie e 139
Non-Sink Conditions (Supersaturated) ........ccccceeeevvvveeeeiiiriniiiiineeennn 142
Area Under the CUINVE .......eei e 146
1 = 11157/ USSPR 148
X-Ray DIffraction (XRD) .....uuuiiiiiiiieeeeis ettt eeeeeeeaeaenees 148
USP Enteric TeSt Method A ..ot 149
ITZ Miscibility IN POIYMEIS........uiiiiiiiiis i 151
Targeting Supersaturated Drug DeliVery ......eeuvvveiiiiiiiiieieeeeeeeeee, 152
Influence of PVAP on Amorphous Solid DispersiondT™® ................. 154
5. CONCLUSIONS. ...ttt erreer e e e e e e e e e e e eeeennnseeeee s 157
FULUIE DIFECHON ...ttt e e e e e e e e 157
BIBLIOGRAPHY ..ottt st sttt st 158



LIST OF TABLES

Table Page
1. Approximate Solubility Terms as Described in Phareudical Compendia............ 5
2. Classification of Drug Substances According toBI@S ..............cccooveeeiiiiiiiininnnnn. 6
3. Methods of Manufacturing Amorphous Materials ...............ccceeveiiiiiiiiieeeeeennen. 13
4. Factors Found to Influence the Physical Stabilftpamorphous Drugs ................ 18
5. Types oOf SOlid DISPEISIONS .....uuuiiiiiiei e eeeeeee ettt e e e e e e e e e e e aeeeeeeeees 20
6. Polymers Commonly used in Preparing Solid DiSP@ISIO............cceeeiiieeeeeeeneenn. 23
7. Marketed Drug Products Formulated as Solid DISPBESI..............cccccevevvvveveevnnnns 24
8. Advantages and Disadvantages of Different ProcgsBathnologies................... 28
9. Advantages of HME in Formulation Development..................ovieiiiiiniieeeeeennn, 31
10. Marketed and In-Development Drug Products BasedME ................cccccceeenn... 32
11. Commonly Used Polymers for Melt EXtrusion .............ucciiiiiiieiieeeeeeeeeeeeeiiees 34
12. Basic Requirements for Polymers Used in Melt EX@muS.............cooovvviiiiininnnnnnn. 35
13. Bioavailability of Itraconazole Solid DispersiomsRat Models..............c....ovueeeee. 64
14. Pharmacokinetics of Itraconazole in Healthy MaleghVEnd Without a Meal...... 67
15. ICH Guidelines for Stability Testing ConditionsS.............covvviiiiiiiiiiiieeeeeeeeeeee, 29
16. Thermal Analysis Summary of PVAP ... 011
17. Group Contributions for PVAP (Method of Hoftyzeriv&revelen) .................. 107
18. Hansen Solubility Parameters for PVAP (Method oftifger/Van Krevelen) .... 107
19. Group Contributions for PVAP (Method of HOY) ...ccccovvviiiiiiiiieieeee e 108
20. Hansen Solubility Parameters for PVAP (Method Of/HO............ccooiiiiiiiiiinnens 108
21. Total Solubility Parameter for PVAP ...... . 110
22. Difference in Solubility ParameteAd) of PVAP and Various Plasticizers......... 111

Xi



23.
24,
25.
26.
27.
28.
29.

30.

31.

Difference in Solubility ParameteA§) of PVAP and Various Polymers............ 112

Difference in Solubility ParameteAd) of PVAP and Various Excipients .......... 113
Partial and Total Solubility Parameters for PVARAR? and PEG ...................... 117
Partial and Total Solubility Parameters for PVARPR/A, and Itraconazole..... 118

PVAP Content as a Function of TemMpPerature. . co . ..eeeeeeiieeeeeeeeeeeeeeeeeeiiiies 126
Polymer Combinations Tested for Processability tNExtrusion.................... 128
Assay Results for ITZ in the Ternary Solid DISPeNS ................cooevevvevvveinnnnnn. 137
Equilibrium Solubility of Pure ITZ, Concentration$ ITZ in

Acid and Buffer Phases from Supersaturated Disswoitiesting,

and ITZ Saturation Solubility in DMSO........ccociiiiieieee e 146
Area Under the Supersaturated Dissolution Ctowvthe Acid Phase,
Neutral Phase, and Total Dissolution TeSt............ccovviiiiiiicieeee e e eae 145

Xii



Figure

10.
11.
12.
13.
14.

15.

16.
17.
18.
19.

20.

LIST OF FIGURES

Page
Publications from 1998 to 2012 Pertaining to Po&tyuble Drugs..................... 3
Lattice Structure of a Crystalline Solid and Amaophk Structure
Of @ GIlAaSSY SOl .....cccoiiiieeeeeeeeeee e ceeeee e ————— 14
lllustration of the Variation of Enthalpy Versusmiperature .............ccccceeeeeenen. 15
Lower Energy Crystal Configuration and Higher Eryefgnorphous States...... 16
Solid Dispersions Based on AMOrphous CarfierS .. .cooeaeeeeeeeeeiieeeeeeeiiiinnens 21
Melt Extrusion Process for Pharmaceutical DosagenBo..........ccccooeeeeeeeeeeen... 30
Melt Extrusion Equipment with Downstream Calendgridevice ..................... 36
Pelletizer and Strands of Extrudate Cut into STREEeS ............cccccvveeiviiinnnnen. 36
Single Screw and Twin Screw EXrUders. ... ..o 37
Examples of Rod and RibboN DIES........cccovvieeeeiieiiiiiciicie e 37
Component Parts of an EXIIUAEr............ueiieiemiiiiiiiiiiiiiieee e eeeeeeeeeieeees 38
Modular Screw Elements, Barrels, and AssembledvbEilements................... 38
Geometry of an EXIrUAEr SCreW .............icoecceeeeviiiiininaee e e e e e e eeeeeeeeeenneees 41
lllustration of Dispersive and Distributive MiXing............cccvvvvrvviviiriiiiiiinneenn. 47
Effect of Varying Feed Rate, Screw Speed, and Teatype on
Residence Time and TOMQUE .....ccoeeeeeee e s cceeeeeeeiees s s e e e e e e e e e eeeeeeeeeeesennnnnns 50
Chemical Repeat Units Of PVAP ... 6l
Chemical Repeat Units Of PVPVA .......uu e 62
Chemical Structure of Itraconazole ... oo 65
Intestinal Transport and Metabolism of ltraconazole...........ccc.cccccvviceiennnnn. 68
TGA Analysis of PVAP, Chemical Structure of PVARda
Visual Observations of PVAP Heated to Various Terapges ..............ccccccu... 94

Xiii



21.
22.

23.

24,
25.
26.
27.
28.

29.

30.

31.

32.

33.

34.
35.
36.
37.
38.
39.

40.

41.

TGA Analysis of PVAP Compared t0 PVA ... e 95

Isothermal TGA Analysis of PVAP at 120°C, 130°C0i@, and 150°C........... 96
Conventional DSC Thermograms of PVAP at 10°C/ni6’C/min.,

AN B0°PCIMIN. Lottt e e e s e e e e 97
MDSC Heat-Cool-Heat Cycles for PVAP ......... oo 98
TMA ANAlYSIS Of PVAP ... e e e e e e e e e e e e e nneeneens 99
Storage and Loss Modulus versus Temperature by BMRVAP.................. 100
Melt VISCOSItY OF PVAP ...t e e e e e e e e e e e e veenens 102
Moisture Uptake for PVAP as a Function of Humidity.............coeuvvviiiiiinnnn. 103
The Tg of PVAP with Increasing Humidity as MeasubydVIDSC

in the Reversing Heat FIow Signal ..., 104
Chemical Repeat Units Of PVAP ... 107
PVAP Mixtures Containing 30%, 40% and 50% w/w TH{ a

Heated to 100°C, 120°C, 140°C and 160°C ...coeeiieeeeeeeiiiiieiiieiiiiiieeee 115
PVAP Mixtures Containing 30%, 40% and 50% w/w Teiée and

Heated to 100°C, 120°C, 140°C and 160°C ...coeciieeeeeeeiiieieieiiiiiiieeee 116
PVAP Mixtures Containing 50% PEG 400 or PEG 3350 an

Heated to 100°C, 120°C, 140°C and 160°C ...coeciieeeeeeeiiieieiiiiiiiiieeee 116
MDSC Heat, Cool, Heat Cycle for PVPVA ... 119
Weight Loss as a Function of Temperature by TGARGPVA ...................... 120
Melt Viscosity of PVPVA and PVAP ... 121
Moisture Uptake for PVPVA by LOD as a Function airbidity..................... 122
MDSC Analysis of PVAP-PVPVA Polymer Blends ..., 124

Torque Generated from Different Polymer Ratios &siaction
Of EXIIUSION TIME ...ttt e e e e e e e e e e e e eeeeees 125

Melt Viscosities for Pure PVAP, Pure PVPVA, and
30:70% PVAP:PVPVA Polymer Blend.............ocoeeiiiiieeeeeeeeeeeeeeeeiiiiii 127

MDSC ANAlYSIS fOr ITZ ..ot e e e e e e e 130



42.
43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

MDSC Analysis of ITZ:Polymer (1:2 PVAP:PVPVA) PowdBlends ............ 134

MDSC Analysis of ITZ:PVPVA Powder Blends ........ccccccoeeeeeeeieevveeeeiiiiiinnnns 134
Torque Generated from Different Polymer Blends Usrs

ITZ-Polymer Blends as a Function of Extrusion Time..........cccccvvvvvieienennn. 136
Extrudate Containing ITZ-PVPVA and ITZ-PVAP-PVPVA........cccccovunnnnn. 136

MDSC Analysis of Extruded 40:60% ITZ:Polymer Blend
(1:2 PVAP:PVPVA) ..ottt et n e en e s e 138

X-Ray Diffraction Profiles for the Melt Extruded ®Rder Blend
Containing 40:60% ITZ:Polymer Blend (1:2 PVAP:PVPNA............ccoeee. 139

Sink Dissolution Profiles of Melt Extruded Powdé€rsntaining
Binary and Ternary Mixtures of ITZin SGF ... 140

Dissolution Results for Sporanox Capsules using H2at Method in SGF ... 143

Supersaturated Dissolution Profiles of Melt ExtraidRowders
Containing Binary and Ternary Mixtures of ITZ irnlBlL HCI for
2 hours followed by pH 6.8 BUFfer ...........uoiiieiiiiiiiiiciiei e 145

X-Ray Diffraction Profiles for Melt Extruded PowdBtend
Containing 40:60% ITZ:Polymer Blend (1:2 PVAP:PVPVA
After 1, 3, and 6 Months of Storage at 30°C/65%.RH..............ccccceceeeeenennn. 148

Supersaturated Dissolution Profiles of Melt ExtraidRowders

Containing 40:20:40% ITZ:PVAP:PVPVA in 0.1N HCI f@rhours

followed by pH 6.8 Buffer Before and After 6 MontbEStorage

At B0°C/B5YORH ...t e 149

Extruded ITZ-PVAP-PVPVA and ITZ-PVPVA Solid Disp&rsas
After 6 Months of Storage at 30°C/65%RH .....ccceeeiiiiiiiiiieieeeeeeeeeeeee 150

XV



CHAPTER 1

INTRODUCTION

Drugs are administered to the body in several w#atients and clinicians prefer
the oral route because it is convenient and pantesth of which promote therapeutic
compliance (1). Pharmaceutical companies areadtsacted to oral drug delivery
because of the variety of dosage forms they cadym®at comparatively low cost (1).
Generally, solid oral dosage forms such as tabletiscapsules are favored because they
provide accurate dosing and a high degree of dalglisy (1). However, oral delivery
of poorly water-soluble drugs commonly resultsaw labsorption (1).

For a solid dosage form to be successful afteraalinistration, the drug must
first dissolve in the gastrointestinal (Gl) fluideen be absorbed across the intestinal
mucosa and pass through the liver to reach themystirculation and exert its
pharmacological effect (2). Poor water solubihigders dissolution and therefore limits
drug concentrations at the target site, which redabsorption and therapeutic effects
(3). The physiology of the Gl tract, with its higitestinal surface area and rich blood
supply, offers the potential for excellent drug@ipsion and consequently high
bioavailability (4,2). However, oral bioavailalyiis often low and variable because the
process of drug absorption from the Gl tract is plax and influenced by numerous

physiological factors including GI motility, pH,fefx transporters, and pre-systemic



metabolism (5,6,2). In addition, several extriffaictors such as food intake, formulation
design, and physicochemical properties of the dftert bioavailability (5,6,2).

The unpredictable nature of Gl absorption sugg#rstg molecules must possess
optimal biopharmaceutical properties to achievgdroncentrations that are
therapeutically effective upon oral administratid®ome ideal properties of an orally
administered drug would be: 1) aqueous solubslitfficient to allow a single dose to
dissolve in 100 to 400 ml of water; 2) apparentipan coefficient (Log P) value of
about 2; 3) minimal first pass metabolism; andldhieation half-life appropriate for the
dosing schedule (7,8). Unfortunately, few drug esales have ideal biopharmaceutical
properties and, in fact, the number of moleculdas wsufficient or poor aqueous

solubility has steadily grown (9).

Increasing Number of Poorly Water-Soluble Drugs

One indication of the growth in the number of comnpas that are poorly soluble
is the increase in the number of publications gar ylealing with poorly soluble drugs
(1). Figure 1 shows a marked increase in the nummitthese publications from 1998 to
2012 (10,1). An increase in poorly water-solubiegs is especially noteworthy because
compounds with insufficient solubility typically i@ higher risks of attrition and higher
costs in drug development (11). The increaseemtimber of poorly soluble
compounds has been associated with two main fadte@sncrease in molecules

synthesized for screening and a shift in therapeatgets.
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Figure 1. Publications from 1998 to 2012 Pertajrim Poorly Soluble Drugs. Adapted
from Buckley 2012.

First, there has been a significant increase indta number of compounds
overall in drug discovery programs based on adwaitceombinatorial chemistry and
high-throughput screening (HTS) (11). Many leathpounds of drug discovery
programs are routinely obtained through HTS of conmgl collections. These
collections typically consist of legacy compoundst previous projects, file enrichment
activities, and compound library purchases (1lle énrichment activities and
compound library purchases have both been usetttease the size and diversity of
collections; yet the chemistry of these compoumdstheir purification methods tends to
produce a bias toward low solubility (11). Simijatead candidates identified through
HTS of compound collections often have high molacweight and lipophilicity, and
consequently poor water solubility (9,12,11). Dagrlead optimization, further decreases
in solubility can occur when more lipophilic sulbséints are added to improve potency

and selectivity (11).



Second, the increase in the number of poorly selabimpounds has been
attributed to shifts in biological therapeutic g (13). For example, a shift of
therapeutic targets from aminergic G-protein-codplreptors and enzymes to more
challenging targets such as kinases, ion chanmet$ear receptors and protein-protein
interactions often leads to compounds with lowéulsioty (11,9,12,14,15). The latter
type of target classes frequently requires mompliylic compounds for binding affinity
or produces compounds with strong intermolecularactions, such as wide aromatic
regions and/or intermolecular hydrogen bonds (Tl6)e pursuit of novel compounds that
have specific interactions with more modern theusipg¢argets has produced new
chemical entities (NCESs) with challenging physicecical properties (13,17).
Specifically, more poorly water-soluble compoundsdiemerged. This has become a
major obstacle in drug discovery and developmeh}. (1t has been estimated that up to

40 percent of NCEs under development are categbageoorly soluble (18,1).

Defining a Drug as Poorly Soluble

Adequate aqueous solubility of NCEs is one of theary properties required for
successful product development of a solid oral gesarm (2). Solubility is generally
defined as the amount of a substance that dissohagiven amount of solvent (19).

The solubility of a drug may be expressed in a nemalh different ways. Certain
pharmaceutical compendia list the solubility ofghas the number of milliliters of
solvent in which one gram of solute will dissolNi®). For substances whose solubilities
are not definitely known, the values are describgidg certain general terms, as given in

Table 1 (20,19). Currently, about 40 percent ofkeged, immediate release oral drugs
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are categorized as practically insoluble (21,ZB)e term practically insoluble applies to
drugs that are almost totally water-insoluble @r airleast poorly water-soluble (23), the
latter term typically referring to drugs with anuagus solubility less than 100 pg/mi
(24).

Table 1. Approximate Solubility Terms as Described in Pharmaceutical Compendia

Term Par_ts of Solvent Required
to Dissolve 1 Part of Solute
Very soluble Less than 1 part
Freely soluble 1to 10 parts
Soluble 10 to 30 parts
Sparingly soluble 30 to 100 parts
Slightly soluble 100 to 1000 parts
Very slightly soluble 1000 to 10,000 parts
Practically insoluble or insoluble More than 10,(&0ts

The term poorly soluble can also be applied todmyg that has a dose (mg) to
aqueous solubility (mg/ml) ratio greater than 1d0winere the drug solubility is based
on its neutral form (for example, free base or &eiel) in unbuffered water (23,24). The
dose:solubility ratio represents the volume of igastestinal (Gl) fluids necessary to
dissolve an administered dose of the drug (24).eNthis volume exceeds the volume of
fluid available in the Gl tract (typically estimdtat 250 ml), incomplete bioavailability
from solid oral dosage forms is anticipated becaliags must be in solution prior to
absorption (24,25,26).

Lastly, a drug can be described as poorly soluaget) on its dissolution rate
(24). The aqueous solubility of a drug influeniteslissolution rate, which in turn
determines its concentration in solution, and déetathe driving force for its diffusion

across intestinal membranes (27). A drug is deedras poorly soluble when its
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dissolution rate is so slow that dissolution takegyer than the transit time past its
absorption site (24). In general, drugs with Mery solubility and slow dissolution rates

will exhibit dissolution-limited oral absorption drthus poor bioavailability (27).

Biopharmaceutics Classification System

The two key properties for potential drug candiddtat define the extent of oral
bioavailability are aqueous solubility and inteatipermeability (2). Based on these two
critical parameters, the Biopharmaceutics Clas#ifinn System (BCS) assigns drugs to

one of four categories (25,1). Table 2 shows tassdfication system according to the

BCS (26).
Table 2. Classification of Drug Substances According to the BCS
Class Solubility Permeability
1 High High
2 Low High
3 High Low
4 Low Low

Traditionally, the BCS is used to justify biowaisdor Class 1 drug substances
(26), but more recently, the concept of BCS has lsed to indicate the level of
difficulty expected to progress drug candidatesulgh development, and to identify
formulation development strategies (21,28,29). éxample, BCS Class 1 drugs have no
rate-limiting step for absorption so conventioraddlét or capsule formulations are
typically designed to ensure rapid dissolutionhia &I tract (21). In contrast, the
bioavailability of BCS Class 3 and Class 4 drugsatse-limited by membrane
permeability in the Gl tract (21). Permeabilityyrize improved, although success has

been limited, by adding permeation enhancers tdaitmeulation, such as fatty acids, bile



salts, surfactants and polysaccharides (21,30,81)2aktly, for BCS Class 2 drugs,
which are characterized as having low solubilitg &rgh permeability, the
bioavailability of the drug is rate-limited by g®lubility (21). Drug concentration in the
Gl tract is a function of both solubility and disston rate, so increasing the solubility
and/or dissolution rate of the drug can increasavailability (32). Formulation
approaches for BCS Class 2 and Class 4 compouadsnaitar, though the absorption of
Class 4 drugs still may be limited by their poormeability after dissolution in the Gl
tract (21).

An ideal drug substance has high aqueous solulaiityhigh permeability (BCS
Class 1), but only about 5% of NCEs meet thesera@itwhile approximately 90% are
considered poorly soluble in combination with eithegh or low permeability (BCS
Class 2 or 4) (3). The combination of low solulilind low permeability often prevents
BCS Class 4 compounds from being developed andeatetk On the other hand, many
BCS Class 2 compounds have advanced from discaviergevelopment, and several
have become successful, marketed drugs (13,33,38t8}lies estimate that Class 2
molecules account for over 75 percent of drug aatds (35,11), 60 percent of NCEs
(36,37), and 90 percent of marketed drugs (37,38ir commercial success has been
attributed to various formulation technologies dapaf increasing the dissolution rate

of the drug (13,21).

Factor s Affecting the Dissolution Rate of Drugs

There are several physicochemical factors thataffe dissolution rate of drugs

(21). From the following modification of the Noy#®ghitney equation (Eq. 1), where



c(lj_): is the rate of drug dissolution at time (t), thgobrtant factors to the kinetics of drug

dissolution are as follows:

d h " Vv

dX _AD(. _ X,
PV

Eqg. 1
surface area available for dissolution (A), difusicoefficient of the drug (D), thickness
of the boundary layer adjacent to the dissolvinggdsurface (h), saturation solubility of
the drug (Cs), amount of dissolved drug (Xd), aollime of dissolution media (V)
(24,21). In principle, variation of any of thesetors will cause a change in the rate of
dissolution. Horter et al. discussed in detailitieny physicochemical and physiological
aspects that influence each factor (24). In pcactiowever, only the solubility and
surface area of the drug are actually controllgbleameters (21). The diffusion layer
thickness is a function of the hydrodynamics ofgiistem and therefore, difficult to
control (24). Likewise, the diffusion coefficiecdinnot be manipulated, except perhaps
by slight changes in the viscosity of the dissolutmedium (24). Thus, these factors are
regarded as uncontrollable in dosage form developii2d). Conversely, several
formulation methods can be used to alter the sliyilor surface area parameters and

thereby, the dissolution behavior of drugs (21).

Formulation Strategies for Poorly Water-Soluble Drugs

Some formulation approaches considered effectiventweasing the saturation
solubility and surface area of a drug include:t famation, crystal modification, pH
modification, cyclodextrin complexation, self-emfitsation, particle size reduction, and

amorphization (21,24). A brief review of thesehteiques follows.
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Salt Formation

Salt formation is the most common method of indreasolubility and
dissolution rate of acidic and basic drugs (3&ltsSare formed from chemical reactions
involving a proton transfer from an acid to a b@&B. Drugs that are either acidic or
basic, therefore, can potentially form a wide ranfisalts (39). In practice,
hydrochloride salts of basic drugs and sodium sdil&idic drugs are most common
(39). The aqueous solubility of an acidic or bakieg as a function of pH dictates
whether the compound will form suitable salts afinsome of their physicochemical
properties might be (38,40). In some cases, sattdtion may not be feasible due to
physical and chemical properties of the drug (38)other cases, though salts can be
synthesized, they may not provide the desirablpgntees of enhanced dissolution rate
and bioavailability (38). Some factors limitingethise of salts in dosage forms include

low aqueous solubility, conversion of free acidbase form, and poor stability (38).

Crystal Modification

Many drugs are able to crystallize into multipletastable forms known as
polymorphs (24). Common methods of producing déifié polymorphic forms of a drug
include recrystallizing from different solvents, ltiveg, or rapid cooling (24). Each
polymorph has a different energy and thereby differphysicochemical properties such
as melting point, solubility and stability (24).ppropriate polymorph selection,
therefore, can be a viable approach to enhancmgidsolution rate of poorly soluble
drugs (24,41). However, the more soluble, higimergy metastable polymorphic forms

eventually convert to a less soluble, lower endogmn (24,42). This conversion, which



is possible during manufacturing and storage, inaiseld the more widespread

commercialization of polymorphs (24,42).

pH Modification

pH modification is a common strategy to enhancelibsolution rate of weakly
acidic or basic drugs because the solubility ofdhey is pH dependent (43). A
particular pH change can increase the solubilitthefdrug by triggering its dissociation
(43). To produce a pH change, pH modifiers arerparated into the formulation.
These modifiers can alter the microenvironmentakpHounding a dissolving solid to an
optimal pH for enhanced solubility (43,44,45,48he microenvironmental pH can be
defined as the pH of the saturated solution imntetliaurrounding the drug particle
(43,47). Deliberate modifications to the microeomimental pH have reportedly
improved solubility, dissolution rate, and chemisbility of drug substances in a
predictable manner (21,43,47,48). For examplériaracid enhanced the dissolution
rate of a weakly basic drug with poor intrinsicigality when incorporated into a tablet

formulation (48).

Cyclodextrin Complexation

Cyclodextrins and their derivatives are oligomerglacose that can form water-
soluble inclusion complexes with small hydrophatialecules and portions of large
compounds (49). Their ability to form inclusiomgplexes is due to the typical torus or
doughnut-ring arrangement of the constituent glacosts (24,49). The interior of the

cavity is relatively hydrophobic and thus can acowdate drug molecules to form
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inclusion complexes while the exterior of the cylggtrin structure remains sufficiently
hydrophilic to impart water solubility to the corepl(49). Cyclodextrin complexation,
therefore, is a technique that can be used to ingpifte apparent solubility and
dissolution rates of poorly soluble drugs. Dravksaassociated with some forms of
cyclodextrins include internal cavity diameters laogje enough to accommodate drugs,
increases or decreases in the reactivity of thg,dowv aqueous solubility, toxicity, and

incomplete dissociation of the complex that compsa®s permeability (24,49).

Salf-Emulsification

Self-emulsification drug delivery systems (SEDD&yd been used to enhance
the oral bioavailability of poorly soluble drugsdaparticularly, highly lipophilic drugs
(21). Self-emulsification formulations are typilyakotropic mixtures comprising oil,
surfactant, co-solvent, and solubilized drug (50hese formulations can rapidly form
oil-in-water emulsions when dispersed in an aquebiase (50). The rapid
emulsification of these formulations in the GI traan provide improved oral
bioavailability and reproducible plasma concentmrafprofiles (50). SEDDS can be
further classified into self-microemulsificationudy delivery systems (SMEDDS) and
self-nanoemulsification drug delivery system (SNE®)Paccording to the size range of
their oil droplets (51). Smaller droplet size bagn shown to increase the extent of
absorption of orally administered drugs (21). difprmulations tend to be more suitable
for drug substances with relatively high intrinspophilicity to ensure their solubility

and stability in limited amounts of oil (21).
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Particle Sze Reduction

The particle size of the drug influences its digsoh rate. Specifically,
dissolution accelerates with increasing surfaca,asbich in turn increases with
decreasing particle size (24,21). Reducing thaghasize of the drug using
micronization techniques is often a successfutegsafor enhancing the dissolution rate
of a drug (21). However, reducing particle size abso promote agglomeration of drug
particles, which may decrease the effective suréaea available for dissolution (21). In
such cases, a surfactant may be required to impgheveettability and increase the

effective surface area of the drug particles (21).

Amor phization

Amorphous forms of active pharmaceutical ingredi€dAiPIs) can be desirable
for solubility enhancement because they have tihenpial to produce solution
concentrations many times greater than their diystforms (52). Studies have shown
that amorphous solids can produce 1.1 to 1000#hmickases in solubility compared to
the same drug in its crystalline form (21,53,5Bnr comparison, the expected
differences in aqueous solubility between two @aliste polymorphs of the same drug
substance are typically only two-fold, and hydratetsus non-hydrated forms of small
molecule drug substances range from two to ten{fich6,57).

Amorphous drugs are formed either by preventingtahyftattice before it forms or
by disrupting existing crystal structure (58). Guon techniques used for preparing
amorphous solids are outlined in Table 3 (2,59,80)th the exception of crystal

disruption, most techniques begin by solubilizimgreelting the drug substance, followed
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by solvent removal or melt quenching, respectivatyates that kinetically avoid
crystallization (2).

Table 3. Methods of Manufacturing Amorphous Materials. Adapted from Hancock 2012
From Method Examples

Milling or grinding

Compression or decompressign

Dehydration or desolvation

Irradiation

Reaction

Spray-drying

Freeze-drying

Solution | Solvent removal Precipitation

Polymerization

Reaction

Melt quenching / rapid cooling

Melt extrusion

Nucleation suppression

Polymerization

Reaction

Disruption of existing crystal structure

Crystal Energy Input

Rapid cooling

Liquid Energy removal

Rapid cooling Sublimation

Vapor Energy removal Reaction

The control of amorphous solids in the developneémharmaceutical products
begins with an understanding of the amorphous stééive to the crystalline state.
Crystal structure forms by repeating a three-dinwarad pattern of atoms, ions or
molecules; the repetition of the structural uniterdong atomic distances is referred to
as long-range order (61). Amorphous solids (glgsses) do not have long-range order
but instead have a limited, localized order clastheir structural units (61). Figure 2

illustrates the structural differences betweentatiise and amorphous states (62).
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Figure 2. Lattice Structure of a Crystalline Sdleft) and Amorphous Structure of a
Glassy Solid (right)

The irregular arrangement of molecules in an amuuplstate usually causes the
molecules to be spaced further apart than in dalrgad, consequently, the specific
volume is greater and the density lower than th#tecrystal (59). Figure 3 depicts the
variation in enthalpy or specific volume with temgteire (63). From Figure 3 it can be
seen that while the melt usually crystallizes at Trthe cooling rate is too fast to permit
crystallization, enthalpy and volume may follow #wggilibrium line of the liquid beyond
Tm into the supercooled liquid region without shiegvany discontinuity in enthalpy and
volume (59,64). As the viscosity of the matemadreases upon cooling, there is a
reduction in molecular motion until the moleculesva so slowly that they have no time
to organize themselves before the temperaturensrid further (64). This results in a
change in slope, usually seen at a characterestipérature known as the glass transition
temperature (Tg) (59). The properties of the glasaterial at Tg deviate from those of
the equilibrium supercooled liquid to give a nonéquum state having even higher

enthalpy and volume than the supercooled liquighasvn in Figure 3 (59,64).
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Figure 3. lllustration of the Variation of Enthglfor Volume) Versus Temperature
Since amorphous solids possess considerably loaaking energy compared to
crystalline solids by virtue of their disorderedusture, amorphous solids exhibit
decreases in intermolecular interactions and cporeding increases in both enthalpy and
entropy (13,52,65). The increase in enthalpy i®neompletely compensated for by the
increase in entropy, however, and the Gibbs freegn which reflects the balance
between them, actually increases (19). The Gitdesdnergy of an amorphous substance
at a given temperature, therefore, is always higfean the Gibbs free energy of that
same substance in its crystalline state (61). fif@ans that amorphous drug formation
affects the molecular interactions in the solidjalihin turn influence the solubility and
dissolution properties of the drug. Generally,dbtibility of a solid in a solvent
depends on the competition of solute:solvent icteyas and solid:solid interactions
(58). In an amorphous solid, therefore, decreas&de:solute interactions increase the
escaping tendency of the molecules, and thus moleaues dissolve in a given solvent

relative to the crystalline form under the sameo$ebnditions (58).
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The higher free energy of an amorphous materialvahin Figure 4, leads to
higher apparent solubility and dissolution rate, dso produces higher chemical
reactivity and a tendency to spontaneously cryzeativer time (59,66,64). The
amorphous state, therefore, is thermodynamicalégalote, or metastable, relative to the
crystalline state (59). Crystallization of an aptuous material over time effectively
negates any solubility enhancement, so an undelisgof the critical factors associated

with crystallization is crucial to stabilizing anptrous drugs.
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Figure 4. Lower Energy Crystal Configuration andh¢r Energy Amorphous States.
Adapted from Kolter 2010

The crystallization process is governed by botlekmand thermodynamic
factors and depends on two successive but indepepdecesses: nucleation and crystal
growth (64). For nucleation or crystal growth &gin, clusters of ions or molecules
called nuclei must exceed a critical size befosy thecome stable and capable of
growing into crystals (64). The temperature depeid of the kinetic factors and the
thermodynamic driving force for nucleation have ogipe signs; kinetics and greater
molecular mobility favor nucleation at higher temgiares, whereas thermodynamics and
increased viscosity favor nucleation at low tempees (64). Therefore, nucleation
occurs in the balance of these two factors andri@wemum rate of crystallization occurs
somewhere between the melting temperature (Tmpkass transition temperature (Tg),

which are illustrated in Figure 3 (64). The Tgansidered to be a key parameter for
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stabilization because it delineates a temperaange between high and low molecular
mobility (67,68). Molecular mobility and the cosponding risk of crystallization are
reduced by storing amorphous materials below thegii.e., in their glass state (64).
However, molecular mobility below Tg still occutBpugh it is over a longer time period
than above Tg, and can be sufficient to resultystallization during typical
pharmaceutical storage times (64).

The factors affecting crystallization of an amorpscolid have been categorized
as thermodynamic (entropy, enthalpy, Gibbs free@n€64,69,70), kinetic (molecular
mobility) (64,71,72), or molecular (e.g., hydrodemnding interactions) (64,73,74,75).

In addition, parameters such as moisture contehttEmethods and conditions used to
generate the amorphous form have been reporteditemnce crystallization
(64,76,77,78). Each factor is presented in motailda Table 4 (64). In short,
amorphous compounds with high Tg, high configuralaentropy barrier, and low

molecular mobility are expected to show the greatedility (64,60).
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Table 4. Factors Found to Influence the Physical Sability of Amorphous Drugs.

Adapted from Laitinen 2012

Factors on the molecular level

Factor Indicator Observed impact on stability Ref.
Molecular mobility is higher above Tg.
Glass transition | Lower molecular mobility below Tg (79,70,
temperature (Tg) slows crystallization, but storage below 80)
Tg alone cannot ensure stability.
a relaxations require a cooperative
motion of multiple molecules and thus,
Structural . :
: are associated with a large energy barr (81,71,
Molecular relaxation 9
- : Above Tg, short relaxation times 72)
mobility (o relaxation) . L
contribute to significant rates of
crystallization.
Local non-cooperative motion has a
. smaller energy barrier and continues tq (59,82,
Local mobility .
) occur over long timeframes below Tg. | 83,80)
(B relaxation) .
These secondary motions are the
precursors ta relaxation.
Compounds with high entropy barriers
Entrpplc Configurational and ](_Jw mobility show greater physmal (70,81,
barrier for stability. In contrast, molecules with loy,
o entropy : . - 84)
crystallization entropies require less mobility for
spontaneous crystallization.
Reported to be a relatively poor predictor
Enthalpic Configurational | of crystallization. Higher configurationall(70 69)
driving force | enthalpy enthalpy may have contributed to '
increased nucleation rates of nifedipine.
Overall , . .
thermodynamic Gibbs free Reported to b_e a relatively poor predlct0(7o)
o energy of crystallization
driving force
Given similar Tg values, compounds
Hydrogen i with strong intermolecular hydrogen (73,75,
bonding bonding showed greater stability than | 69,74)

those without.
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Table 4. (continued)

Factors independent of the molecule

Factor Indicator Observed impact on stability Ref.

Molecular mobility increases with

Temperature and temperature, particularly near Tg.

Environmental | humidity during o (59,82,
) Plasticizing effects of water can lower
stress handling & . ) 1. 85)
Tg, which results in enhanced molecular
storage e R
mobility and crystallization rates.
Different preparation methods may resylt
in different mechanical stresses and
Solvent

thermal histories, producing different
degrees of relaxation. The stability of | (82,76,
amorphous indomethocin varied by 86,77,7

evaporation,
Preparation guench cooling,

methods anql mgchanlcal method: quench cooled > cryo-milled > 8,87)

activation : : .

spray dried > ball milled, which
methods . L

correlated with the relaxation time valuges

for the samples.

. Increased cooling rates improved melt-

Evaporation

guenched indomethacin stability by
reducing the number of nuclei.
Different inlet temperatures used during

rates, cooling

Preparation rates, processing (82,77,

conditions temperatures, ; . o 88)
) spray drying of cefditoren pivoxil altered
and processing : .
fimes particle morphology and improved

stability.

Solid Dispersions

It is difficult to achieve a physically stable ampbous state of a drug alone (13).
To prevent crystallization of an amorphous drug fiormulation, one or more polymers
are often incorporated as stabilizers (89,90). idally, the amorphous drug is dispersed
throughout the polymer, forming a solid dispergi®0). Newman et al. reported the
outcomes from the past fifteen years in the fid¢ldadid dispersions (91). The authors
found that in about 80% of all cases, solid dispeasled to improved bioavailability; No
improvements were found in 10% of the cases, amehather 10%, solid dispersions

reduced bioavailability (91). In the past decddtead application of solid dispersions as
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an enabling formulation technology has contribigieghificantly to successful clinical
evaluations and commercialization of poorly solutdenpounds (13,52,65).

The term solid dispersion refers to a group oftsphoducts typically consisting
of at least two different components: generalhydrophilic carrier and a hydrophobic
drug (92). In a solid dispersion, the carrier bareither crystalline or amorphous and the
drug can be dispersed molecularly, in clustersdr@hous particles, or in crystalline

particles.

Table 5 shows six different types of solid dispansi(93). The latter three types
can be further classified as crystalline glass snsjpns, amorphous glass suspensions
and solid glass solutions, respectively (93). Feduillustrates their compositions.

Table 5. Types of Solid Dispersions. Adapted from Dhirendra 2009

Type of Solid Dispersion Carrier Drug Phases
I. | Eutectics Crystalline| Crystalline 2
Il. Amorphous prgupltatlons In Crystalline | Amorphous >
crystalline carrier
lll. | Solid solutions Crystalline] Molecularly dispersed -
Continuous vs. discontinuous  Crystalline  Moleclyl dispersed| 1 or 2
Substitutional vs. interstitial Crystalline  Moldarly dispersed| 1 or 2
IV. | Glass suspensions Amorphous Crystalline 2
V. | Glass suspensions Amorphous Amorphous 2
VI. | Glass solutions Amorphous Molecularly dispersed 1
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Type of Solid
Dispersion
\Y V VI
Glass suspensions Glass solution
Carrier phase Amorphous Amorphous Amorphous
Drug phase Crystalline Amorphous Molecularly disger
DSC analysis Tg+Tm 2xTg 1xTg
. Kinetically stable Stable (drug below
System stability Very stable (oversaturated) saturation solubility)

Figure 5. Solid Dispersions Based on Amorphousi€ar

Ideally, in a solid dispersion, the drug is comblingth a water-soluble carrier to
produce a single-phase amorphous mixture of drdgcarrier (13). When this occurs,
the drug remains dissolved in the carrier at roempterature and upon aging (94). In a
thermogram obtained by differential scanning catetry (DSC), a single-phase system
shows only one glass transition temperature (92ese miscible, glassy drug-carrier
systems (Figure 5, type VI) are commonly termedisslutions (93). In general, the
stability of a molecularly dispersed drug depenpisnuits interactions with the carrier,
such as hydrogen bonding and hydrophobic intenagtj®62). Therefore, to obtain a
stable solid solution, the total interaction forbesween the drug and carrier should be
stronger than the self-association forces amongring molecules themselves (92).

Alternatively, the combined drug-carrier system pavduce a two-phase mixture
of drug and carrier. In a two-phase system, thig grimarily exists in either the
crystalline or amorphous state (93). When the @wigts as crystals in the carrier
(Figure 5, type IV), DSC analysis detects bothrtiedt of the crystalline drug and the
glass transition of the amorphous carrier (92)is Ththe most stable type of solid

dispersion because the drug remains in its favorgstalline state (92). In the other two-
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phase system, there is amorphous drug or amorgragsclusters incorporated in the
carrier, but they are not molecularly dispersed\Fe 5, type V). The concentration of
drug is in excess of its saturation solubility@m temperature and the excess drug
separates as a solid amorphous phase disperseairiex (94). In this case, DSC
analysis shows two glass transition temperatuoe® from the amorphous carrier and
the other from the amorphous drug (92). These phaoars solid dispersions are usually
metastable. That is, the presence of the amorptirugsclusters in the solid dispersion
may lead to nuclei formation and crystal growth)(9@ne way to kinetically discourage
an amorphous drug from recrystallizing is to imntiabithe drug in a supersaturated
state in a highly viscous polymer (92).

In general, polymers are preferred as carriers swell molecule excipients
because they typically possess two desirable ctairstecs: 1) high glass transition
temperatures (Tg), which minimize drug mobilitytive solid state, and 2) a broad range
of non-covalent interactions between the drug amdtfonal groups on the polymer (13).
The drug-polymer interactions are critical to agki@hysical and chemical stability of
the drug in a solid dispersion (13). Most of tleéymers used in the pharmaceutical
industry to prepare solid dispersions are eithgéemsoluble at all pH conditions or are
pH dependent with dissolution properties of enteaating systems under more alkaline
conditions (93). Polymers commonly used to prepatel dispersion-based

formulations are listed in Table 6 with their c@pending Tg and soluble pH range (95).
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Table 6. Polymers Commonly used in Preparing Solid Dispersions. Adapted from Shah

2012
Tg (or Tm)| Soluble
Polymer Synonyms (°C) pH Range
Cellulose based
Hypromellose (HPMC) Methocel 168-209 1-10
Hypromellose phthalate (HPMCP) HP 50, 55 1?135(1);37 >5.0
Hypromellose acetate succinate (HPMCAS) Aqoat 123-1 >5.5
170-190
Cellulose acetate (CA) N/A (250) Insoluble
Cellulose acetate phthalate (CAP) Aquacoat 1?109;)70 > 6.0
Ethyl cellulose (EC) Ethocel 129-133 Insoluble
Hydroxypropyl cellulose (HPC) Klucel 100-15( 1-10
Vinyl based
Polyvinyl pyrrolidone vinyl acetate Copoyidone,
Kollidon, 101-106 1-10
(PVPVA)
Plasdone
Povidone,
Polyvinyl pyrrolidine (PVP) Kollidon, 120-174 1-10
Plasdone
Polyvinyl caprolactam polyvinyl acetate Soluplus 60 1-10
polyethylene glycol
Methacrylate based
Methacrylic acid copolymer Type A, NF Eudragit > 150 > 6.0
Methacrylic acid:methyl methacrylate (1:1] L100 '
Methacrylic acid copolymer Type B, NF Eudragit > 150 70
Methacrylic acid:methyl methacrylate (1:2] S100 '
Methacrylic acid copolymer Type C, NF Eudragit 110 555
Methacrylic acid:ethyl acrylate (1:1) L100-55 '
PEG or Polyol copolymer based
Polyethylene glycol (PEG) Carbowax 55-66 1-10
Polyoxyethylene-polyoxypropylene Pluronic (55) 1-10
(Poloxamer)
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Marketed Products Based on Solid Dispersion Technology

Examples of recently marketed drug products fortedlas solid dispersions are

listed in Table 7. Their recent commercializatimonstrates the acceptance and utility

of amorphous solid dispersion (ASD) technologyhi@ pharmaceutical industry.

Table 7. Marketed Drug Products Formulated as Solid Dispersions. Adapted from

Smithey 2013
Brand name o Primary ASD| Method of
Indication Manufacturer

(Drug name) Polymer Manufacture
Zelboraf . Metastatic Roche HPMCAS Precipitation
(Vermurafenib) melanoma
Incivek . Vertex .
(Telaprevir) Hepatitis C Pharmaceuticals HPMCAS Spray drying
Tibotec Janssen ,
(Etravirine) HIV Therapeutics HPMC Spray drying
Cesqmet Antiemetic| Meda; Valeant PVP Melt extrusion
(Nabilone)
Kalgtra _ . HIV Abbott PVPVA Melt extrusion
(lopinavir/ritonavir)

Methods of Preparing Solid Dispersions

After selecting some promising polymers, selectbthe best processing
technology is essential. Choosing the most ap@atgpprocess for manufacturing a solid
dispersion depends on the physicochemical progesfithe drug and the polymer, e.g.,
solubility, melting point, Tg, and stability (95)n addition, availability of the equipment,
robustness of the manufacturing process, and ectekl property rights should be
considered (95). There are several technologatscm be used to produce amorphous
solid dispersions, including: spray granulatiduid bed layering, co-grinding, ultra-
rapid freezing, and supercritical fluid process{@f). However, these methods have had
limited success due to slow evaporation rates esolsolubility, and/or incomplete

conversion of the drug to an amorphous form (9%)present, the favored technologies
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for manufacturing solid dispersions are spray dyyprecipitation, and melt extrusion
(95). Each of these processes has been used tdaoama marketed drugs. The
following section briefly discusses these techn@s@nd a summary highlighting the

advantages and disadvantages of each is listedhle B (95).

Soray Drying

Spray drying is a well-established technology i itidustry for transforming
solutions, emulsions or suspensions into a dry goedaiform (95). In this process, drug
and polymer or other excipients are dissolved ¢oramon solvent and sprayed into a
drying chamber of heated gas, e.g., air or nitrogeat causes the solvent to rapidly
evaporate from the droplets (13). The dried padiovhich are normally less than 100
microns, are then collected using a cyclone anthduage filter system (13). Challenges
associated with spray drying include: organic sntwsolubility, residual solvent
removal, environmental, health, and safety conceununding flammable organic
solvents, and handling small particles with lowkbdénsity and poor flowability (13,95).
The advantages of spray drying are rapid solvenbwal (10-100 milliseconds), which
results in good uniformity of molecular dispersipasd small particle size, which leads

to rapid dissolution (13,95).

Precipitation
Amorphous solid dispersions can be produced wheltihg and polymer or
other excipients are precipitated together by chrentihe solubility conditions, either by

adding an anti-solvent or by evaporating the sdly@b). Typically, drug and polymer
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are dissolved in a solvent first and then watedided to cause rapid co-precipitated (13).
The solvent-controlled precipitation is conducteder either acidic or basic conditions
based on the ionic natures of the drug and polymeed in the process (95). Challenges
for co-precipitation methods include the need ® si@vents during processing,
identification of suitable anti-solvents for bottud and polymer, and control strategies
for reproducibility and homogeneous mixture format(13,95). One advantage of this
approach relative to spray drying is the expanadeest choice; many compounds have
poor solubility in solvents appropriate for sprayidg, but are soluble in
dimethylsulfoxide (DMSO) or similar solvents thae adeal for precipitation processes

(13,95).

Melt Extrusion

Melt extrusion uses high-shear-induced transieatihg to form a solid
dispersion (13). Typically, crystalline drug anda@phous polymer are continuously fed
into a twin-screw extruder that conveys the makeloavn a barrel where it is exposed to
shear (13). Extruders generate energy by fridiioovercome the crystal lattice energy
of the drug and simultaneously soften the polyr@éj.( The applied shear stress
transforms the drug into its amorphous form (98)a melt extrusion process, the heat is
produced primarily in a high shear zone, followgddatively rapid cooling that
prevents thermal degradation of the drug and palyi®). Challenges to the melt
extrusion process include its limited applicabitiyheat sensitive materials and, in some
instances, the need to include plasticizers to avgthe processability of a drug-polymer

system (13,95). Benefits of this approach are tlogdance of volatile organic solvents
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during the process, the ability to form various §ibgl forms using calendering devices,
and the small equipment footprint (13). Melt estan is also more cost-efficient and

less complex than other processing techniques (95).

27



Table 8. Advantages and Disadvantages of Different Processing Technologies. Adapted
from Shah 2012

Technology

Advantages

Disadvantages

Spray drying

Rapid removal of solvent
Relatively low temperature
processing for highly volatile
solvents or thermal labile drugs
Continuous processing

Use of organic solvents
Identifying common solvent for
drug and polymer

Removing solvent, may require
secondary drying step

High manufacturing costs
Very fine particles, low bulk
density, poor flow properties

Precipitation

Suitable for drugs that cannot be
spray dried due to low solubility in
common organic solvents

Use of ionic polymers may provids
high degree of supersaturation
pH dependent solubility may resu
in high exposure and prolonged
plasma profiles

Requires polymers with
different solubility in solvent vs.
antisolvent
Weak bases (and acid) drugs
_show significant solubility in
"acidic (and basic) solvents
For extraction purposes,
t e
adequate solubility in water
miscible solvents may require
multiple washing steps to
remove solvents

Melt extrusion

Short residence times limit the
exposure to processing temperatu
Non-solvent processing eliminates
the need for solution preparation
and solvent removal
Customizable process, extruder
components are modular
Eliminates effects from humidity
and oxygen

Robust processing control and eal
commercial scale-up

Broad selection of polymers and
excipients with different
physicochemical properties
Continuous process

re

\°24

High energy related to shear
forces

High melt viscosity causes
torque limitations

High density and low porosity
sgf thermoplastic extrudates
reduces compaction properties
of the material

Easy downstream processing
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In recent years, interest in melt extrusion techegyfor pharmaceutical
applications has grown steadily (96). Comparesther pharmaceutical technologies
such as tableting, melt extrusion is still an enmgydechnology and its potential has not

been fully explored (96). The following sectioraiseview of extrusion technology.

Extrusion Technology

Background

Extrusion technology has become well known in maingrse industrial fields
over the last century (97). Extrusion is the psscef converting a raw material into a
product of uniform shape and density by forcinthrough a die under controlled
conditions (98). Joseph Brama invented the exdruprocess at the end of the eighteenth
century to manufacture lead pipes (99). In théyel830’s, extensive industrial use of
extruders in the polymer industry began with thi&wesion of thermoplastic materials
(100). In 1935, the food industry manufacturedg@a@soducts using extrusion
technology (97). Currently, extrusion technologyne of the most widely applied
processing technologies in the plastic, rubber,fand industries; more than half of all
plastic products, such as plastic bags, sheetgpiped are manufactured by this process
(101).

Melt extrusion or hot melt extrusion (HME) wasroduced in the mid-nineteenth
century when it was used in a wire insulation paymoating process (99). In the 1980s,
BASF SE was the first to apply the HME process 8asepolymers with high glass
transition temperatures, e.g., polyvinylpyrrolident pharmaceuticals (102). Later,

Soligs, the drug delivery business unit of AbbottléH & Co. KG, commercialized the
29



technology and subsequently launched several dadppts (102,103). A number of
research groups since then have demonstrated HMiegses as being a viable technique

for the preparation of pharmaceutical drug delivirstems (104)

Melt Extrusion for Pharmaceutical Dosage Forms

HME refers to the processing of polymeric materaltemperatures above their
glass transition temperature (Tg) in order to dffeolecular-level mixing of active
compounds and thermoplastic polymers (105). Figuwkows an overview of the HME

process for pharmaceutical dosage forms.

Processing Aid Directly Shapé
Extrudate
| (Calendering)]

Pelletize or Mil Tablet or
Drua. Pol Extrudate Capsule Fillin
rug, Folymer Melt Extrusion > g

Figure 6. Melt Extrusion Process for Pharmacelbosage Forms

In the pharmaceutical industry, HME has been shimabe a viable technology
for the preparation of granules, sustained relesdsets, transmucosal and transdermal
drug delivery systems, and implantable devicesl(®), Moreover, for pharmaceutical
applications, HME offers many advantages over ti@ul processing techniques. Some
advantages of HME are summarized in Table 9 arlddec 1) solvent-free process, 2)
mixing, melting, and compounding in a single deyR®eno compressibility
requirements, 4) simple, continuous, and efficgntessing, 5) dispersive and
distributive mixing increases dissolution rateg] &) molecularly dispersed drug

substances improve bioavailability (99,104,105,102)
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Table 9. Advantages of HME in Formulation Devel opment

Challenge Solution by HME
Poor API stability during processing| Solvent-free alternative to aqueous or
caused by hydrolysis hydroalcoholic granulation processes
Environmental, health and safety- | Organic solvent-free process alternative
related concerns No residual solvents testing on products
Multiple manufacturing unit Eliminates separate unit operations and
operations increases manufacturing efficiency

No requirements on compressibility;
Excipient and/or drug compressibility poorly compactable materials can be
incorporated into an extruded dosage form
Small and large-scale equipment exists;
Geometrically similar extruder designs and
scale factors for throughput and specific
energy input make scale-up easier

Poor bioavailability due to inadequatePrepare solid solution or solid dispersion
drug solubility for enhanced dissolution rates

High extrudate density can reduce dosing
regimens

Extrudate is dust free and ideal for high
potency compounds

Scale-up

Multiple dosing regimens

Dust

Marketed and In-Development Products Based on HME

While perceived by many to be a recent developrmemharmaceuticals, the
first melt extruded drug product was marketed iB11@6). Subsequent products have
been developed periodically over the last thirtsirgg96). Table 10 lists drug products
made using melt extrusion technology that are otigrenarketed and under development
(96). Once developed, melt extruded dosage formsetiable and robust, offering many
benefits in cost efficiency (96). Compared to oflw®cesses for the production of solid
dispersions, HME is less complex since the manufexg of the dosage form requires

only a few steps and avoids the use of organicesdv(96).
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Table 10. Marketed and In-Devel opment Drug Products Based on HME. Adapted from

DiNunzio 2012

e

Product Indication Company Approval Stag
Lacrisert Dry eye
(HPC rod) syndrome Merck Marketed
Zoladex |
(Goserelin Acetate Implant) Prostate cancer AstraZeneca Marketed
Implanon .
(Etonogestrel) Contraceptive Organon Marketed
Gris-PEG . Pedinol
(Griseofulvin) Anti-fungal Pharmacal Marketed
Rezulin . Withdrawn,
(Troglitazone) Diabetes Wyeth API toxicity
Withdrawn,

Palladone TM . Purdue

Pain alcohol dose
(Hydromorphone) Pharma d .

umping

NuvaRing
(Etonogestrel, Ethinyl Contraceptive Merck Marketed
Estradiol)
Norvir Anti-viral
(Ritonavir) (HIV) Abbott Marketed
Kaleatra Anti-viral
(Ritonavir/Lopinavir) (HIV) Abbott Marketed
Eucreas . .
(Vildagliptin/Metformin HC) Diabetes Novartis Marketed
Zithromax (Azythromycin) Antibiotic Pfizer Marketed
Orzurdex Macular edema Allergan Marketed
(Dexamethasone)

Posaconazole Anti-fungal Merck In developme
Anancetrapib Car(cjj_lovascular Merck In development
isease
Dapivirine, Maraviroc, Anti-viral Particle In development

BMS793, CMPD167 Sciences P
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Polymer Selection

Several polymeric materials are currently usedherproduction of melt-
extruded solid dispersions, including nonionic &mc polymers (96). In most cases,
these materials were designed for other pharmaegéichnologies and have been
applied to melt extrusion (96). For example, patyinacrylate polymers are commonly
used in enteric coatings and vinylpyrrolidonesteaditionally used in granulation and
compression applications (96). Based on the pHeoidgnt solubility of the polymer,
immediate or delayed i.e., enteric release systemde developed (102). The selection
of the polymer strongly influences the release odtie drug. In most cases, immediate-
release systems have been developed and comneadigtius far (102). The most
commonly used polymers for melt extrusion are disteTable 11.

Polymers used in melt extrusion should exhibitri@plastic characteristics,
becoming soft and pliable when heated and hardemive;n cooled (103). Moreover,
they should demonstrate thixotropic behavior, bangrtess viscous with increasing
shear stress (103). Polymers should also havadeiitlass transition (Tg) and thermal
degradation (Jeg temperatures that reportedly range from 50°C8@°C (102), although
extrusion processing temperatures are more comnotie narrow range from 90°C to
140°C (96). As a general rule, extrusion is penied at temperatures from 20°C to 40°C
above the material's Tg (96). Ideally, the differe between the processing temperature
(Tg plus 20°C to 40°C) andydyis large enough to avoid the risks of thermal ddgtion,
though thermal stress within the extruder lastofdy 0.5 min. to 5 min., short enough to
prevent degradation of some thermal-sensitive mehg and drugs (102). Polymers with

a high solubilization capacity are also preferifddrger amounts of drug need to be
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dissolved in the polymer (102). Some basic requéngts for high solubilization capacity

include lipophilicity, hydrogen bond acceptors ondrs, and amide groups (107).

Lastly, solubility parameter can be used to pretietmiscibility of drug-polymer

systems and therefore, their stability over tim@8(109). Table 12 lists the basic

requirements for polymers used in HME.

Table 11. Commonly Used Polymers for Melt Extrusion. Adapted from DiNunzio 2012

Polymer Tg (°C)| Grades Comments
Non-thermoplastic
Methocel | APl must plasticizer polymer
Hypromellose 170-180 g5 Good nucleation inhibition
Difficult to mill extrudate
API must plasticize polymer
_ _ Povidone Potential fo_r_hydroge_n _bondin_g
Vinylpyrrolidone 168 Hygroscopicity can limit stability
K30 : .
Residual peroxides
Extrudate mills easily
Easily extruded
Vinylpyrrolidone- Kollidon No API plasticization required
vinylacetate 106 Hygroscopicity can limit stability
VA 64 . . .
copolymer More hydrophobic than vinylpyrrolidone
Processed around 130°C
Polyethylene glycol, Newest polymer for melt extrusion
vinyl acetate, vinyl 20 Soluplus Easily extruded
caprolactam graft Low Tg can limit stability
copolymer No compendial status
Eudragit | Not easily extruded without plasticizer
Polymethacrylates 130 | L100-55, | Degradation onset is 155°C
L100 lonic polymer soluble above pH 5.5
Easily extruded
Processed at temperatures above 1409
Hypromellose 120-135 Agoat lonic polymer soluble above pH 5.5
acetate succinate L, M, H | Excellent solubility enhancing polymer
Stable to 190°C depending on process
conditions
Amino methacrylate Eudragit Processeq at about. 100°C
56 Degradation onset is above 200°C
copolymer E PO - e
Low Tg can limit stability
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Table 12.Basic Requirements for Polymers Used in Melt Extrusion. Adapted from

Kolter 2010

Polymer Property

Requirement for HME

Thermoplastic behavior

Deformability is essential upon heating
Most polymers also exhibit thixotropic behavior

Glass transition
temperature (TQ)

50°C to 180°C, higher temperatures provide bettdyilty
Extrusion temperatures typically range from 90°Q40°C

Thermal stability (Teg

50°C to 180°C, higher temperatures provide bettdgility
Thermal stress lasts about 0.5 min. to 5.0 min.
Extrusion temperatures typically range from 90°Q46°C

Hygroscopicity

Low hygroscopicity prevents crystadtion

Toxicity

No to very low as application amounts are large; th
polymer serves as a matrix

Solubilization capacity

High capacity allows large quantities of drug to be
dissolved; lipophilicity, hydrogen bonding accegstor
donors, and amide groups improve solubilizatioracéy

Solubility parameter

Molecularly dispersed systamesmore stable

HME Equipment Overview

Hot melt extrusion equipment consists of an extruaexiliary equipment for the

extruder, downstream processing equipment, andtororg devices used to evaluate the

extrusion process (101). The extruder is typicatlinposed of a motor, hopper, barrel,

screws, and die, as shown in Figure 7. The auyiBguipment for the extruder consists

of a heating and cooling manifold used to heatoml the barrel, and a conveyer belt

equipped with air nozzles that cool the molten mialtevhile it is being transported away

from the die (104). Downstream processing equignmatudes such things as pelletizers

and calendering devices (104). A pelletizer, shawigure 8, is used to cut long,

continuous, solid, cylindrical strands of extrudiai® several smaller rod-shaped pieces

that can filled into capsules or milled and blenfladableting (104). Calendering

devices are used for directly shaping the extrushteits final dosage form (Figure 7).
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Monitoring devices on the equipment consist of terafure gauges along the barrel and

die, a screw speed controller, an extrusion torgaeitor, and pressure gauges (99).

[

-

L i e Pyt

. ) L1 - i ALt i s Coate LaPTe
Figure 8. Pelletizer and Strands of Extrudatei@iot Small Pieces

Generally, the extruder consists of one (singlejwar (twin) rotating screws
inside a stationary cylindrical barrel (Figure 9.motor, connected to one end of the
barrel, continuously rotates the screws. The aianected to the opposite end of the
barrel, determines the shape of the extruded ptodvad dies, for example, produce
solid cylindrical strands, where ribbon dies credtat films or sheets. Pictures of rod

andribbon dies are shown in Figure 10.
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Figure 9. Single Screyeft) and Twin Screw (Right) Extruders

The heat required to melt the material is supghgthe combination of the barr
heater and the heat generated by friction as therrabis sheared between the rotat
screw(s) and the wall of the bar(110). The spacketween the screw diameter and
width of the barrel is normally in the range of mm to 0.2 mm (110) The extrusiol
channel is conventionally divided into three sewicsolids€onveying oifeed, transition

or compres®n, and metering sectig, as shown in Figure 11.
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Extudate

Band heaters
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Die

Solids conveying zone

| Transition zone Metering zone
(Compaction)

(Melting) (Pumping)
Figure 11 Component Parts of an Extru

Most commercial extruder barrels and screws are tagdaroviding a choice ¢
screw elements or interchangeable barrel secthatcan alter the configuration of tl
feed, transitionand metering sectio (104). Figure 13hows individual screw elemer

and barrel modules thaan be assembled invariousconfigurations to perform

sequence of unit operatio

: . A s
P @ e | TR : N:\{C}I}RN:\‘RM#
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Figure 12 Modular Screw Elements, Barrels, and Assembtzdv Element
Extruders are defined by the barrel or screw diar, and lengthreferred to as
the L/D or length divided by diameter re (111,112) This ratio is the length of tt
barrel, from the feed hopper to the die, dividedh®yinside barrel diamet(111) or the
length of the screw divided by the screw diam(112). Typically, extrusion proces

lengths range from 24/1 to 5((112) Single screw extruders are generally 36/
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shorter and twin screw extruders are generallyigardéd from 60/1 to 100/1 (112). A
certain processing length is required for each epration (feeding, melting, mixing,
pressurizing, etc.) to enable sufficient time fog process to be accomplished (111).
Therefore, each unit operation can be assigneditagée barrel module or several barrel
modules can be dedicated to one unit operatiokewise, screw elements are chosen
and sequenced along the screw shaft to performfgpeait operations along the process
length of the barrels (113). Screw elements cabrbadly classified into three

functional types: forwarding, mixing, and zoningorwarding elements, which are
usually flighted, are used to forward material avirayn feed, vent, and drain openings
and to pressurize the die at the discharge eneoéxtruder (113). Mixing elements are
used to perform dispersive or distributive mixiagd zoning elements act as a barrier to
separate unit operations (113). Modifying the wai@ match the specific geometry to
the required process task allows for a sequenoaibbperations to take place. For
example, combining forwarding screw elements witkimg screw elements allows the
extruder to perform mixing and melting in additimnconveying. Figure 12 shows a

combination of different screw elements.

HME Process Overview

The purpose of the screw is to convey the matéoat the hopper, through the
various sections where the polymer achieves itsdgemeous melt, and to deliver the
melt to the die at a uniform rate (111). The Has¢he surface through which external
heat is applied and also provides one of the sesf&ar imparting shear to the material

(111). The barrel usually has three or more hgatones to raise the barrel and screw to
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a desired temperature (111). When the processeietype rises above the set point
temperature, either air or liquid cools the baftdll). Pressure is commonly measured at
the end of the barrel and temperature is typicalasured between the extruder barrel
and die (111). When the material is melted, wvBdhrough a breaker plate, filter, and
shaping die, and thereafter is cooled into a dolich (111). The die determines the final
shape formed during the extrusion process ancitast heating zone of the extruder
(111). The final dimensions of the extrudate mifgdfrom that formed by the die.

This is due to downstream processing equipment asigelletizers (Figure 8) or
calendering devices (Figure 7). The theoreticatag@ch to describing the melt extrusion
process is generally to divide the process into $@ations: feeding, conveying,
extruding, and downstream processing. The follgvwparagraphs summarize the four

sections of the melt extrusion process.

Material Feeding

During the HME process, different zones of the élaare preset to specific
temperatures before the process begins (106).stEneng material, known as feedstock,
typically consists of a powder blend containing tthermoplastic polymer, drug
substance, and other processing aids such axcpeassi(106). The feedstock is fed from
a hopper directly into the feed zone. In the feede, the screw flights are deepest or

have the greatest pitch (104). The geometry ahdaruder screw is shown in Figure 13.
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For single screw extruders, tpowdereonveying mechanism depends on
frictional relationship between the raw maals and the extruder surfa: materials
must adhere to the barrel wall and must not adioettee screv(114) Most single screy
extruders are flooded,; that is, the raw materials are filled into tlepper and as tt
screwrotates, the volume of material conveyed is diyeatlated to the rotational spet
pitch, and free volume of the scr(114). An increase in screw speed results i
increase in the volume of material disple (114) Therefore, the screw spe
determines the output of the extruder as long @sthew is kept full in the feed zc
(114) Thus, the conveying characteristics of a sisglew extruder are directlelated
to the raw material properties such as particle, garticle size distribution, partic
shape, bulk density, parti-particle interactions, etc. (114)herefore, all raw materia
in a blend should be similar in fticle size and densitynaterials that are sticky

slippery will not feed well in a single screw exdar(114). Cohesive materials or ve
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fine powders tend to form solid bridges at the drotbf the hopper, resulting in erratic
powder flow into the extruder (106).

In contrast, twin screw extruders are insensitiveatv material properties since
their powder conveying mechanism does not deperttefrictional relationship
between the raw materials and the extruder surfagaesmaterials which are sticky,
slippery, or have different particles sizes andiplardensities can easily be fed into a
twin screw extruder (115). Furthermore, twin sceuruders are designed to be starve-
fed; that is, the extruder screws are not fillethie feed zone (116). Since the screw is
not filled, the pressure remains low while the mates being heated (115). Starve-fed
extruders are equipped with either volumetric @vgnetric feeders that control the
amount of material that is delivered to the extryslr unit time (115). This allows the
extruder to operate at various outputs for a gaaew speed, which expands the
processing capabilities of the extruder (115). Wath single and twin screw extruders,
once the material has been introduced into theig&trthrough the feed hopper, it begins
to transform from a solid to a partial melt asidigs up heat from conduction and

mechanical friction.

Conveying, Melting and Mixing

Solids are transported to the decreasing spadeafdmpression section of the
screw where melting takes place. Extruders usedwos of energy transfer to
efficiently melt and plasticize materials: thermaald mechanical energy (114). Thermal
energy is typically supplied from electrical heatdrat cause a polymer film to form on

the inner barrel surface because of heat condutttrmugh the barrel (114). This
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melting mechanism is directly influenced by thermiaérgy input (114). The rotating
screw flights displace the melt film, mixing the hem material back into the bulk
powder (114). The temperature of the transitiartige is normally set at 20°C to 40°C
above the glass transition temperature of the ahoup polymers or the melting point of
semi-crystalline polymers (102). Thermodynamicpardies of the raw materials,
particle size, particle shape, the amount of matétied in the extruder screw, and the
thermal gradient between the material and barméhse influence the process (102,114).
The thermal contribution to melting on a unit mhasis (Eg. 2) can be quantified as

follows (114):

Thermal energy input (l;\/\rmj

Mass flow(kgj
hr

Specificthermal energy( kg j: Eg. 2

Screw extruders are designed to convert electatgy from the drive motor
into mechanical energy via viscous dissipation J1Miscous dissipation describes the
rate at which mechanical energy is converted iett in a viscous fluid per unit volume
(114). Materials begin to melt as solids are auedito decreased clearances (twin
screw) or decreased free volumes (single screw))(1The decreasing channel volume
compresses the material as it moves through threasiag space of the melting zone
(111). Compression is developed by decreasingdteavs thread pitch but maintaining a
constant flight depth or by decreasing flight depthile maintaining a constant thread
pitch (114). Both methods result in increased gussas the material moves along the

barrel. The mechanical contribution to meltingirectly influenced by mechanical
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energy input from the drive motor and can be gfi@dtion a unit mass basis (Eq. 3) as

follows (114):

Consumed motor power (WJ

Mass flow[kgj

Specific mechanical energy( kg j = Eg. 3

hr

Thermodynamic properties as well as physical piigseof the raw materials are
key contributors to the efficiency of the extrutemelting via viscous dissipation (114).
Materials with low melt viscosities such as lubrnitsaand plasticizers can adversely
affect the introduction of mechanical energy angstthe melting process (114). Most
materials require both thermal and mechanical gnergchieve a complete melt. Most
thermoplastic materials have specific mechanicatgninput ranges between 0.1 and
0.4 kWh/kg (114). Specific thermal energy inpuiiies are approximately an order of
magnitude less than specific mechanical energytiids).

Once the feedstock is transported through the salichveying zone and is
preheated, there is sufficient energy availablenietting (114). Material can be pumped
through a pressurized mixing element on the scresci@w elements can be designed to
melt and mix simultaneously (114). Generally, ¢hare two types of mixing for
powders: dispersive and distributive. Dispersniging refers to mixing by the
breakdown of solids; the shear stress that is medias a result of the velocity gradient
of rotating screw(s) and a stationary barrel ipoesible for the size and size distribution
of a constituent (114). The continued applicatbshear stress within the extruder

screw produces a subsequent decrease in parideleasso referred to as morphology
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development (114). The resulting morphology ipoesible for producing a certain
dissolution profile and subsequent bioavailabi{ig4).

The magnitude of the applied stress is a functidhe@shear rate and the melt
viscosity (Eq. 4) (114):

Shear stress (kPa)= shear rate (sec*)x viscosity (Pa seq) Eq. 4

Therefore, it is more difficult to achieve high ahetress with low melt viscosity
materials than with high melt viscosity materialaurthermore, shear rate, which
describes the velocity gradient between the scretlae barrel wall, is a function of the

screw's outside diameter, screw speed, and gab{Ef14):

7 x screw diameter (mm) x screw speed (rpm)
gap (mm)x 60(sec/min)

Shear rate (secl):[ Eq.5
where the gap is the distance between the screwhanuhrrel or between the two screws
in twin screw extruders. From the equations, &gparent that material fed into the
primary feed section of the extruder will experietiee highest degree of dispersive
mixing. That is, the viscosity is greatest in feed section, resulting in high shear stress.
In practice, shear sensitive compounds can bedacshskream into the already molten,
and therefore less viscous, polymer to avoid tigl Biresses experienced during the
melting process. Shear rates in screw extrudeisaly range from 10 to 10,000 sec
(114).

Extrusion parameters that influence shear stressased to control dispersive
mixing. These parameters include: screw desigewsspeed, feed rate, and barrel
temperature. The configuration of the screw deiteesmhow much of the material will
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experience high shear stress. The screw sped@@cslyl proportional to shear rate; a
linear effect is produced when the extruder isdléed and a nonlinear effect is produced
when the extruder is starve fed because, for sfarvextruders, increasing the screw
speed at a constant feed rate will also produaceedse in the filled screw volume
(114). Feed rate is directly proportional to shaae for flood fed extruders because an
increase in feed rate corresponds to an increasaéw speed (114). For starve fed
extruders, however, an increase in feed rate sesufin increase in filled screw volume
for a constant screw speed, resulting in a decrieastieear rate (114). As the barrel
temperature is increased, the melt viscosity deesahereby reducing the shear stress
(114).

Dispersive mixing is responsible for the size aizé slistribution of a constituent,
while distributive mixing refers to the reorganiobat of components toward uniformity
(114). The interchange of multiple screw chanfieds, discrete volumes), which can
split and recombine in a twin screw extruder, ¢efruptions in the flow channel, which
provide reorientation in a single screw extrudentabute to the content uniformity of a
particular constituent (114). Single screw extradmntain only one screw channel,
which limits their flexibility for improving mixinghowever, twin screw extruders
contain multiple screw channels that can be matliftepromote distributive mixing

(114). Anillustration of dispersive and distrilwgt mixing is shown in Figure 14.
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Figure 14. lllustration of Dispersive and Distriive Mixing

Extruding

The in-process material reaches the metering zotieiform of a homogeneous
melt suitable for extrusion. For extrudate withfarm thickness, flow must be
consistent and without stagnant zones right upealte entrance. The function of the
metering zone is to reduce pulsating flow and ensuwniform delivery rate through the
die cavity (104). If the melted material cannotsbéficiently dampened by the metering
section, a gear pump can be added to the end efkthaeder to reduce pressure variations
(104). The last heating zone of the extrudercgatied at the die. The die determines the
final shape of the extrudate formed during thelesitm process. Examples include rod
and ribbon dies (Figure 10) for the productionafdscylinders or flat sheets,
respectively. The final dimensions of the extredadwever, may differ from that

formed by the die due to downstream processing.

a7



Downstream Processing

Pelletization is a downstream operation for a reeltusion process. Developed
in the 1950s, pelletization is the process of ngttong strands of extrudate into pellets
(117). As the extrudate exits the die in a corgimistrand, it is cooled by air and fed
into the feed rollers on the pelletizer, and cuetayth by rotating cutting heads (117)
(Figure 8). The diameter of the pellet is con&dlby the diameter of the die orifice and
the speed at which the rollers are pulling thenstraearly all extrudate will be drawn
down in diameter upon exiting the die (117). Tledgts, typically 3mm in size or less,
can then be further processed, e.g., milled, tad)]eir encapsulated to obtain a final
dosage form. Alternatively, extrudate can be diyeshaped into the final dosage form

by using a calendering device (Figure 7, above).

Manufacturability

Successful production of a melt extruded solid elisppn is a function of
formulation and process, and each has a key ralesubstantial interdependence (96).
A typical formulation may contain a number of difat materials that have a specific
and necessary role in the formulation (96). Atimumm, it consists of drug substance
and stabilizing polymer; however, plasticizers, nselubilizers, and glidants may be
necessary to assist processing (96). Likewisesaaents to temperature, screw speed
and feed rate during production may alter the filydamics of the process (96). A brief

review of the most relevant formulation and progeesmeters follows.
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Melt Residence Time

Melt residence time plays a critical role in protperformance. Melt residence
time is defined as the amount of time the matexats in the molten state (96). As
material enters the extruder, it displays a speskit of solid-state characteristics and has
a defined temperature that is generally that oftindient environment (96). During
conveying, mechanical energy is imparted to theemadtalong with conductive heat
transfer from the barrel walls (96). This ener@®;90% of which originates from the
energy provided by the screws, increases the teatperof the material (96).
Somewhere along the length of the barrel, the n@teansitions from solid to melt,
resulting in peak observed shear and a well-ddiakeehange of flow characteristics
(96). At this point, the melt residence time begitit is also at this time that the polymer
begins to display properties characteristic oflaest because of its low viscosity and
greater molecular mobility (96). As the moltenstilsition process begins, drug
substance converts from crystalline to amorphous fdefining the time zero dissolution
process and signaling the point at which matebalgin to become more susceptible to
degradation because of the absence of crystallorpimlogy (96). Melt residence time
plays a particularly important role in the prodaoatiof high-melting-point compounds
and heat-sensitive compounds. In these casestaimang typical melt residence times,
which are variable but range from 0.5 to 5 minuigsyitical for inhibiting certain
decomposition processes (96). Reducing barreleéeatyre, along with appropriate
selection of screw design and screw speed, caadserheat transfer rates from the

system and help to lower localized temperaturesiwihe process (96).
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Process Variables and Controls

Instrumentation used to control the melt extrugorcess provides insight into
the performance of the formulation. The most rateunput variables of an HME
process are feed rate, screw speed, and barreétatage (102). These parameters
particularly influence the mechanical energy, resik time, and temperature of the
material (96). Key measurements of torque, tentperaand pressure provide
information on the flow behavior of the materiathin the extruder (102). Torque
values indicate the amount of energy being appbatie material during processing (96).
Figure 15 illustrates the effect of varying feetéracrew speed, and temperature on
residence time and torque (102). It can be seanribreases in feed rate or screw speed
reduce residence time, but increase extrusion ¢gordrque can be reduced by
increasing temperature, which reduces the melosiscof the polymer; however, higher
processing temperatures may result in thermal degjen of the drug and/or polymer.
More often, formulations exhibiting high torque was and therefore, high melt
viscosities, and/or thermal degradation requiredattidition of a plasticizer or thermal

lubricant (96,102).

HME Process Variables Residence Time Torque
AN AN
Feed rate l
AN AN
Screw speed l
AN
Temperature <> 3

Figure 15. Effect of Varying Feed Rate, Screw 8paad Temperature on Residence
Time and Torque. Adapted from Kolter 2010
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Plasticizers as Thermal Processing Aids

Melt viscosity plays a key role in determining #drusion torque and pressure
during manufacturing. Particularly with high maléar weight polymers, the melt
viscosity generates excessive load on the extrdithe® motor and precludes processing
without the incorporation of additives to facilgamolten flow (96). The viscosity of the
system is also critical for solubilization becalm&er melt viscosities increase
diffusivity and dissolution rate of solid drug pakes in the molten polymer (96).
Traditionally, the viscosity of a system is lowel®dadding plasticizers or other low
molecular weight compounds that improve the worligiand flexibility of the polymer
by weakening the intermolecular forces betweerptilgmer chains (118). In amorphous
polymers, the Tg and relaxation behavior assochai#dit are very sensitive to the
addition of small amounts of plasticizers (119) @#asticizer is added, the relaxation is
shifted to a lower temperature at constant frequéht9). The explanation is that
because the plasticizer molecules are small andlentiey act to effectively expand the
available free volume for segmental motion and bespeed it up (119). Some actives
may also have a plasticizing effect on certain pays. Plasticizing effects result in a
reduction in elastic modulus, tensile strength tmiskosity, and Tg (118). The
toughness and flexibility of the polymer are impedwvand extrusion becomes possible
because of its lower melt viscosity (118,120).

Reduced Tg values allow for lower thermal processamperatures that can
prevent degradation of sensitive actives (102)wéring Tg also widens the extrusion
processing range by increasing the difference batvtlee Tg and degradation
temperature (Jeg of the polymer (102). Generally, extrusion pisss are run at
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temperatures 20°C to 40°C above the Tg and extrisimperatures range from 90°C to
140°C (96). In a study conducted by DiNunzio et@mpositions containing a 1:2
mixture of ITZ:Eudragit L100-55 could not be effeely processed by melt extrusion
due to high viscosity and decomposition of the padys (121). Triethyl citrate (TEC)
was incorporated into the melt-extruded compos#tian20% (by dry polymer weight) as
a processing aid (121). Extrusion was successtwever, the Tg of the system
decreased from 101°C to 54°C from the additionla$tcizer and physical instability
was observed in the extrudate over time (121).lekét al. also incorporated 20% TEC
into hypromellose phthalate (HPMCP) HP-55, and Bgiil.100-55/Carbopol 974P
carrier systems to enable HME processing beloweaimperature at which thermal
degradation of the polymers begins, but the phi/stedility of the extrudate was not
reported (122). The use of plasticizers in therpnatessing can significantly affect the
physical stability of an amorphous solid disperdimmough increased molecular mobility.
In these formulations, reducing Tg and promotindetalar mobility of the drug-
polymer system can increase the drug's abilityefisate into drug-rich domains that
more readily crystallize over time (90,123,124 yy<allization during storage slows

dissolution and can ultimately preclude the matitg of the formulation.

Stability
One critical attribute for commercialization of arpbous solid dispersions is
stability. Among various factors, polymer selentis a key consideration for developing
stable dispersions (13). Once solid dispersioagevduced, ideally the polymers inhibit

crystallization of: 1) the amorphous solid API dgridissolution; 2) the dissolved APl in
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a supersaturated solution; and 3) the amorphougiAftig storage (52,125). Stable
solid dispersions, therefore, should have solitestad supersaturated solution stability
throughout the products shelf life (95).

Studies have suggested that the capacity of a mlyonnhibit crystallization
often depends on interactions between the API ahdrer (89,90,67). Alonzo et al.
speculated that polymers inhibit crystallizatioraaforphous APIs during dissolution by
interacting with the API's surface to delay surfacgstallization (52,126). They also
theorized that, after the amorphous API dissolges/mers prevent crystallization from
solution by inhibiting nucleation (52). For exampprior studies have shown both
polyvinylpyrrolidone (PVP) and cellulosic polymeare effective at delaying
crystallization of amorphous solids during dissioint but PVP is much less effective
than cellulosic polymers at maintaining supersaiomaonce an amorphous solid is in
solution (89).

The stabilizing effects of polymers during stor&gee been attributed by some to
API-polymer interactions (127,128) and by otherth&r ability to increase the glass
transition temperature (Tg) of the combined dispeéisystem (127,129). The Tg is
considered to be a key parameter for stabilizaterause it delineates a temperature
range between high and low molecular mobility (87.,6lt follows that, by increasing
the Tg of the system well-above storage tempersttine molecular mobility of the drug
would be reduced, which would lessen its abilitgéparate into drug-rich domains that
would more readily crystallize over time (90,123112Polymers, therefore, with a high
Tg relative to the drug, serve as anti-plasticizersompatible API-polymer systems
(67).
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Moisture can be a factor as well. Many polymersehavelatively high Tg when
dry, but some exhibit marked decreases in Tg witheasing water content (130). Water
has a Tg of about -138°C, so it can reduce thef Bgnmrphous systems substantially
(95). Fitzpatrick et al. reported that PVP absdrbignificant amounts of water when
exposed to increasing levels of humidity (131).e Hbsorbed water consequently
depressed the Tg of PVP from about 170°C to 348D%i relative humidity (RH). This
plasticizing effect induced a low-temperature ghassubber transition. In contrast, the
Tg of hydroxypropylmethylcellulose acetate suca@n@PMCAS) only decreased from
about 120°C to 95°C at 60% RH (130). Babcock.etugjgested that a dispersion with
sufficiently low mobility to achieve acceptablelsitay should have a Tg of 50°C or
greater at 50% RH (130). Yet, Hancock et al.’sriggexperiments” demonstrated that
amorphous solids can experience significant mo&aubbility as low as 50°C below
their Tg (132). Accordingly, the general rule lhh@some that the Tg of a dispersed
system should be at least 50°C above anticipabedgs temperatures.

The Tg for a combination of two compatible amorphmaterials can be
estimated using Gordon-Taylor-type equations (1EJsed on these equations it can be
inferred that, to increase the Tg of a combinedygralymer system, a significant portion
of the dispersion should comprise a polymer haaimglatively high Tg. What is not
explicitly accounted for in the equations, howevethe dependence of a polymer’'s Tg
on humidity. Babcock et al. studied the effechomidity on a polymer’s Tg and
observed considerable differences in the affirotywbater among six common
pharmaceutical polymers (130). Similar resultseneported in solid dispersions
containing felodipine, polymer, and water (123)onKo et al. found both polymer type
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and amount influenced moisture absorption, whichgased API nucleation rates (123).
However, no correlations could be made betweenreatioh rates and the Tg of the

system (123).

Hygroscopicity of the Polymer

Absorbed moisture can destabilize amorphous systgrt@vering the Tg of the
polymer, weakening the interactions between thg dnd polymer, and lowering the
solubility or miscibility of the drug in the polym€95). Several authors have evaluated
the effect of moisture on drug solubility. Rumonébal. showed that a small amount of
moisture could significantly lower the solubility f@lodipine in PVP (134). Similarly,
another study showed that water could irrevergildyupt the favorable interactions
between a drug and a polymer, resulting in phagaragon that eventually led to
crystallization (135). Rumondor et al. developadaified Flory-Huggins equation to
estimate the effect of moisture on the interactiarameters of a water-drug-polymer
ternary system (134). Their experiments showetlthieaingress of water could weaken
interactions between a hydrophobic drug and hydlegiolymer, resulting in drug-rich
phases that induce crystallization (134). In aeo#tudy comparing different polymers,
the authors concluded that the use of a hydrophaddianer e.g., HPMCAS can be
beneficial over more hydrophilic polymers e.g., RMPor PVP to achieve better
stability (136). Friesen et al. also showed thlaydrophobic polymer provided better
supersaturation during dissolution due to the faioneof aggregated structures by

HPMCAS (65).
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Lastly, although it is well recognized that amorpsonaterials are more
hydroscopic than their crystalline forms, Konnaktshowed that amorphous felodipine
does not absorb large quantities of water on exedsuhigh relative humidities due to
the hydrophobicity of the drug (123). However, #ramounts of absorbed moisture
resulted in significant increases in nucleatioe (d@23). A similar tendency for increased
nucleation rates in the presence of moisture has bbserved for another hydrophobic
drug, indomethacin (137). Forming a solid dispmrsaf felodipine with three different
polymers reduced nucleation rates relative to tig dlone (123). Each polymer had a
similar inhibitory ability in the absence of moistu67). However, in the presence of
moisture, the ability of different polymers to ibfticrystallization of felodipine from
solid dispersions varied considerably (123). Huggests that there is competing effect
between the polymer that acts as a crystallizatibibbitor and water that enhances
crystallization (123).

In the presence of moisture, three pure polymesget large variations in the
amount of moisture absorbed, with PVP being thetmggroscopic, followed by HPMC
and HPMCAS (123). Likewise, solid dispersionseabtlipine with PVP absorbed more
moisture than those containing felodipine with HPRICHPMCAS (123). In spite of the
increased hygroscopicity of the solid dispersiongleation rates of felodipine still were
reduced relative to the drug alone (123). In aoldjtthe dependence of nucleation rate
on moisture content became less sensitive as lgmpoconcentration increased (0-
25%) (123). For a given polymer concentration wheation in the stabilizing ability of

different polymers was attributed to their differéendencies to absorb moisture (123).
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Specifically, polymers with low hygroscopicity prded better stability for amorphous

systems.

Drug and Polymer Interactions

In addition to low hygroscopicity, polymers withniaable functional groups have
shown improvements in the stability of amorphousteays. Enteric polymers, for
example, contain carboxylic acid groups that iorzhigher pH values. Their
effectiveness in solid dispersions has been atgthto two major mechanisms (96).
Firstly, enteric solid dispersions typically disselat pH values above 5.0, depending on
the polymer selected (96). This allows for tardedessolution and supersaturation in the
upper small intestine, which is the primary sitebgorption for many compounds (96).
It also avoids premature gastric supersaturatiahparential precipitation, which can
limit the bioavailability benefits of the solid ghsrsion (96). Secondly, the partially
ionized nature of the enteric polymer after dissolumay stabilize supersaturated
solutions through drug-polymer interactions (96,138). Several studies have
attributed this behavior to a combination of stéifedrance and hydrophobic interactions
(96,138,139). The greater stabilization efficien€YCAP and HPMCAS were reportedly
due to the partial ionization of the polymers ituson, which slowed growth rates of

drug-polymer aggregates in solution (96).
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CHAPTER 2

PROBLEM AND OBJECTIVES

Statement of the Problem

Amorphous APIs are inherently metastable and anyrpinous-crystalline phase
transitions during dissolution and storage effadti\negate their solubility advantages.
Generally, the ability of a polymer to inhibit ctg#lization depends on interactions
between the drug and polymer, and the moistureeobiof the solid dispersion caused by
hygroscopicity of the component polymer. Howevee, physicochemical properties of
the polymer necessary to inhibit crystallizatioonfran amorphous state are not fully
understood. The ability of polyvinyl acetate pli#it@ (PVAP) to inhibit crystallization
of amorphous solid dispersions of itraconazolerttadeen explored in the literature.
PVAP is a pH-dependent polymer traditionally usedenteric film coating and, as such,
it may be capable of stabilizing supersaturatedtsmis above pH 5 through drug-
polymer interactions. Furthermore, films produéedn PVAP reportedly had low water
vapor permeability so it may provide a stabilitwadtage during storage over enteric
polymers previously used to produce solid dispasioVhile some physicochemical
properties of PVAP make it a good candidate forins®lid dispersions, its use is
hampered by poor processability via the most delnaethod, melt extrusion; learning

how to manipulate its melt extrusion processingatt@ristics while maintaining its
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desirable properties could lead to successful ftatimns of amorphous solid dispersions

for drug delivery.

Overall Objective

The overall objective of this study is to investeythe ability of polyvinyl acetate
phthalate (PVAP) to inhibit crystallization of anpbious solid dispersions of

itraconazole.

Supporting Objectives
1. Characterize the thermal and rheological propedid3VAP to assess its suitability
for use in melt extrusion
a. Determine the glass transition temperature, mettosity and thermal
decomposition temperature of PVAP
2. Determine the water affinity of PVAP to predict #igitability in amorphous solid
dispersions
a. Measure the moisture content of PVAP as a funatiorarious relative
humidities
3. Improve the melt extrusion processability of PVAIcorporating plasticizers or
other thermal processing aids
a. Calculate the solubility parameter of PVAP and carept to other excipients
b. Evaluate melt viscosity, glass transition tempagtand moisture content for
the most promising excipients
c. Assess miscibility of binary polymer mixtures caniag PVAP
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d. Evaluate the extrudability of binary polymer mix¢grcontaining PVAP
e. Analyze the PVAP content in the melt extruded béend

4. Incorporate itraconazole into the binary polymextome to produce solid dispersions

using melt extrusion technology
a. Assess the miscibility of the drug in the polymgstem
b. Evaluate the extrudability of the ternary mixtures
¢. Analyze the itraconazole content in the melt exéditdlends
d. Determine the physical state of itraconazole insibled dispersions
e. Evaluate drug release from the solid dispersiomsatoing PVAP

f. Evaluate the physical stability of the solid dispens containing PVAP
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CHAPTER 3

MATERIALSAND METHODS

Materials

Polyvinyl Acetate Phthalate (PVAP)

PVAP (Phthalavin 2138 clear) was provided by Calardnc., Harleysville, PA,
USA. The USP34-NF 29 describes polyvinyl acetathgate (PVAP) as a reaction
product of phthalic anhydride and a partially hyyzed polyvinyl acetate (19). The

chemical repeat units of PVAP are shown in Figuie 1
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Figu_re 16. Chemical R;:SeaTUnits of PT/AP
Similar to other enteric polymers, PVAP is pradticansoluble in water and

acidic solutions, but soluble in buffered solutiavith a pH above 5 (140). In

pharmaceutical applications, PVAP is primarily usscn enteric film coating applied to

oral drug products (140). Films produced from P\WeRe been shown to be much less
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permeable to water vapor than those prepared ftber enteric polymers such as
cellulose acetate phthalate (CAP) and hydroxypropgtthylcellulose phthalate (HPMCP)
(141). The low permeability of PVAP to water vapoay provide a stability advantage

over enteric polymers previously used to produdiel slispersions (142).

Salts

Phosphorous pentoxide and potassium acetate sasofvanalytical grade and

purchased from Sigma-Aldrich Co., St. Louis, MO,AJS

Vinylpyrrolidone Vinyl Acetate (PVPVA)

PVPVA (Kollidon VA 64 or Copovidone) was providegt BASF SE,
Ludwigshafen, Germany. Vinylpyrrolidone is a hyglndic, water-soluble monomer
where vinyl acetate is lipophilic and water-insdkibThe polymer is freely water soluble
because of the ratio of the two monomers: 6 pamngdpyrrolidone and 4 parts vinyl

acetate. The chemical repeat units of PVPVA aosvshn Figure 17.
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Figure 17. Chemical Repeat Units of PVPVA
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In pharmaceutical applications, PVPVA is commordgd as a binder in the
production of granules and tablets by wet granoihgtand as a dry binder for direct
compression. PVPVA has also been used as a segdilaaformer in tablet coatings.
PVPVA is easily extruded but the hygroscopicitytied polymer hinders its stability and

therefore, limits its commercial use.

Itraconazole (ITZ)

Itraconazole was purchased from Hawkins Chemicain®hpolis, MN, USA.
Itraconazole and other azole antifungal compoundk as ketoconazole and
posaconazole exhibit poor solubility (96). Thesmalbases also have pH-dependent
solubilities that present further challenges tagteag a highly bioavailable drug product
(96). For example, compounds similar to itracotagpKa = 3.7) show a marked
reduction in solubility upon entry into neutral negccreating the need for gastric
absorption or supersaturation in the intestinenttaace bioavailability (143). While
conventional formulation technologies have beeriegpo ketoconazole drug products
with sufficient exposure levels, itraconazole waes first commercially marketed
amorphous solid dispersion to enhance oral bicabiiily (96). Marketed as
Sporanox®, the dispersion is prepared using fl@d-technology and an organic solvent
drug layering process of itraconazole and hypromsellonto sugar spheres (96,144).
Although able to provide improved oral bioavail#lilthe product still showed variable
absorption and substantial food effect that watiqudarly apparent in the presence of
acidic beverages e.g., cola (145). Numerous atetopmprove oral bioavailability

were made through the production of various manufag systems, including melt-
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extruded dispersions (96). Attempts using meltuston to prepare nonionic solid
dispersions with PVPVA and Eudragit E PO as canegre successful at rendering an
amorphous form; however, they failed to providessabtial bioavailability

(146,147,148). Subsequent studies by Miller etlanonstrated that the most effective
delivery strategy for weakly basic compounds wataitget release at the upper small
intestine through the production of enteric soigpérsions (122,149). In their trials, and
summarized in Table 13, increases in AUC apgk@ere reported for enteric dispersions
compared to conventional nonionic formulationsahmodels (149).

Table 13. Bioavailability of Itraconazole Solid Dispersionsin Rat Models. Adapted from

Miller 2008
Formulation Polymer fea> (Ng/ml) Tmax (D) AUC (ng-h/ml)
Methocel E50 Nonionic| 732 + 187 49+272 6,195 134
Eudragit L100-55 lonic 630 + 695 99+9.7 7,3380t224
Eudragit L100-55 . ]
olus 20% Carbopal lonic 1,198 + 584 44+1.6 11,107 + 3,579
Eudragit L100-55 | -\ i | 663 + 186 56+0.5 5830 + 1,943

plus 40% Carbopal

Itraconazole was chosen as a model drug becautsel@iv solubility and because
it is more soluble in the low pH of the stomachu@ml) than the more neutral pH of the
intestines (1 ng/ml) (142,150). Pairing itracoriazeith an enteric polymer, PVAP, may
reduce precipitation by delaying dissolution. dtvaazole is characterized as a poorly
soluble, weak base, highly lipophillic (log P =%&dhd a BCS Class Il drug (150). Itis
available commercially in three forms: as drugelag multiparticulates, as a
cyclodextrin-complexed oral solution, and as asotufor IV infusion (151). The

chemical structure of itraconazole is shown in FeglB.
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Figure 18. Chemical Structure of Itraconazole

Food Effect in BCSClass |l Drugs

Coadministration of oral dosage forms with meals r@sult in one of three
scenarios: 1) the extent of absorption decreasgm(ive food effect); 2) the extent of
absorption increases (positive food effect); and@jubstantial change in the extent of
absorption (152). Fleisher et al. suggested thenéxf absorption of a poorly water-
soluble, highly permeable BCS 2 drug is most likeyreased, while it remains
unchanged for highly water-soluble and permeabl& B@rugs (153). The same trend
was observed by Gu et al. who evaluated the effiefictod intake on the extent of
absorption by analyzing clinical data on 90 martéteteug products (154). More than
70% of BCS 2 or BCS 4 drugs exhibited a positivedfeffect as indicated by a
significant increase in the AUC in the fed statenpared to the fasted state (154). The
positive food effect can be ascribed primarily éveral physiological changes that
increase drug solubility and dissolution. Soméheke changes include: 1) delayed
gastric emptying that increases the time avail&derug dissolution (155); 2)
substantial rise in gastric and intestinal fluidwoe that offers the potential for increased
dissolution rates (156); and 3) release of bilenftbe gallbladder into the duodenum

where its components (bile salts, cholesterol,@mmspholipids) can solubilize dietary
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lipids into mixed micelles (157). Mixed micelleave the ability to incorporate

lipophilic drug molecules and increase drug soltyb{lL58). Bile salts can also enhance
the dissolution rate of poorly water-soluble drbgamproving wetting (158). In the

case of weakly basic drugs such as itraconazotgtiems in Gl pH due to food intake
can significantly increase or decrease drug sotul§2). In healthy subjects, the gastric
pH in the fasted state is typically 1-3 but may penarily increase to 4-7 after a meal
(159,158). The extent of ionization of a weaklgibalrug will be reduced due to the
rising gastric pH, resulting in poor dissolutiordéor potential precipitation of already
dissolved drug molecules (2). The sensitivity facBanges caused by food intake is
often associated with unpredictable oral bioavditgl{2). The pharmacokinetics of
itraconazole were studied in 6 healthy male volergevho received a single 100 mg
dose of itraconazole with and without a full mel (In the study, only itraconazole
plasma concentrations were measured (not metab)aditel the higher concentration of
drug observed in fed volunteers is shown in TaBl€2). Food effects may be reduced or
eliminated by selection of an appropriate formolatiesign, e.g., solid dispersion-based
drug delivery systems (160). The extent of orablailability is affected not only by
drug characteristics, e.g., solubility and Gl peafyikty, but by a drug molecule's

susceptibility to intestinal and hepatic metabolesmal active influx/efflux transporters

2).
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Table 14. Pharmacokinetics of Itraconazole in Healthy Males With and Without a Meal

ltraconazole 100 mg 100 mg
Fed Fasted
Cmax (ng/ml) 132 + 67 38 +20
Tmax (hours) 40+11 3.3x1.0
AUC (ng-h/ml 1899 + 838 722 + 289

Biopharmaceutics of Itraconazole

Once itraconazole is delivered in solution to thestinal lumen, it is subject to a
variety of plasma membrane transporters and metadatymes located in intestinal
enterocytes (161). Two mechanisms have been fabehéis principal modulators of pre-
systemic clearance/metabolism (161). The firgt-glycoprotein (P-gp). P-gp is a drug
transporter found on the apical plasma membrarfacaiof enterocytes, where it
functions to expel xenobiotics from the enterodydek to the intestinal lumen (162).
Itraconazole is both an inhibitor and substrate™ap (161). Therefore, the ultimate
effect of P-gp on intestinal absorption of itracoole can be mixed, or change after
prolonged exposure to the drug (161). Moreovestelis significant inter-subject
variability in the intestinal expression of P-gartsporters; patients diet, underlying
disease, drug therapy, and genetics influence &gpession (162). This variability may
account for some of the intra- and inter-patiemtalality observed in the literature for
itraconazole (161).

The second mechanism of pre-systemic clearancéviesrmtestinal metabolism
by cytochrome P450 3A4 isoenzyme (CYP 3A4), whisutts in the production of
active and inactive metabolites (161). Like Pigpconazole is both a substrate and

inhibitor of CYP 3A4 (163). Expression of CYP 3A#enterocytes shows intra- and
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inter-patient variability similar to P-gp (164).igkre 19 illustrates the intestinal transport
and metabolism of itraconazole (161).
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Figure 19. Intestinal Transport and Metabolisnfti@iconazole

Itraconazole that is absorbed into systemic citeartas highly bound to red
blood cells and plasma proteins (>99%) (165). &wstally available itraconazole is
extensively metabolized in the liver to both actarel inactive metabolites that are
subsequently cleared by the kidneys (161). Appnaxely 50% of the drug is removed
by first-pass metabolism in the liver (and intestilmmen) resulting in an oral
bioavailability of about 50% (166). However, thiist-pass metabolism can be
reversibly saturated with increasing itraconazalses that result in an absolute
bioavailability > 80% (167). The terminal elimirat half-life of itraconazole after a
single oral dose is about 24 + 9 hours, and abéuitolirs for the active hydroxy
metabolite (161). The active and inactive metdbslare excreted in the urine (161).

Any remaining itraconazole (non-absorbed) is passethanged in the feces (165).

Methods

Polymers for melt extrusion must exhibit thermoptasharacteristics in order to

make the melt extrusion process possible and thest be thermally stable at the
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extrusion temperatures employed (96). Other relesharacteristics include suitable
glass transition or melt temperatures (Tg or Trepeetively) of about 50°C - 180°C and
low hygroscopicity (102). The extrudability of alpmer is mainly determined by the Tg
or Tm and melt viscosity (102). As a general raleextrusion process runs at
temperatures 20°C - 40°C above Tg (96). Once anr@mus solid dispersion is
produced, drug-polymer miscibility, solid-statedality, and drug-polymer interaction
contribute to the stability of the system. Therefahe methods in this study focused on
thermal and rheological analysis, hygroscopicitisaiility, and amorphous phase

behavior.

Thermogravimetric Analysis (TGA)

TGA is a suitable tool for examining the thermatsavity of materials. TGA
has been broadly used in the study of thermal dposition; however, it must be noted
that such studies are only appropriate for matettedt exhibit a weight loss upon
decomposition (143). At the extrusion temperatut@ch is typically between 100°C
and 200°C, the polymer must be stable. The difiezdetween the Tg and degradation
temperature (de9 Serves as an indication of the extrusion tempegatainge. Broad
extrusion temperature ranges are preferred. TGésorements were performed on a
Q500 thermogravimetric analyzer (TA InstrumentswiNgastle, DE, USA). Three
certified reference materials with nominal masséssof 2%, 50%, and 98% at 160°C

were used to verify the accuracy of the instrument.
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Thermal Decomposition of PVAP

Approximately 10 mg of sample was weighed intoatipum sample pan (TA
Instruments, New Castle, DE, USA) and heated froOfCZo 1000°C at a heating rate of
20°C/min. purged under nitrogen and oxygen atw fite of 50 ml/min. The mass loss
of PVAP as a function of temperature was reportexperiments were performed in

triplicate using fresh samples for each analysis.

Isothermal TGA Analysis of PVAP
Approximately 10 mg of sample was weighed intdadipum sample pan (TA
Instruments, New Castle, DE, USA) and the massheksvior of PVAP was recorded in
nitrogen at four isothermal temperatures: 12030D°C, 140°C, and 150°C.

Experiments were performed in triplicate using lfireamples for each analysis.

Thermal Decomposition of PVPVA

Approximately 10 mg of sample was weighed intoatipum sample pan (TA
Instruments, New Castle, DE, USA) and heated fréAC20 400°C at a heating rate of
20°C/min. purged under nitrogen and oxygen atw fite of 50 ml/min. The mass loss
of PVP-VA as a function of temperature was repartedperiments were performed in

triplicate using fresh samples for each analysis.

Glass Transition Temperature (TQ)

The Tgq is characterized by an increase in the mtdeenobility of the polymer
chains, which changes the mechanical strengtheoimiterial from a hard glass to a

softer rubber (68). Thermal analysis techniqueshsaused to characterize the Tg of
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amorphous polymers. The most popular techniquesde differential scanning
calorimetry (DSC), thermomechanical analysis (TM#&)d dynamic mechanical analysis
(DMA) (68). Each of these techniques detects thpéddsed on changes in a different
material property during the glass transition. rElfigre, the relative sensitivity of the
different techniques varies depending on the naititke material and experimental
variables such as heating rate. Several studiesdteown that DMA has about 1000
times greater sensitivity for detecting Tg compaed®SC (119). Likewise, TMA has
often been shown to be more sensitive than DS@tatting Tg (119). This study
determined and compared the Tg of PVAP using thiféerent thermal techniques. In

addition, the Tg of PVPVA and ITZ were determineihg DSC.

Tg of PVAP

Conventional Differential Scanning Calorimetry (DSC)

DSC is the most common thermal analysis techni§8g (It measures heat flow
to and from a sample relative to a reference amddsly used for the physical
characterization of materials including identifioat of melting, crystallization, and
thermal transition phenomena, and their associatadges in entropy and enthalpy (68).
The heat capacity step change at the glass tramsiglds three temperature values:
onset, midpoint, and endset. This Tg range isfukip identifying processing
temperatures used during melt extrusion.

DSC measurements of PVAP were performed on a QRfédetial scanning
calorimeter (TA Instruments, New Castle, DE, USA)dium was used to calibrate the
temperature scale and enthalpic response. Appedglyn2 mg of sample was weighed
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into a Tzero aluminum sample pan (TA InstrumenesyNCastle, DE, USA), and then the
pans were hermetically sealed. Samples were haatadee different rates: 10°C/min.,
15°C/min., and 30°C/min. from 0°C to 200°C undeiteogen purge at 50 ml/min.
Increasing heating rates can increase sensitieityitycan also shift Tg to higher
temperatures and broaden transitions (68). Exmatisnwere performed in triplicate

using fresh samples for each analysis.

Modulated Differential Scanning Calorimetry (MDSC)

MDSC is a high performance version of conventidd@lC (68). For example,
conventional DSC cannot resolve overlapping traomsst The transitions observed using
conventional DSC may coincide with Tg or a numldgrrocesses, making it difficult to
analyze (68). MDSC has the ability to resolve amuing transitions if the transitions
separate into reversing and non-reversing heatsignals (68). In MDSC, a sinusoidal
temperature modulation is superimposed on the ctioral linear temperature ramp to
yield a modulated heating ramp (68). The modulatting causes the heat flow to
oscillate (68). Fourier transformation converts thodulating heat flow signal into
reversing and non-reversing components, and caésukgeat capacity (68). Reversing
components of heat flow are those that are bottmtbeynamically reversible and
kinetically feasible (68). Therefore, Tg is obsaiun reversing heat flow signals. In
contrast, thermal events that are not reversiblermtically rapid appear in non-
reversing heat flow signals. For example, crytation, evaporation, and decomposition

are observed in non-reversing signals (68).
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MDSC measurements of PVAP were performed on a @#@rential scanning
calorimeter (TA Instruments, New Castle, DE, USA)dium was used to calibrate the
temperature scale and enthalpic response. Appsatglyn2 mg of sample was weighed
into a Tzero aluminum sample pan (TA InstrumenesyNastle, DE, USA) and then the
pans were hermetically sealed. The Tg was detearah a heating rate of 3°C/min. with
a modulation amplitude of +/- 1.590°C every 60 seder a nitrogen purge at 50 ml/min.,
and the midpoint of the transition in the reversimegt flow signal was reported. All Tg
values were determined from the second scan aftirty the sample from -50°C to
140°C, cooling the sample to -50C, and re-heatiesgsample from -50°C to 200°C.
Subjecting the samples to a heat-cool-heat cya®ves thermal history of the sample.

Experiments were performed in triplicate using lfireamples for each analysis.

Thermomechanical Analysis (TMA)

TMA is generally used to measure the glass tramsliased on changes in
coefficient of thermal expansion, which resultlas free volume of the material increases
(168). An expansion probe on the TMA detects tloedase in free volume. Another
TMA approach for determining the glass transitiseslinstead, a penetration probe. In
this mode, TMA measures the sample length as ditumof temperature under load.

The penetration probe applies a load to a smadl afsample to measure softening. The
penetration mode detects Tg as a downward probement as the material becomes
less rigid in the transition from hard glass ta#es rubber (168). For amorphous

materials, the softening point corresponds to Tg.
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TMA measurements of PVAP were performed on a QAéfhtomechanical
analyzer (TA Instruments, New Castle, DE, USA).eTtrce exerted by the penetration
probe was calibrated using three different massegl O grams, 5 grams, and 10 grams.
Indium was used to calibrate the temperature soapgproximately 60 mg of PVAP was
compacted into a flat-faced cylinder using a maipediet press (TA Instruments, New
Castle, DE, USA) to a sample thickness of aboutdnd A penetration probe (TA
Instruments, New Castle, DE, USA) applied a forc@.02N plus 5 grams to the sample
as it heated from 25°C to 200°C. The Tg was ddtexdhat a heating rate of 1°C/min.
under a nitrogen purge at 100 ml/min. Experimergsayperformed in triplicate using

fresh samples for each analysis.

Dynamic Mechanical Analysis (DMA)

DMA measures mechanical stiffness (modulus) andggrebsorption by
subjecting the sample to oscillating mechanic&sstiwithin a linear viscoelastic region
(119). The oscillating stress, measured as foecaipit area, results in sample
deformation (strain). The modulus is the rati@pplied stress to strain. For viscoelastic
materials, the modulus has two components: 1)gooent in-phase with the applied
stress (storage modulus, E'), which correspontisetelastic response of the sample, and
2) a component out-of- phase with the applied stless modulus, E"), which

corresponds to the viscous component of the sa(p®. The ratio of the dissipated

mechanical energy to stored mechanical energynetdd by tard (Ej (119). Atthe

glass transition, the increase in molecular moiwithin the polymer results in a decrease

in the storage modulus (E'). Energy is absorbada@scular motion increases. As the
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sample proceeds through the glass transition atieeof energy absorption goes through a

maximum, which corresponds to peaks in the lossuluisdE") and tam curves (119).
DMA measurements were performed on a Q800 dynarachanical analyzer

(TA Instruments, New Castle, DE, USA). PVAP powdamples were secured between

a parallel-plate compression clamp (plate measi?etim wide by 60 mm long). A

slow heating rate of 1°C/min. was used to heastmples from 30°C to 140°C. The

oscillating frequency of 1 Hz was applied to aistidrce of 0.4N. Experiments were

performed in triplicate using fresh samples forteacalysis.

Tg of PVPVA and Itraconazole

MDSC measurements of PVPVA and itraconazole werpeed separately on
a Q200 differential scanning calorimeter (TA Instents, New Castle, DE, USA).
Indium was used to calibrate the temperature stadeenthalpic response.
Approximately 2 mg of sample was weighed into ardzduminum sample pan (TA
Instruments, New Castle, DE, USA) and then the paere hermetically sealed. The Tg
was determined at a heating rate of 3°C/min. witinoaulation amplitude of +/- 1.590°C
every 60 sec under a nitrogen purge at 50 ml/raimd,the midpoint of the transition in
the reversing heat flow signal was reported. AjlvRlues were determined from the
second scan. PVP-VA was heated from -90°C to 156%@ling to -90C, and re-heating
from -90°C to 200°C. Itraconazole was heated fr6@¥C to 200°C, cooling to -50C,
and re-heating from -50°C to 200°C. Subjectingghmples to a heat-cool-heat cycle
removes thermal history of the sample (68). Expents were performed in triplicate

using fresh samples for each analysis.
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Tg of ITZ-PVPVA and I TZ-Polymer Blends

Some APIs have a plasticizing effect on polymérs.evaluate the effect of ITZ
on PVAP-PVPVA polymer blends, the Tg of the systmarious API ratios was
determined using MDSC. MDSC measurements wer@peed on a Q200 differential
scanning calorimeter (TA Instruments, New Castlge, DSA). Indium was used to
calibrate the temperature scale and enthalpic nsspoApproximately 2 mg of sample
was weighed into a Tzero aluminum sample pan (TS Uments, New Castle, DE,

USA) and then the pans were hermetically sealdte Tig was determined at a heating
rate of 3°C/min. with a modulation amplitude of £/590°C every 60 sec under a
nitrogen purge at 50 ml/min., and the midpointre transition in the reversing heat flow
signal was reported. All Tg values were determiinech the second scan. The ITZ-
PVAP-PVPVA powder blend was heated from -50°C t8°C5 cooling to -50C, and re-
heating from -50°C to 180°C. The ITZ-PVPVA powddend was heated from 0°C to
180°C, cooling to OC, and re-heating from 0°C t6°T8 Experiments were performed in

triplicate using fresh samples for each analysis.

Tg of Extruded I TZ-Polymer Blend

MDSC measurements of ITZ-PVAP-PVPVA extrudate weedormed to ensure
that the ITZ was fully melted and incorporatingoitihe polymers during extrusion. The
analysis was performed on a Q200 differential scanoalorimeter (TA Instruments,

New Castle, DE, USA). Indium was used to calibthtetemperature scale and enthalpic
response. Approximately 2 mg of extrudate was eignto a Tzero aluminum sample

pan (TA Instruments, New Castle, DE, USA) and tthenpans were hermetically sealed.
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Extrudate was analyzed at a heating rate of 3°CAwith a modulation amplitude of +/-
1.590°C every 60 sec under a nitrogen purge atlsfinute, heating from -50°C to
180°C. Since the material experienced its firstt e the extruder, the samples were
only heated once on the DSC and not subjectedh&atcool-heat cycle. The transitions
in the reversing heat flow signal after the firstis were evaluated for any remaining
crystalline ITZ, which is observed as an endothermelting peak. Experiments were

performed in triplicate using fresh samples forteacalysis.

Melt Viscosity of PVAP, PVPVA, PVAP-Plasticizer and PVAP-PVPVA Blends

Besides Tg, melt viscosity is another factor usedetermine extrudability. Melt
viscosity is influenced by molecular weight and amgractions between the functional
groups on the polymer chains (102). For smalleseatruders, the limitation is
approximately 10,000 Pa-s; higher viscosities gaged¢po much torque within the
extruder (102). Melt viscosities can be loweredallging plasticizers in order to run a
smoother extrusion process. Polymers should nab#xery low viscosity either, or the
extruded material will be problematic during dowaatn processing (102).

Viscosity studies were performed using an AR-G2rheter (TA Instruments,
New Castle, DE, USA). The effect of temperaturevizgosity was determined for the
samples from 120°C to 180°C using a step osciligbimcedure with strain at 1.25%,
angular frequency at 6.283 rad/sec., and rampofe8&C/minute. Approximately 60 mg
of material was compacted into a flat-faced diskgiga manual pellet press (TA

Instruments, New Castle, DE, USA) to a sample tiesls of about 2 mm. The samples
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were placed between two 25 mm ETC steel paralégeplwith the gap set at 1000 pm.

Experiments were performed in triplicate using lfireamples for each analysis.

Hygroscopicity of PVAP and PVPVA

In one study, the amount of water sorbed by a sbfigersion was determined to
depend on the water affinity of the polymer incagied in the solid dispersion (123).
Therefore, the water affinity of PVAP and PVPVA weavaluated to predict their

suitability in amorphous systems.

Sample Preparation to Evaluate the Water Affinity of PVAP and PVPVA

Powder samples were stored either in a desiccatrsaturated salt solutions or
a humidity chamber (Espec SH-241, Espec North Acadnc., Hudsonville, MI, USA)
for 3 days at 23°C. The following salts were usegrepare saturated solutions for
control of low humidity conditions: phosphorousipexide (0% RH) and potassium
acetate (22% RH). The humidity chamber was usadaiatain conditions at 35% RH,

50% RH, 75% RH, and 90% RH.

TGA Analysis of PVAP After Exposure to Various Relative Humidities

TGA measurements were performed on a Q500 thermiogeéric analyzer (TA
Instruments, New Castle, DE, USA). Three certifiefiérence materials with nominal
mass losses of 2%, 50%, and 98% at 160°C weretasedify the accuracy of the
instrument.

Approximately 10 mg of sample was weighed intoatipum sample pan (TA

Instruments, New Castle, DE, USA) equilibrated theaiccator or humidity chamber at
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the desired relative humidity for 3 days at 23%amples were heated from 20°C to
500°C at a heating rate of 20°C/min. under a réinqgurge at 50 ml/min., and the mass
loss from 20°C to 150°C was reportdekperiments were performed in triplicate using

fresh samples for each analysis.

Loss on Drying After Exposure to Various Relative Humidities for PVAP and PVPVA

Loss on drying (LOD) measurements were performedrolR-200 moisture
analyzer (Denver Instrument Company, Denver, COA)JJS he balance and heaters on
the moisture analyzer were calibrated prior to use.

Approximately 2 g of sample was weighed onto amahum sample pan (VWR
International LLC, Radnor, PA, USA) equilibratedardesiccator or humidity chamber at
the desired relative humidity for 3 days at 23%amples were heated to 105°C, and the
moisture content was recorded as the percent wikaigbit The moisture content
determined by LOD was used to corroborate the noassreported as sorbed moisture by
TGA for PVAP. For PVPVA, the moisture content detaned by LOD was reported as

moisture uptake.

DSC Analysis of PVAP After Exposure to Various Relative Humidities

MDSC measurements of PVAP were performed on a @#@rential scanning
calorimeter (TA Instruments, New Castle, DE, USA)dium was used to calibrate the
temperature scale and enthalpic response.

Approximately 3-5 mg of sample was weighed intazard aluminum sample pan

(TA Instruments, New Castle, DE, USA), equilibrated desiccator or humidity
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chamber at the desired relative humidity for 3 daty23°C, and then hermetically sealed
to minimize the loss of sorbed water. The Tg weigihnined at a heating rate of
3°C/min with a modulation amplitude of +/- 1.5908@ry 60 sec and the midpoint of the
transition in the reversing heat flow signal wagsorted. All Tg values were determined
from the first scan after heating the sample fra@P€ to 150°C. Experiments were

performed in triplicate using fresh samples forteacalysis.

Solubility Parameter for PVAP, Plasticizers, Polymers and Other Excipients

The ideal type of solid dispersion for increasimgsdlution rates and providing
long-term storage stability is an amorphous sofutién amorphous solution is formed
when two or more components are entirely misciblineé molten state and cool to form
an amorphous one-phase system. The calculatekilgglparameter determined by
group contribution methods can be used to preldecttiscibility of compounds.
Materials with similar solubility parameter valum® expected to be miscible.

The solubility parameter is a measure of cohesnezgy density of materials.
The cohesive energy represents the total attrafrees within a material, and it can be
defined as the quantity of energy needed to sep#ratatoms/molecules of a solid or
liquid to a distance where they possess no potartexgy, that is, no interactions occur
between atoms and molecules. The cohesive enéaynaterial can be quantified in
several ways. One common approach is to use thbikty parameterd). Hansen
defined three partial solubility parametedg, 6,, andon) that were combined to form the

total solubility paramete(). The Hansen solubility parameter can be estidhbésed
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on the methods of Hayes, Small, Hoftyzer and Vaevilen, and Hoy. Each method
predicts the cohesive energy with a mean accurbapaut 10%.

In this study, the solubility parameter for PVAPsaalculated from the chemical
structure using the approaches of Hoftyzer/Van Klav, and Hoy. The solubility
parameter was determined based on the averageutala®ight, repeating monomer
unit, and respective homopolymers of PVAP. Themudahe Hoftyzer/Van Krevelen
and Hoy values was used to determiirfer PVAP. In addition, the solubility parameter
values for other polymers and various plasticizermd excipients were determined and

Y2 or (cal cm

compared to PVAP. The units of solubility parametre MPH?, (J m®)
32 where 1 (cal ci)*?is equivalent to 2.0421 MP3

In the Hoftyzer and Van Krevelen method

5 =0 +6,7+8, Eq. 6

where
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é,1s the total solubility parametes, is the contribution from dispersion forces,is the
contribution from hydrogen bonding, is the contribution from polar forces, is the
group dispersion componerg,’, is the group polar componerg,, is the hydrogen

bonding component and is the molar volume from Hildebrand analysis.
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In the Hoy method
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. is the total solubility parametee; is the molecular aggregation number describing the

association of the moleculeB,is the number of repeating units per effectiveitha

segment of the polymer, is the molar attraction functiork,  is the polar component,

A is the Lyderson correction for non-ideality,is the molar volume of the structural

(p)
unit of the polymerB is a constant = 27#%" =777 A\T/ candn= A '(p)
T

Compounds with similar solubility paramet@é) yalues are likely to be miscible
because the energy of mixing released by intenastrathin the components is balanced
by the energy released by interactions betweendhgonents (169). Greenhalgh et al.
grouped materials based on the difference betweenadlubility parameters of excipients

and drugs43) (170). The authors showed that the compounds avis < 7.0 MP&?
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are likely to be miscible, while compounds with > 10.0 MP&? are likely to be

immiscible with one another (170).

Miscibility Studiesfor PVAP, PVPVA and Itraconazole

Miscibility is essential for the stability of amdrpus pharmaceutical
compositions because immiscibility can result i@ fibrmation of drug-rich domains that
can be prone to crystallization (95). The measergrof Tg was used to assess the
miscibility of: 1) PVPVA in PVAP; 2) itraconazola PVAP-PVPVA polymer blends;
and 3) itraconazole in PVPVA. If the polymers aoenpletely miscible at a given ratio,
only one Tg should be observed. Likewise, if ITizniscible in the polymers, only one
Tg should be observed, typically at the intermediatnperature between the drug and
polymers (169). For an immiscible mixture, two dignals should appear, one for each
polymer or one for the drug and polymer. MDSC meaments were performed on a
Q200 differential scanning calorimeter (TA Instrurtee New Castle, DE, USA). Indium
was used to calibrate the temperature scale ahdlpit response. Approximately 2 mg
of sample was weighed into a Tzero aluminum sampa@ie(TA Instruments, New Castle,
DE, USA) and then the pans were hermetically sealdw Tg was determined at a
heating rate of 3°C/min. with a modulation ampléuwd +/- 1.590°C every 60 sec under a
nitrogen purge at 50 ml/min., and the midpointre transition in the reversing heat flow
signal was reported. All Tg values were determifmech the second scan. Samples were
heated from -50°C to 150°C, cooled to -50C, andeaging from -50°C to 200°C.

Experiments were performed in triplicate using lfireamples for each analysis.
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HME Processing

Motor Load

The extrudability of PVAP-PVPVA and ITZ-polymer bbigs was evaluated on a
Nano-16 twin-screw co-rotating extruder with a scckameter of 16 mm (American
Leistritz Extruder Corporation, Somerville, NJ, USAAfter some preliminary trials, the
final extrusion parameters were set as followsewspeed 100 rpm, feed rate 2 g/min.,
and melt temperature 140°C. The powder blends batch size of 100 g, were fed into
the extruder via a volumetric feeder. The extmg@que during manufacturing is a key
indicator of the melt viscosity; high melt viscos# generate excessive load on the
extruder drive motor and preclude processing. dfoee, torque was monitored
throughout the process. The torque generated tinerdifferent polymer ratios and drug
loads were plotted to assess how the concentratiadditive facilitated flow through the

extruder.

Preparation of PVAP-PVPVA-ITZ Solid Dispersions

A powder blend containing 20:40:40% PVAP:PVPVA:IWAs melt extruded to
form a solid dispersion. Melt extrusion was pearfed using a Nano-16 twin-screw co-
rotating extruder with a screw diameter of 16 mmmg&kican Leistritz Extruder
Corporation, Somerville, NJ, USA). The extrusi@rgmeters were set as follows:
screw speed 100 rpm, feed rate 2 g/min., and em@pérature 140°C. The ITZ-powders
blend was fed into the extruder via a volumetriedier. After extrusion, the samples

were cooled on a conveyor belt and subsequentigtizeld.
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Analysis of PVAP Content

Assay testing was used to determine the contelRVa{P after exposure to
130°C, 140°C and 150°C for 5 minutes, which represgbthe longest residence time in
the extruder. PVAP analysis was performed usingEBBPC analysis with refractive
index and UV/Vis detection in a THF solvent systebetection by UV/Vis is used to
detect the phthalate groups on PVAP while the Réat®on looks at the polymer as a
whole. Free phthalic acid testing was performeddwerse phase HPLC to confirm and

guantify the amount of PVAP degradation observeati @PC analysis.

Analysisof ITZ Content

Assay testing was used to determine the conteitagbnazole in the ternary
solid dispersions. The solid dispersions werealesl in dimethylsulfoxide (DMSO)
and the itraconazole content was determined usidgAfliance HPLC system (Waters,
Milford, MA, USA) equipped with RP-18 column. Acsiitrile:tetrabutyl ammonium
hydrogen sulfate (55:45) was used as mobile phasd@w rate of 1 ml/min. The
injection volume was 20 pl and absorbance was nmedsit a wavelength of 260 nm.

The retention time for itraconazole was 4.6 min.

X-Ray Powder Diffraction (XRPD)

XRPD is a widely used technique for the detectibargstallinity. XRPD is the
measurement of the intensity of X-rays scatteredlbgtrons bound to atoms and the
corresponding phase shifts that occur becauseeqidhition of the atom (143). The

absence of sharp Bragg's peaks corresponding twyktlline drug suggests a
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formulation is in an amorphous state (95). XRPEecks the presence of molecular
order, and therefore, the disorder (amorphous)sgtnly implied by the absence of the
order.

Prior to analysis, the instrument was calibratadgifour oxide powders: ZnO,
TiO,, CrO3, and Ce@. The physical mixtures and melt-extruded powaerse
analyzed using a model 1710 diffractometer (Plslipectronic Instruments, Mahwah,
NJ, USA). From the diffraction profiles, the chetexistic ITZ peaks used for
determining crystallinity can be identified. XRRiDofiles for the melt extruded powders
should lack the diffraction peaks associated wiyistalline ITZ implying the samples
contain amorphous ITZ. An amorphous material weld an XRPD pattern termed a

halo, which is a gradual rise and fall of the biaselvith no discernible peaks.

Dissolution

Development of meaningful dissolution methods foekically unstable systems
of poorly soluble drugs is challenging. Generallyequires consideration of
physiologically relevant conditions, adequate dmagrating power, and predicting in
vivo performance (95). Sink conditions will nottelemine the ability of a system to
maintain supersaturation (95). However, an ovedy-sink condition can result in over
discrimination and potential elimination of viall@mulations (95). In this study,
dissolution testing was performed in sink and niok-sonditions, in simulated gastric

fluid (pH 1.2), and in 0.1N HCI (pH 1.2) for 2 hauiollowed by pH 6.8 buffer.
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Sink Conditions

Dissolution testing in sink conditions was perfodhte investigate the effect of
polymer composition on drug release. The meltusddd powders were compared to
crystalline ITZ. A previously prepared ITZ-PVAPnsple produced using a solvent
evaporation technique also was compared to theentlided powder.

Dissolution testing was performed using a USP P& B paddle apparatus, model
VK7000 (Varian, Cary, NC, USA). An equivalent ofrlg ITZ was pre-wetted with
0.075% polysorbate 20 in deionized water and adal®®0 ml of SGF pH 1.2 without
enzymes. The dissolution media was maintained &8.2°C and paddle speed was
maintained at 50 rpm throughout the test. Sam@lesl) were withdrawn at 5, 10, 15,
20, 25, 30, 45, 60, 90, and 120-minute time poiiitered through a 0.45 um filter, and
analyzed using an Alliance HPLC system (Watersfavtil, MA, USA) equipped with an
ODS-2 5 um G column and a UV detector. A mobile phase of
acetonitrile:water:diethanolamine (70:30:0.05) atlimin eluted the ITZ peak at 5.5 min
and absorbance was measured at a wavelength ofi263ssuming complete
dissolution, the concentration of ITZ in the disgmn vessel was 0.001 mg/ml and the
solubility of ITZ in SGF (pH 1.2) is 0.004 mg/mlhieh indicated the test was performed

under sink conditions.

Non-Snk Conditions (Supersaturated)

FDA Test Method
Itraconazole is marketed as Sporanox. Sporancsutepwere tested according
to the FDA dissolution method for itraconazole $sess the marketed product's drug
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release in recommended testing conditions. Disisoliesting was performed according
to FDA guidelines using a USP 25 type 2 paddle egipa model, VK7000 (Varian,
Cary, NC, USA) (171). The dissolution media wasntaned at 37.0+0.2C and paddle
speed was maintained at 100 rpm throughout the &atples (5 ml) were withdrawn at
5, 10, 15, 20, 25, 30, 45, 60, and 90-minute timiats, filtered through a 0.45 um filter
and analyzed using an Alliance HPLC system (Wabdiiéord, MA, USA) equipped

with an ODS-2 5 um g column and a UV detector. A mobile phase of
acetonitrile:water:diethanolamine (70:30:0.05) atlimin eluted the ITZ peak at 5.5 min
and absorbance was measured at a wavelength o263 he contents of one capsule
containing 100 mg of itraconazole was placed in ®00f USP simulated gastric fluid
(SGF) without enzymes (pH 1.2) to obtain a con@iutn of 0.11 mg/ml, assuming
complete dissolution. The solubility of ITZ at @2, however, is only 0.004 mg/ml,

which indicates the FDA dissolution test methodasformed under non-sink conditions.

USP Enteric Test Method A

Polymers with pH-dependent dissolution propert@gehbeen investigated
extensively for their use in pharmaceutical appioses intended for delayed drug release.
These polymers have been widely used for targategl delivery to the small intestine.
Enteric polymers such as PVAP show low solubilityacidic conditions due to free
carboxylic acid functional groups on the molectilattremain unionized at low pH. As
the pH of the media increases to a specific valbeye pH 5 for PVAP, the functional
groups begin to ionize, resulting in increased bpdilicity and solubility. To evaluate

the enteric functionality of PVAP and better simalthe conditions a solid dispersion
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would be experiencing in the Gl tract, dissolutiesting was performed according to
USP enteric test method A. The method A procedpeeifies that the dosage form be
tested in 750 ml 0.1N hydrochloric acid (HCI) af@7or 2 hours (acid phase) followed
by the addition of 250 ml sodium phosphate buffeolttain a final pH of 6.8+0.05
(buffer phase).

The concept of generating and maintaining supetai@n was described as the
"spring and parachute approach" by Guzman et @2)(1In the case of a molecular
dispersion (solid solutions), release of drug males is dictated by dissolution of the
polymer (spring action) and leads to a supersadrstiate of drug in solution (172).
Eventually, the kinetically unstable drug concetirzs decline (parachute action) (172).
The ability of an amorphous solid dispersion toi@eh and maintain supersaturation is
commonly assessed (143). This can be accomplishadding an amount of solid
dispersion to the dissolution vessel such thaatheunt added contains an excess
amount of drug relative to the intrinsic solubilégpd thereby, upon complete dissolution,
a theoretical level of supersaturation is achig\&®). For example, in one study of melt
extruded itraconazole formulations, 180 mg of eddte containing 60 mg of
itraconazole was added to each 750-ml dissolutesse (149). Assuming complete
dissolution, this amount corresponds to 80 pg/egresenting 20X supersaturation
because the intrinsic solubility of itraconazoleagidic conditions is 4 pg/ml. In other
studies, itraconazole was evaluated at a levelatgnt to 10X equilibrium solubility
(173,121,174).

In this study, dissolution testing was performedupersaturated conditions (20X
ITZ equilibrium solubility) in order to determinbé maximum concentration (&), and
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the duration of supersaturation{z), which depends both upon dissolution of the
extrudate and the ability of the polymers to inhgoecipitation of ITZ.

Dissolution testing was performed on the melt-edéidipowders using a USP 25
dissolution apparatus model VK7000 (Varian, Carg, NNSA). Dissolution was
conducted according to USP enteric test methodr Adétayed release dosage forms
using 100-ml glass dissolution vessels and stimitg appropriate, small paddles. An
equivalent of 8.8 mg ITZ (20X ITZ equilibrium sollliby) was pre-wetted with 5 ml
0.008% polysorbate 20 in 0.1N HCI and added to V0.&N HCI (75 ml total). The
dissolution media was maintained at 37.0+0.2°Ctargraddle speed was maintained at
50 rpm through the test. After 2 hours, 0.2M tsibasodium phosphate was equilibrated
at 37.0+0.2°C and added to the dissolution vesdétg dissolution media had a final pH
of 6.8. For each time point, 3 ml of medium wathdrawn and filtered using a 0.45 pm
filter, diluted with acetonitrile to minimize prgmtation, and analyzed using an Alliance
HPLC system (Waters, Milford, MA, USA) equipped wdan ODS-2 5 pm {g column
and a UV detector. A mobile phase of acetonitsiéder:diethanolamine (70:30:0.05) at
1 ml/min eluted the ITZ peak at 5.5 min and absockavas measured at a wavelength of
263 nm.

Of crucial importance to supersaturation dissolustudies is the prevention of
precipitation in the withdrawn samples, which canse inaccurately low results and
accidental solubilization of withdrawn particles tme mobile phase, yielding positive
deviations (143). To prevent this from occurrimgthdrawn samples were immediately
diluted with acetonitrile, a component of the melphase. The dilution was then
accounted for in the HPLC analysis.
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Area Under the Supersaturated Dissolution Curves

The area under the supersaturated dissolution s{A&C) was calculated using
the trapezoidal method to determine the duratiocuanulative extent of supersaturation

in the acid (pH 1.2) and buffer (pH 6.8) phasesefach formulation.

Stability

Development of poorly water-soluble drugs oftemeebn the use of an altered
drug form such as the amorphous form of the comg@ua3). In this study, amorphous
solid dispersions of itraconazole were producedgiaimelt extrusion processing
technique. While this formulation strategy canamde aqueous solubility, it is often
plagued by stability issues, mainly recrystalliaatof the amorphous drug and
subsequent loss of solubility and bioavailabili#s such, it is necessary to gain an
understanding of the stability of the drug in tbenfiulation over time.

The International Conference on Harmonization (J@QHs set guidelines for
stability testing of formulations relative to th@ended storage conditions upon
geographic region for distribution (143). TabledLilines the storage conditions to be
used for short term, long term, and acceleratdallgyetesting (143). Accelerated
conditions are often used during preformulatiords because the timeline is
significantly shortened (143). However, becauabibty of solid dispersions can be
problematic, for this study, the melt-extruded pevedwere stored in high-density
polyethylene bottles for 6 months at 30°C/65%RH &stied for changes in crystallinity
determined by XRPD and for drug release under sapatated dissolution testing

conditions.
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Table 15.1CH Guidelines for Sability Testing Conditions

Room Temper ature Storage Conditions

Stability Study Storage Conditions Tli\:lrlgrlgg:ino d

Long term 25°C+2°C/60%RH+5%RH of 12
30°C+2°C/65%RH+5%RH

Intermediate 30°C+2°C/65%RH+5%RH 6
Accelerated 40°C+2°C/75%RH+5%RH 6
Refrigerated Sorage Conditions
Long term 5°C+3C 12
Accelerated 25°C+2C/60%RH+5%RH 6
Freezer Storage Conditions
Long term | -20°C45C | 12
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CHAPTER 4

RESULTSAND DISCUSSION

Results

Thermal Decomposition of PVAP

TGA measured the mass of PVAP as a function of &zatpre. The initial mass
loss of about 3.8% was due to moisture, which abvath LOD results and met the
product specification from the manufacturer of matre than 5%. The decomposition in
nitrogen occurred in three mass loss steps (Fig@Q)y¢hat coincided with three
homopolymers of PVAP (inset, Figure 20). The omdehe first decomposition was
about 150°C. Thermogravimetric curves in nitrogad oxygen were superimposable
indicating that PVAP was susceptible to thermat,rimt oxidative degradation. About
4% carbon-black formed after decomposition in m&w. The baseline shifted at 650°C
when the nitrogen gas was switched to oxygen.

The TGA data was visually confirmed by heating si@spf PVAP to 140°C,
160°C and 180°C. The sample heated to 140°C, whashbelow the decomposition
temperature detected by TGA, showed no discolaratidowever, samples heated above
the first mass loss detected by TGA (150°C) disemslightly at 160°C and severely at

180°C (Figure 20). The visual observations weragreement with the TGA analysis.
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Figure 20. TGA Analysis of PVAP, Chemical Struetaf PVAP (inset), and Visual

Observations of PVAP Heated to Various Temperatures
TGA provides a quantitative measurement of the mmaaage, but does not
identify the nature of the material lost. TGA ceswcomparing PVAP and polyvinyl
acetate (PVA), a monomer component of PVAP, sugddsie first mass loss at 150°C
was the phthalate group of PVAP (Figure 21). TGa#swoupled to a mass spectrometer
(MS) in an attempt to analyze the gases evolveohgUiGA analysis; however, the data
was inconclusive. The TGA-MS data could not défgrate the gases that evolved at

similar temperatures and, therefore, could noticanthat it was the phthalate group at

150°C.
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Figure 21. TGA Analysis of PVAP (blue line) Comedrto PVA (green line)

| sother mal TGA of PVAP

The mass-loss behavior of PVAP was evaluated rogen at four isothermal
temperatures: 120°C, 130°C, 140°C, and 150°C. tfitmenogravimetric curves showed
water loss of about 3% within the first 3 minutasd then the mass of PVAP remained
constant from 4 to 6 minutes (Figure 22). Thedyeaeight of PVAP indicated little to
no decomposition up to 6 minutes for each tempegatiudied. This is important
because the residence time in extruders is tygi€all min. to 5 min. After 6 minutes,
the rate of decomposition increased notably foilgbest temperatures tested, but
remained relatively constant at the lower tempeest(Figure 22). After correcting for
moisture loss, the mass loss of PVAP after 20 resutas approximately 0.5%, 1%, 3%,

and 6% for samples held at 120°C, 130°C, 140°C,1&04C, respectively.
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Glass Transition Temperature (Tg) of PVAP

Conventional Differential Scanning Calorimetry (DSC)

DSC measured heat flow as a function of temperatliree Handbook of
Pharmaceutical Excipients reports the Tg of PVAPSC (140). The experimental
results in this study, however, showed two traosgi one at about 80°C and another at
120°C (Figure 23). The transition at 80°C was Jmgad and the one at 120°C was very
small. Increasing the heating rate from 10°C/ror80°C/min., unfortunately, decreased
sensitivity; transitions shifted to higher temparas and broadened. The transitions
around 80°C and 120°C may coincide with Tg or a lpeinof processes, making it
difficult to interpret. MDSC has the ability tos@ve overlapping transitions if the
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transitions separate into reversing and nonrevgisgat flow signals.
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Figure 23. Conventional DSC Thermograms of PVARGC/min. (blue line),
15°C/min. (red line), and 30°C/min. (green line)

Modulated DSC (MDSC)

MDSC separated the total heat flow signal into reing and nonreversing
signals. Tg is observed in the reversing heat 8aymal, where crystallization and
evaporation are observed in non-reversing signR$AP was heated at a linear rate to
an elevated temperature, and then cooled at a lragabefore heating again (Figure 24).
In the reversing heat flow signal (brown line)ransition appeared around 100°C in the
first heating scan, during cooling and then agaithe second heating scan. This
transition, therefore, is the Tg of PVAP, whichgas from about 109°C to 118°C in the

second heating scan. Furthermore, this confirrhedrainsition observed at 80°C by
97



conventional DSC and reported in the Handbook @frfPlaceutical Excipients as 78°C is
not the Tg of PVAP. Instead, it is reasonabledonctude this earlier transition is in fact a
water loss peak. In the first heating scan, thiemlass peak appeared in the non-
reversing heat flow signal (blue line) togetherhathe endothermic relaxation peak
(green line). Upon cooling and reheating, theskp@vere no longer present because the

water had been driven off.
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Figure 24. MDSC Heat-Cool-Heat Cycles for PVAP

Thermomechanical Analysis (TMA)

TMA measured changes in sample length as a funofitemperature under load.
A penetration probe applied the load to a smal afesample to measure softening. For
amorphous polymers, the softening point is closEgo The Tg of PVAP ranged from
about 113°C to 133°C (Figure 25). This agreed thighexperimental results obtained

from MDSC, which confirms the Tg of PVAP.
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Figure 25. TMA Analysis of PVAP

Dynamic Mechanical Analysis (DMA)

DMA detected transitions arising from molecular mo$ or relaxations. A
sinusoidal stress was applied to the sample anah#tterial's response (strain) was
measured. Tg is determined from either the pedbsis modulus (E”) or peak in tan
The tans peak corresponds more closely to the transitiafpoint, while the loss
modulus peak more closely denotes the onset frengltssy state into the transition.
The transitions around 40°C and 80°C correspotitetoinyl acetate and vinyl alcohol
homopolymers, respectively. Tg onset (peak E"HWAP was about 125°C (Figure 26).
PVAP was softest at about 130°C; however, decortippgiccurred at about 150°C

(from TGA data).
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Figure 26. Storage and Loss Modulus versus Termyeray DMA for PVAP

10

Thermal Analysis Summary

TGA was used to evaluate the thermal stability\éAP. MDSC, TMA, and
DMA were used to determine and confirm the Tg o”APV Each thermal technique for
detecting Tg is based on changes in a differenen@fproperty during the glass
transition. Furthermore, each technique differsample size and sensitivity, which
leads to differences in Tg ranges. Table 16 sunzemthe thermal analysis results for
PVAP. From the data, it is apparent that PVAP&aarrow processing window for melt
extrusion. That is, Tg is about 120°C, which igahle for melt extrusion and ideal for
stabilizing an amorphous dispersion, howevgggis only 150°C. To broaden the
processing temperature range, plasticizers ana ekogpients/polymers were

investigated for their ability to lower the Tg o¥RP slightly so it would be further away
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from TyegWhile maintaining a Tg sufficiently high to pro@dtability to an amorphous

solid dispersion.

Table 16. Thermal Analysis Summary of PVAP
Method Thermal Results Property Measured

Mass

. . o
TGA Decomposition begins at 150°C (changes in mass)

Heat capacity

o _ (0]
MDSC Tg 109°C - 118°C (changes in molar volume)

Length or Softening

0 _ (o]
TMA Tg 113°C - 133°C (dimensional changes)

Viscoelastic properties

DMA Tg onset 125°C, Softest at 130°C :
(molecular motions)

Melt Viscosity of PVAP

The melt viscosity was obtained from 120°C to 180/@ich represents a typical
extrusion processing temperature range, at conseaquency (1 Hz). PVAP showed a
decrease in viscosity with rising temperature up30°C (Figure 27). Above 150°C, the
viscosity of PVAP increased with rising temperatuiidis increase may be due to an
initial cross-linking of the polymer chains. Givére mass loss observed by TGA at
150°C and the increased melt viscosity at 150°@uding PVAP must be performed
below 150°C to preserve its properties. Componadded to PVAP such as plasticizers,
polymers or other excipients, ideally, should notydower the Tg of PVAP but also

function as a processing aid by lowering its medtwosity.
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Figure 27. Melt Viscosity of PVAP

Hygroscopicity of PVAP

TGA and Loss on Drying of PVAP After Exposure to Various Relative Humidities

The stabilizing ability of various polymers has be@errelated to the moisture
content of the solid dispersion caused by hygrosdymf the component polymer (123).
To evaluate the hygroscopic properties of PVAP,damwere exposed for 3 days to
varying relative humidities from 0% to 90%. Fig@& shows the mass loss and moisture
content for PVAP as a function of relative humidififhe moisture content determined by
LOD corroborated the mass loss categorized as donloésture by TGA. The results
show that, although the amount of moisture sorlyeE\GAP increased with increasing

relative humidity, the polymer had a low affinityrfwater. That is, PVAP only sorbed

about 8% moisture after 3 days at 90% RH.
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the Mass Loss Determined by TGA (Circles) and MosstContent
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DSC Analysis of PVAP After Exposure to Various Relative Humidities

Moisture absorption can result in plasticizationl nhanced molecular mobility,
which can lead to crystallization (123). For thedson, the ability of water to plasticize
PVAP was investigated by measuring the glass tiangiemperature of samples exposed
for 3 days to varying relative humidities from 08620%. The Tg midpoint of the PVAP
transition as a function of relative humidity io8m in Figure 29. It can be seen that the
Tg of PVAP (121°C) remained relatively constantwitcreasing relative humidity.

From this data, it is apparent that water is nog¢fficient plasticizer for PVAP.
Furthermore, it is reasonable to conclude that P¥sAfightly hygroscopic (140) and
that water uptake determined by TGA after 3 daydifdrent relative humidities was

predominantly surface adsorption.
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Figure 29. The Tg of PVAP with Increasing Humidity Measured by MDSC in the
Reversing Heat Flow Signal

Water-Solid Interactions

There are two primary water-solid associationssoggtion of water onto the
solid surface and absorption of water into the kmtitlkacture (175). Adsorption of water
molecules to a solid surface can result from ditradorces (physical adsorption) or
binding forces (chemical adsorption). The abitifywater to absorb into a bulk solid
depends on the number and type of polar functigraips capable of hydrogen bonding,
and on the amount of free volume in a polymer netwb23,176). In an amorphous
solid, one indication that water has advanced fsonface adsorption to bulk absorption
is a change in glass transition temperature.

In the case of PVAP, the water content of the p@lymcreased to only 8% at
90% RH, and it showed no depression in Tg from 0%0% RH. Both results suggest
that the water uptake by PVAP was limited to swefadsorption after 3 days at 23°C.
Structurally, PVAP includes the polar functionabgps capable of forming hydrogen

bonds that might enable it to absorb water intbitk. However, it appears that
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hydrophobic and steric barriers from the benzemgsrand weak hydrogen bonding
between water and PVAP’s acetate and phthalat®cgrigroups may be hindering the
intermolecular bond formation required for absapt{176,177,178). This is consistent
with observations from Taylor et al. who reportkdttthe strength of the hydrogen bond
formed with water depended on the chemistry ofgblgmer, which in turn affected
moisture absorption (176). Their results showed plolyvinyl acetate (PVAc), a
monomer component of PVAP, took up only about 3%ewat 94% RH compared to
PVP, which absorbed more than 40% water at thevabpnt relative humidity (176).

The larger magnitude of moisture absorption intd?RRdmpared to PVAc correlated with
the stronger water-pyrrolidone hydrogen bond aspared to the water-acetate hydrogen
bond (176).

In addition to the chemical structure of the polynits physical state has also
been shown to influence the extent of its intecaxtiwith water (176). More water-
polymer interactions were reported for polyvinyhmyidone-co-vinyl acetate (PVPVA)
when the polymer existed in the rubbery state (17®)is is presumably a result of the
increased accessibility of bonding sites as a apresgece of increased free volume and
polymer chain mobility (176).

In this study, PVAP was exposed to varying relabivenidities from 0% to 90%
for 3 days at 23°C. The increase in the waterezdrgf PVAP did not have a plasticizing
effect on PVAP, as reflected in its steady Tg, Whioplied that PVAP remained in the
glassy state throughout the experiment. It seémgphysical state of PVAP, therefore,

was unfavorable for interactions with water.
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Moisture Uptake Summary

PVAP did not absorb water on exposure to high ireddtumidities. Its low
affinity for moisture is attributable to weak solichter interactions. The slight
hygroscopicity demonstrated by PVAP may providéahilty advantage for solid

dispersions during storage.

Solubility Parameter

The calculated solubility parameter can be usemhdsitial tool to predict the
miscibility of materials. For this study, firstl{he Hansen solubility parameter of PVAP
was determined based on the methods of HoftyzerRramelen and Hoy. Hansen
defined three partial solubility parametesg ¢,, anddy) that were combined to form the
total solubility parametei(). Secondly, the solubility parameter of varioagymers,
plasticizers, and excipients were matched to ted$28/AP by observing the relative
difference in the total solubility parametawoj. Lastly, the solubility parameter for

itraconazole, the model drug used in this studys eampared to PVAP.

Method of Hoftyzer and Van Krevelen

The solubility parameter results for PVAP basedrenmethod of Hoftyzer and
Van Krevelen are presented below. Given the varfaactional groups on PVAP
(Figure 30), the values ofdiFszi, E. and V were obtained from chemical handbooks and
summarized in Table 17. The partial and total lsiity parameters were calculated from

the group contributions and shown in Table 18.
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Figure 30. Chemical Repeat Units of PVAP

Table 17.Group Contributions for PVAP (Method of Hoftyzer/Van Krevelen

Group Fai Foi Eni >*V/cm® mol™
(3) CH, 810 0 0 48.3
(3) CH 240 0 0 3.0
(2) COO 780 980 14,000 36.0
(1) COOH 530 420 10,000 28.5
(1) Phenylene 1270 110 0 524
(1) OH 210 500 20,000 10.0
(1) CHs 420 0 0 33.5

hY 4260 2010 44,000 205.7
Avg. MW | 707,160 333,660 7,304,000 34,146.2

Table 18.Hansen Solubility Parameters for PVAP (Method of Hoftyzer/VVan Krevelen)

Solubility Parameter dd dp dh Ot

Average MW 20.7 0.02 14.6 25.3
Monomer Unit 20.7 0.20 14.6 25.3
Homopolymer (a) 22.3 0.28 12.2 25.4
Homopolymer (b) 22.3 0.89 28.2 36.0
Homopolymer (c) 12.4 0.33 10.3 20.2
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Method of Hoy

The Hansen solubility parameter can be estimateddan different methods and
each method predicts the cohesive energy with anrmeeuracy of about 10%.
Therefore, the solubility parameter for PVAP wakglated using two different
approaches. The second approach, based on thedwadthioy, is presented below.
Given the various functional groups on PVAP (FigBdg, the values ofFF,, AP and
V were obtained from chemical handbooks and sunz@diin Table 19. The solubility
parameter components were predicted from grougibotions and shown in Table 20.

Table 19. Group Contributions for PVAP (Method of Hoy)

Group F Fo Ar® %

(3) CH; 807 0 0.06 46.65

(3) CH 528 0 0.039 28.68
(2) COO 1280 1056 0.1 47.4

(1) COOH 565 415 0.039 26.1
(1) Phenylene 20.2 -13.3 0.0015 -

(1) OH 675 675 0.049 12.45
(1) CHg 303.5 0 0.022 21.55

)y 4178.7 2132.7 0.3105 182.83
Avg. MW 693664.2 354028.2 51.543 30349.718

Table 20. Hansen Solubility Parameters for PVAP (Method of Hoy)

Solubility Parameter dd dp dh Ot

Average MW 14.8 14.5 11.7 23.8
Monomer Unit 14.8 14.5 11.7 23.8
Homopolymer (a) 13.9 15.0 10.9 23.2
Homopolymer (b) 154 18.1 19.9 31.0
Homopolymer (c) 15.2 11.6 7.6 20.6
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Solubility Parameter Summary

In this study, the average of the Hoftyzer/Van Kden and Hoy values have been
used to determine the solubility parameter of PVARe two methods predicted similar
total solubility paramete] values for PVAP. A summary of the values isglisin
Table 21. The calculated solubility parametertfar average molecular weight of PVAP
is 24.6 MP&2 Drugs and/or excipients with similar solubilfggrameter values are
likely to be miscible with PVAP. More specificalliéreenhalgh et al. showed that
compounds with &5 < 7.0 MP&? are likely to be miscible and compounds with>
10.0 MP&” are likely to be immiscible. Therefore, drugs amdipients with @ of 18-

32 MP&" are likely to be miscible with PVAP and form glassutions or one-phase
systems when melt extruded. However, drugs anigiexts with & less than 15 or
greater than 35 MP4 are likely to be immiscible with PVAP and are eapected to

form a glass solution, but instead, form a two-ehsdid dispersion when melt extruded.
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Table 21. Total Solubility Parameter for PVAP

Solubility Parameters(
PVAP Hoftyzer/Vanl/I2<reveIen Hoyll2 Mea?/2

(MPa) (MPa) (MPa)
Average MW 25.3 23.8 24.6
Monomer Unit 25.3 23.8 24.6
Homopolymer (a) 254 23.2 24.3
Homopolymer (b) 36.0 31.0 33.5
Homopolymer (c) 20.2 20.6 20.4

Solubility Parameters for Plasticizers, Polymers and Other Excipients

To broaden the processing temperature range of RylaBticizers were
investigated for their ability to lower the Tg 0¥ RP so it would be further away from
TgeqgOf PVAP but not so low that it jeopardized storagbility. Plasticizers were
selected based on estimates of the solubility parantalculated from the approaches of
Hoftyzer/Van Krevelen and Hoy. A list of plastieiz and their corresponding solubility
parameter values is listed in Table 22. As anaéiteve to plasticizers, miscible
polymers and other excipients can be used to ingtio® processability of PVAP.
Therefore, the solubility parameters for various/pers and excipients were determined

and listed in Table 23 and Table 24, respectively.
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Table 22. Difference in Solubility Parameter (40) of PVAP and Various Plasticizers

Solubility AS (MPa)? Pharmaceutica
Plasticizer Parameterq) Ad < 7 likely miscible Regulatory

(MPa)*? | A > 10 likely immiscible Status
PVAP 24.6 - US, EU
Triethyl citrate 21.0-20.4 3.6-4.6 US, EU, JH
Triacetin 22.0-20.0 2.6-4.6 Global
?Ff’llzghzyg%“_et%ggo' 22.4-26.1 1.2-2.2 Global
Glycerin 33.8 9.2 uUs, EU, JP
Propylene glycol 30.3-25.8 5.7-1.2 Global
Dibutyl phthalate 20.2-19.0 4.4-5.6 EU
Diethyl phthalate 20.5 4.1 Us, EU
Dibutyl sebacate 18.8 5.8 US, EU, IN
mggjggiggsm 20.0 4.6 US, EU, JP, IN
Palmitic acid 16.1 8.5 usS, EU, JP
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Table 23. Difference in Solubility Parameter (40) of PVAP and Various Polymers

Polymer

Solubility Parameters(

AS (MPE?)

(MPaj™ ASA i io7 |:Ilf|§/ t?bbee imlr?i:sl?:liﬁle
PVAP 24.6 -
PEO 34.7 10.1
EPO 21.3 3.3
Soluplus 19.4 5.2
PVA 34.4-19.9 9.8-4.7
CAP 27.2-21.7 2.6-2.9
EC 21.1-19.4 3.5-5.2
HEC 25.5-19.8 0.9-4.8
HPC 25.5-20.8 0.9-3.8
HPMC 30.6-22.8 6.0-1.8
HPMCP 26.4-17.2 1.8-7.4
MC 21.3 3.3
PVP 21.4 3.2
Methacrylic acid 19.0 5.6
Methyl methacrylate 17.9 6.7
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Table 24. Difference in Solubility Parameter (40) of PVAP and Various Excipients

Solubility Parameters|

AS (MPE?)

Excipient (MPa)2 AS <7 !ikely to be_mis<_:ibl_e
Ad > 10 likely to be immiscible
PVAP 24.6 -
Tweens / Polysorbates 29.4-24.4 4.8-0.2
Citric acid 29.4 4.8
Sorbic acid 24.4 0.2
Mannitol 39.1 14.5
Sucrose 34.8-32.8 10.2-8.2
Lactose (anhydrous) 33.2 8.6
MCC 30.2 5.6
Butyl paraben 21.6 3.0
Methyl paraben 24.5 0.1
Cetyl alcohol 18.3 6.3
Ethylene glycol 29.6 5.0
Magnesium stearate 18.2 6.4
Stearic acid 17.6-15.8 7.0-8.8
Oleic acid 16.1-15.8 8.5-8.8

Melt Viscosity of PVAP and Plasticizers

Several plasticizers were evaluated from Tableh@®ever, it was found that

levels as high as 30% - 40% w/w were required doice the melt viscosity of PVAP and

improve its extrusion processability. The highdisvof plasticizer required for PVAP

were consistent with the work conducted by Mehuyd.evho extruded hollow

cylindrical tubes of PVAP, filled the tubes withudy, and then crimped the ends of the

cylinders to produce what they called, extrude@&entapsules (179). They reported

that PVAP extruded into clear and flexible filmsl26°C when it contained 40% w/w
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triacetin or triethyl citrate (TEC), however, PVA§linders containing less than 40%
triacetin or TEC were brittle and difficult to extte. Furthermore, the PVAP mixtures
containing 40% plasticizer reportedly had Tg valoe44.9°C with triacetin and 44.1°C
with TEC (179). These low Tg values would be ae¢mtal for amorphous solid
dispersions over time.

Sample mixtures of PVAP containing 30%, 40% and SR or triacetin were
prepared. Pictures of these samples are showreaspées (Figure 31 and Figure 32). All
the plasticizers evaluated performed similarly,et@olyethylene glycol, which is also
shown in Figure 33. The PVAP-plasticizer mixtundgere heated to 100°C, 120°C,
140°C, and 160°C to assess their miscibility antt oie@racteristics. At 30% TEC, the
PVAP-plasticizer mixtures were transparent and detefy melted at 140°C. At 40%
and 50% TEC, the PVAP-plasticizer mixtures werasparent and completely melted at
100°C (Figure 31). This suggested the PVAP-pleianixtures were miscible and
TEC was plasticizing PVAP because as the concémtrat TEC increased, the melt
temperature of PVAP decreased. The levels of T&€lled to plasticize PVAP,
however, are significantly high and would poseadity concern during storage.
Triacetin also appeared to be lowering the Tg oAP\based on melt characteristics;
however, the melts were opaque, which suggeseéaat partial immiscibility between the
polymer and plasticizer (Figure 32). Lastly, basadhe Hansen solubility parameter,
PVAP should be miscible with polyethylene glycoE®). However, at each plasticizer
level studied (up to 50% w/w), at or below 140°%& material only partially melted and
most likely, only the PEG melted based on the Visbaervations of pure PVAP at
140°C during TGA testing (Figure 20). At 160°Ce thartially melted material
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discolored, which was most likely PVAP discoloringsed on the decomposition data
obtained by TGA. This suggested PVAP and PEG wenaiscible. Pictures of the
partial melts and discolored melts are shown iufe@3. The observed behavior of the
PVAP and PEG mixture was consistent with expeatatlmased on their partial solubility
parameters; although their parameters were sintilay, were distinct enough to predict
the two components would be immiscible. The pbatnal total solubility parameters for
PVAP and PEG are shown in Table 25 for comparideurthermore, it appears that

PVA, a monomer component of PVAP, is not miscibithWEG.

30%
TEC

40%
TEC

50%
TEC

00C ““f20rC ¥ 140°C o | SI60°C
Figure 31. PVAP Mixtures Containing 30%, 40% af&®bw/w TEC and Heated to
100°C, 120°C, 140°C and 160°C
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30%
Triacetin

40%
Triacetin

50%
Triacetin

100°C ' 140°C 16(°C

Figure 32. PVAP Mixtures Containing 30%, 40% af&®wn/w Triacetin and Heated to
100°C, 120°C, 140°C and 160°C

50%
PEG 400

50%
PEG 3350

Figure 33. PVAP Mixtures Containing 50% PEG 40FP&G 3350 and Heated to
100°C, 120°C, 140°C and 160°C
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Table 25. Partial and Total Solubility Parameters for PVAP, PVA, and PEG

Solubility Parameters (MP%)

Polymer

od op oh ot
PVAP co-polymer 20.7 0.20 14.6 25.3
PVA co-polymer 16.4 14.7 24.2 32.7
Homopolymer (a), phthalate 22.3 0.28 12.2 25.1
Homopolymer (b), polyvinyl alcohol 22.3 0.89 28. | 36.0
Homopolymer (c), polyvinyl acetate 12.4 0.33 310.| 20.2
PEG 17.5 1.0 9.4 19.9

PVPVA asan Alternativeto Plasticizers

As an alternative to plasticizers, miscible polysnand other excipients were

evaluated for their ability to aid in the proceskabof PVAP. Ghebremeskel et al.

studied the effect of surfactants on the procebsabf various polymer-API blends

(118). The authors showed surfactants decreaseshd ghelt viscosity, which improved

the processability of the melt extruded blends J118ne example of a polymer that

appears to be miscible with PVAP is PVPVA, theealiéince in their total solubility

parametersA3) was 5.6 MPH?, shown in Table 26.

PVPVA is commonly used in melt extrusion, howewsrhygroscopicity has

been cited as the cause for instability of amorghsystems during storage; its

commercial pharmaceutical use is limited for tieiason (102,180,181). PVPVA is

easily extruded at 120°C to 130°C without additi{@3) so it appears particularly well

suited as a secondary polymer or processing aiBV&P. Therefore, PVPVA was

characterized alone and then in combination witt\PV In addition, the solubility

parameter for itraconazole was compared to PVAPPariéVA and based ofgd, the



drug is predicted to be miscible with both polym@rable 26). Miscibility will also be
determined using Tg measurements by DSC for thepdlgmer blends.

Table 26.Partial and Total Solubility Parameters for PVAP, PVPVA, and Itraconazole

AS (MPa)?
Polymer dd dp Jh Ototal Ad < 7 likely miscible
Ad > 10 likely immiscible
PVAP 20.7 0.02 14.6 25.3 -
PVPVA 17.4 0.5 9.2 19.7 5.6
ITZ 194 54 10.3 22.6 2.7 for ITZ-PVAP

2.9 for ITZ-PVPVA

Characterization of PVPVA

MDSC of PVPVA

MDSC was used to separate the total heat flow kigt@reversing and non-
reversing signals. PVPVA was heated at a lindartaan elevated temperature, and
then cooled at a linear rate before heating againhe reversing heat flow signal, a
transition appeared around 100°C in the first Ingagican (blue line), during cooling (red
line) and then again in the second heating scaefgline). This transition is the Tg of
PVPVA, which ranged from about 95°C to 115°C ingbeond heating scan. The Tg
midpoint of PVPVA was 107°C (Figure 34). This vwamsistent with the Tg of 101°C
reported by the manufacturer (102). There als@argpto be a secondary transition for

PVPVA around -20°C.
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Figure 34. MDSC Heat (blue line), Cool (red lindgat (green line) Cycle for PVPVA

TGA of PVPVA

TGA measured the mass of PVPVA as a function operature. The initial
mass loss of about 3.0% was due to moisture, wdgceed with LOD results. The
decomposition in nitrogen was observed as a la@gsross step with an onset of about
253°C (Figure 35). The manufacturer repords, By TGA analysis of PVPVA at 230°C
(102). Since extrusion temperatures rarely exd8€dC and the g4 0f PVAP is 150°C,
the discrepancy betweeng§determined in this study for PVPVA and that of the
manufacturer is minor and most likely results frdiffierent analysts interpreting the

trace.
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Figure 35. Weight Loss (%) as a Function of Terapge by TGA for PVPVA

Melt Viscosity of PVPVA

The melt viscosity for PVPVA was obtained from 1€0d 180°C at constant
frequency (1 Hz). PVPVA showed a decrease in gisgavith increasing temperature
across the entire temperature range studied. i¥deal thermoplastic behavior for a
polymer used in melt extrusion. Unlike PVAP, whiobreased in viscosity above

150°C, PVPVA continued to decrease in viscosityap80°C (Figure 36).
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Figure 36. Melt Viscosity of PVPVA and PVAP

Moisture Uptake of PVPVA

One issue with using PVPVA is its hygroscopici§olubilizers that absorb too
much water from the ambient air can cause unwasryesdallization of amorphous API in
a solid dispersion (181). A hygroscopicity thatae great may also cause problems in
processing the dosage form (181). To evaluate ygeokcopic properties of PVPVA,
samples were exposed for 3 days to varying reldiveidities from 0% to 90%. Figure
37 shows the moisture content determined by LODPMIPVA as a function of relative
humidity. The results show that the amount of muwessorbed by PVPVA increased
with increasing relative humidity. At 20% RH, PVR\$orbed about 8% moisture
compared to only 3% for PVAP. Above 30% RH, theashoe uptake of PVPVA
continued to increase and became alarmingly hRPVA sorbed nearly 40% moisture

after 3 days at 90% RH compared to only about 8F%AP. Based on this consistent
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data, PVPVA is more hygroscopic than PVAP. Simiksults were reported from

sorption isotherms for PVPVA by Kolter et al. (102)
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Figure 37. Moisture Uptake for PVPVA by LOD asumnEtion of Humidity

PVPVA Characterization Summary

PVPVA is commonly used in melt extrusion but itgloscopicity has precluded
its more widespread commercial pharmaceutical U$e polymer has a broad melt
extrusion processing range owing to its Tg of ald®it°C and Jeq0f about 250°C. The
polymer extrudes easily, without the need for adddl plasticizers or thermal lubricants,
at 120°C to 130°C. Furthermore, its melt viscodiégreases with increasing
temperature, which is ideal for melt extrusion.eTmoperties of PVPVA make it a
particularly good candidate for co-extrusion wiAP. By combining PVAP with
PVPVA, which has a low Tg relative to PVAP but hig relative to plasticizers, the
processability of PVAP may improve without impagtithe stability of the extrudate.

Furthermore, PVAP is much less hygroscopic than\PA/Bo it may provide a stability
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advantage for solid dispersions during storageerdfore, blends of PVAP and PVPVA

were evaluated further for miscibility by MDSC ayss.

Miscibility of PVAP-PVPVA Polymer Blends

Polymers are miscible if they form a single, on@gssystem. The most widely
used experimental technique to determine misgfhiites the measurement of Tg via
DSC (68). Generally, the observation of a singgesgtransition somewhere between the
Tg values of the individual component polymers cadies a single, uniform composition
and therefore a miscible system. Conversely, anigtible blend will show two glass
transition temperatures with Tg values correspanttinthose of the individual
components.

The miscibility of PVAP and PVPVA were assessethatfollowing ratios:
10:90%, 20:80%, 30:70%, 40:60% and 50:50% w/w P\PARRVA. From the
thermograms, the two polymers appeared miscibl®®0%, 20:80%, and 30:70% w/w
PVAP:PVPVA. That is, only one Tg was observedtfa polymer blends (Figure 38).
At 40:60% and 50:50% w/w PVAP:PVPVA, however, vemgall changes in the
appearance of the transitions, a trough midwayuiindhe transition, suggested there
were two Tg values and therefore, at these ratwestwo polymers are not completely
miscible, but instead, only partially miscible. eFafore, 10%, 20%, and 30% w/w PVAP
was selected for melt extrusion processing. TheSK2Dlata also showed the Tg values
of the combined polymer systems, which were lowantthat of PVAP but higher than

PVPVA. This also indicated the polymers were astgartially miscible at all ratios
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studied. More importantly, lowering the Tg of PVAk adding PVPVA should allow

extrusion to occur at lower temperatures, furtivesyafrom Tgegof PVAP.
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Figure 38. MDSC Analysis of PVAP-PVPVA Polymer Btis

Processability of the Polymer Blends

The torque generated during the extrusion proceaskey indicator of the melt

viscosity. Torque was monitored throughout the pssdoecause high melt viscosities

generate excessive torque and complicate manuiiagiufhe torque generated by the

different polymer ratios was plotted to assess ti@wconcentration of PVPVA

facilitated flow through the extruder. PVAP is yaelifficult to extrude on its own

because of its high melt viscosity and low decontmrstemperature. However, the

processability of PVAP improved significantly whemxed with PVPVA. The three

ratios: 10:90%, 20:80%, and 30:70% w/w performedlarly in the extruder (Figure
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39). Each blend extruded with similar torque aretefore, similar melt viscosity values.
In an effort to maintain the integrity of the sotispersion over time, the polymer blend
containing the highest level of PVAP (30%) was ctelé for solid dispersion preparation

with itraconazole.
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Figure 39. Torque Generated from Different PolyiRatios as a Function of Extrusion
Time

Analysis of PVAP Content

Assay testing was used to determine the contelRVa{P after exposure to
130°C, 140°C and 150°C for 5 minutes, which represgkthe longest residence time in
the extruder. Below its decomposition temperafi&®°C), PVAP remained fairly
stable, although a slight decrease in PVAP congertt,corresponding increase in free
phthalic acid degradant content, was apparentrisaal40°C (Table 27). This
behavior indicated that extrusion temperatures Ishoot exceed 140°C and, more

preferably, should remain below 140°C.
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Table 27.PVAP Content as a Function of Temperature

Sample ID % PVAP % PVAP % Free
UV/Vis RI Phthalic Acid
PVAP 104.8 104.2 0.43
PVAP at 130°C 102.7 103.1 0.48
PVAP at 140°C 101.8 102.1 0.75
PVAP at 150°C 47.2 41.3 2.0

Melt Viscosity of the Polymer Blend

Overall, the processability of PVAP improved sigeahtly when mixed with
PVPVA. One explanation for the improved procedgsghs a reduction in the melt
viscosity of PVAP caused by PVPVA lowering its Tigagting as a thermal lubricant.
From Figure 40, it is apparent that the melt viggasf pure PVPVA is much lower than
pure PVAP. Furthermore, the polymer blend (30: ®¥AP:PVPVA) had a much lower
melt viscosity than pure PVAP. PVPVA seems to tieng as a thermal lubricant for
PVAP, lowering its melt viscosity and increasingplasticity, even at temperatures
above Tegof PVAP. Furthermore, PVPVA reduced the Tg of F/#om 116°C to
109°C, indicating PVPVA also acts as a plasticfeelPVAP at miscible polymer blend
ratios. Plasticizing effects result in a reductiog and melt viscosity (118).

Similar improvements in extrusion processing weorted with PVPVA and
other polymers (102). Kolter et al. combined PVPW¥ith Kollidon SR (polyvinyl
acetate/polyvinyl pyrrolidone), Kollicoat IR (polywyl alcohol/polyethylene graft
copolymer), Kollidon 30 (vinylpyrrolidone MW 50,090and Kollidon 90F
(vinylpyrrolidone MW 1,250,000) to produce diffetdsiends (102). The polymer ratios

were varied from 0:100% to 100:0% w/w to investigtite effect of polymer
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composition on the minimum processing temperatyrexdrusion (102). The tested
polymer combinations are summarized in Table 28PVYPA had almost no effect on the
extrusion processing temperature of Kollidon SRbknds extruded at 140°C (102). For
all compositions with Kollicoat IR, the blends exded at 150°C, versus 160°C to 190°C
for the pure polymer (102). Pure polymers of kil 30 and Kollidon 90 F were
reportedly impossible to extrude due to their Highand melt viscosities (102).
However, in the presence of PVPVA, Kollidon 30 abbk melt extruded successfully
(102). Moreover, relatively low processing temparas were required with higher
amounts of PVPVA (102). For Kollidon 90F, processof the blend was possible but
only with 70% w/w PVPVA (102). Unfortunately, tAg values for the polymer blends

were not reported in their study.
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Figure 40. Melt Viscosities for Pure PVAP, PureAR¥A, and 30:70% PVAP:PVPVA
Polymer Blend
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Table 28. Polymer Combinations Tested for Processability by Melt Extrusion. Adapted
from Kolter 2010

Polymer Kollidon SR Kollicoat IR KO”F',‘{j’Q 30 KOI“S{)/E,QOF
PVAC-PVP | PVA-PEG MW 50,000 | MW 1,250,000
70:30 70:30 70:30 70:30
PVPVA 50:50 50:50 50:50 -
30:70 30:70 30:70 -
No effect on | All blends were | Pure Kollidon 30 | Pure Kollidon
processing | extruded at could not be 90F could not be
Extrusion| temperature, | 150°C versus extruded. Blends| extruded. Only
Outcome| pure polymer | 160°C to 190°C | with PVPVA blends of 70%
extruded at | for pure were successfully] PVPVA were
140°C Kollicoat IR extruded extrudable

I traconazole

Tgand Tmof ITZ

Crystalline itraconazole was transformed to thegtastate by cooling it from the
melt (Figure 41). The melting endotherm for itragpole was observed at about 166°C in
the MDSC total heat flow signal. Upon cooling,neecrystallization exotherm was
observed within the temperature range corresportditige melt in the total heat flow
signal; however, exotherms between 90°C and 45p@aed in the reversing heat flow
signal (Figure 41). These peaks appeared agandigherms upon re-heating. Six et al.
investigated the thermal properties of glassy @razole and reported two reversible
transitions: the first at 90°C represents theditaon of the isotropic liquid to the
formation of a chiral nematic mesophase and thergktransition is likely caused by
rotational restrictions of the molecules (182).eTiig was identified by the authors at
59°C (182). Therefore, the Tm, Tg, anggbf itraconazole were found to be 166°C,

59°C and 300°C, respectively, indicating the druws\wuitable for melt extrusion.
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The physical properties of a drug substance suthea$g of the amorphous form
can be used to identify the type of glass formetlitspropensity for recrystallization

(96). Current theories suggest that amorphousdaray exist as a weak or strong glass,

which is assessed by tlﬂl-l_l:_en—1 ratio (183,184,185). Ratios greater than 1.3 migiche
g

material is a weak glass and will have a propensitgcrystallize on storage due to the
large thermodynamic driving force, whereas ratésslthan 1.3 indicate a strong glass

and low kinetic barrier for molecular diffusion éhs, their diffusion coefficient at a

given temperature is relatively high) (65). Thlhﬁg-_ll__—rgn ratio combines both a

thermodynamic parameter (Tm) and a kinetic paranfétg (65). In the case of

1 e . .
itraconazole,T—m = %5: 2.8 indicating, according to theory, ITZ is a wegass and

Tg
will have a propensity to recrystallize. Therefaefficient polymeric stabilization by,
for example, dispersing ITZ in a high Tg polymarmost likely critical for a stable

amorphous system.
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Miscibility of PVAP-PVPVA-ITZ Blends

Qualitatively, the miscibility of a drug and polyme&an be assessed by DSC

measurements by mixing them and heating them terebshe changes in Tg. A single

Tg suggests miscibility, two Tg's correspondingnividual components suggests

complete immiscibility, and two Tg's in between th® individual component Tg's

suggests partial miscibility. Generally, miscityilof drug and polymer are assessed on

the second heating scan after the system has lee¢ednbeyond the melting point of the

drug. In this case, however, the temperature dagdg MDSC experiments (first heat)

cannot exceed theydyof PVAP (150°C) even though the Tm of ITZ is 166°8lthough
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this presented a potential challenge for thermalyais, it is not expected to be an issue
during extrusion. This is because at least 80-80%e energy in an extruder is supplied
via the extrusion screws and materials soften amdédt mainly by frictional heat. In
practice, the barrel temperatures on an extruasetbre, are routinely set lower than the
Tm of the drug. PVAP and ITZ should extrude simoéously with processing
temperatures below both the Tm of ITZ and Tdeg\bAP.

Powders containing 30:70%, 40:60%, 50:50% and 80:A®I:polymer blend
were analyzed by MDSC. The ratio of API to polyrbmd varied, but the polymer
blend itself always contained a 1:2 ratio of PVAPPR/A. This polymer blend ratio was
believed to be within the miscible range basedrewipus experiments. At the
API:polymer ratios studied, each thermogram showmedTg values (Figure 42). This
either meant that the drug was not miscible inptblgmer blend (one Tg for the drug and
one Tq for the polymer blend) or, the polymers wasecompletely miscible and the
drug had miscibility in both polymers (one Tg faizZFPVPVA and one Tg for ITZ-
PVAP).

Janssens et al. reported amorphous/amorphous gépaeation for ITZ-Eudragit
E100 mixtures (186). The authors reported thatrphwus/amorphous phase separation
could be distinguished by the presence of two cartse glass transitions and in the
particular case of ITZ, by the presence of endatisesit 74°C and 90°C that are
characteristic of its chiral nematic mesophase ). 18®is peculiar phase behavior was
convenient for identifying a separate glassy itreamle phase and was considered to be
a signature of phase separation. In this study,s®parate glass transitions were
observed for all the ITZ:polymer blend samples,thete were no discernible mesophase
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endotherms. This suggested the two Tg were not the amorphous drug and
amorphous polymer blend.

A second scenario explaining the two Tg values thagolymers were not
completely miscible with one another but the druagswmiscibility in both polymers. To
investigate this further, MDSC was performed on:AVPVA blends (without PVAP) at
10:90%, 20:80%, and 40:60% w/w. For the samplesanoing less than 40% ITZ, only
a single glass transition was detected (Figure 48 single Tg also decreased with
increasing ITZ potency and no melting endothermsewletected up to 40% ITZ, both
indicating miscibility. At 40% ITZ, however, phaseparation and partial immiscibility
occurred with PVPVA. At the highest drug load (40%ie melting endotherm for ITZ
could be observed at about 150°C (Figure 43). iBeaused by recrystallization
occurring upon heating without sufficient polymestabilization. The recrystallization
of ITZ occurred at 40% drug load in the blends eamhg PVPVA but not in the
mixtures containing a mixture of PVAP and PVPVA(d#ie 42). This suggested PVAP
was providing some additional stabilization agaargstallization through molecular
interactions with ITZ. Therefore, it is likely théne polymer combination together with
ITZ forms a two-phase system: one consisting dffZaPVAP phase and the other one
consisting of an ITZ-PVPVA phase. Furthermore,tthe polymers, originally thought
to be completely miscible with one another and bépaf forming a single, one-phase
system at 30:70% w/w PVAP:PVPVA, must only be @digtimiscible at this ratio.

Upon very close inspection of the PVAP:PVPVA tréinsis (without ITZ), the
shape of the 30:70% PVAP:PVPVA trace resembleg@@0% and 50:50% w/w
polymer blends, which were originally identified lzsing partially miscible.
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Furthermore, the calculated solubility parametdunes predicted miscibility between
PVAP and PVPVA becausss; was less than 7, bag; is also as high as 5.6 MPa
Moreover, the relative difference q is 5.4 MP&% Bustamante et al. showed that
hydrogen bonding and polarity of the polymer laygdttermine polymer-solvent
interactions or in this case, polymer-polymer iatgions (187). In addition, for polar
polymers with hydrogen bonding groups, the acidid basic characteristics play an
important role in their interactions with drugscgients, and solvents (187). These
characteristics, however, are not taken into accaith the single Hansen hydrogen
bonding parametedh (187). Therefore, it is difficult to rely solebn the calculated
solubility parameter and predicted miscibility #¥AP and PVPVA. Both polymers
have a vinyl acetate monomer component (like dvesolike) but the vinyl alcohol and
phthalate groups of PVAP and pyrrolidone group \6PFA may not be miscible. Lastly,
the glass transition temperatures of PVAP and PVR¥Asomewhat close, 116°C and
107°C, respectively, and this can complicate theadm®n of their compositions since
two consecutive or overlapping Tg transitions migiyear as one broad Tg (186).
Combining two polymers with a drug and forming teeparate drug-polymer
phases was previously observe with ITZ and Eudi&ti0 -PVPVA blends following
hot stage extrusion (147). The authors reportedetectable sign of the chiral nematic
mesophase in the polymer blends, although it weerlgl present in the Eudragit E100
dispersion (147). All of the ITZ was molecularlgpersed in the Eudragit E100 and
PVPVA phases (147). Improvements in dissolutida veere observed for the ternary

ITZ-PVPVA-E100 dispersion over the binary ITZ-PVP\d#spersions (147).
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Figure 42. MDSC Analysis of ITZ:Polymer (1:2 PVAR/PVA) Powder Blends
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Figure 43. MDSC Analysis of ITZ:PVPVA Powder Blend
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Processability of I TZ-Polymer Blends

In some formulations, the drug itself can act asaaticizer during processing,
reducing melt viscosity and extrusion torque. Ralndt al. optimized a melt extrusion
formulation containing itraconazole, hypromelloged hydroxypropyB-cyclodextrin by
adjusting the level of ITZ in the formulation ungilitable torque values were achieved
during thermal processing (188). The authors ftepldihat itraconazole acted as a
plasticizer for the melt because formulations vhiggher drug loading had lower torque
values. For example, a formulation with 20% IT4 lzatorque of 45%, whereas at 43%
ITZ the torque reduced to 34% (188). Similar resulere observed in this study. That
is, all formulations containing ITZ had lower tosjualues than those without ITZ
(Figure 44). Incorporating ITZ into the polymeebd further facilitated thermal
processing.

Extrudate containing 40:20:40% w/w ITZ:PVAP:PVPVAsvproduced by melt
extruding the powder blend at 140°C. The formatiba solid dispersion at a processing
temperature approximately 26°C below the meltimyderature of ITZ represents
solubilization of ITZ by the molten polymer duripgocessing and indicates miscibility
of ITZ with the PVAP:PVPVA polymer blend (122). &lamber colored extrudate was
transparent, as shown in Figure 45.

Sporanox, the marketed brand for itraconazole dapsoontains 100 mg of ITZ
at a 40:60% ratio of ITZ:hypromellose. The API gadlymer are dissolved in methylene
chloride then coated onto sugar spheres. In therarental melt-extruded blends, the

API to polymer ratio was selected to emulate Spaxaand to evaluate the effect of
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PVAP in the polymer blend at a level where recijigtion would otherwise occur with

pure PVPVA.
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Figure 44. Torque Generated from Different PolyBlends Versus ITZ-Polymer
Blends as a Function of Extrusion Time

Figure 45. Extrudate Contammg ITZ-PVPVA and IPX*AP-PVPVA on a Black (Left)
and White (Right) Background
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Analysisof ITZ Content

Assay testing was used to determine the contelfitoin the ternary solid
dispersions. The assay values ranged from 92.838.&%. This indicated the drug
remained stable during the melt extrusion proc@se results of the assay testing are
summarized in Table 29.

Table 29. Assay Results for ITZ in the Ternary Solid Dispersions

Extruded Samples Lal()glg%;’:l m Lab((EJA)C)Naim
e |
A |
e |

Miscibility of ITZ-PVAP-PVPVA Extrudate

A powder blend containing 40:20:40% ITZ:PVAP:PVPWas melt extruded to
form a solid dispersion. The 40% ratio of ITZ wiymer was selected to emulate
Sporanox, the marketed itraconazole product. Hhi@nloe of the formulation was
divided into a 20:40% ratio of PVAP:PVPVA basedpyavious studies. After the blend
was melt extruded, a sample of the extrudate wakyzed by MDSC (Figure 46). The
sample was only exposed to one heat cycle on tl& ¥8ause the extruder performed
the first melt. In the total heat flow signal, melting endotherm for itraconazole was
observed, and in the reversing heat flow signad, Ty transitions were observed: one

indicating an ITZ-PVAP phase and the other indiggatin ITZ-PVPVA phase. It can be
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concluded that crystalline ITZ was successfullypsfarmed to a glassy state and

solubilized by the molten polymers during procegsin
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Figure 46. MDSC Analysis of Extruded 40:60% ITZy?oer Blend
(1:2 PVAP:PVPVA)

X-Ray Diffraction (XRD)

The crystallinity of the melt-extruded powder blemds examined using XRD
and the profiles are depicted in Figure 47. Frbendiffraction profiles, the characteristic
ITZ peaks (most intense) for determining cryst@fiof the melt extruded sample are
located at 17.45 and 17.95 (doublet), 20.30, andi®28vo theta degrees. The XRD
profile for the melt extruded blend containing 4D40% ITZ:PVAP:PVPVA lacked the
diffraction peaks associated with crystalline ITdplying the samples contained

amorphous ITZ.
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Figure 47. X-Ray Diffraction Profiles for the Mdttruded Powder Blend Containing

40:60% ITZ:Polymer Blend (1:2 PVAP:PVPVA)

Dissolution

Sink Conditions

Sink dissolution studies in SGF were performecdht@stigate the effect of

polymer composition on drug release. The resuéshown in Figure 48.
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Sink Dissolution Profiles
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Figure 48. Sink Dissolution Profiles of Melt Extied Powders Containing Binary and
Ternary Mixtures of ITZ in SGF

Melt extruded powders were compared to crystalliiiewhich was 58%
dissolved after 2 hours. The dissolution profdbewed the fastest dissolution rate from
40:60% ITZ-PVPVA extrudate, although drug reledseved after 60 minutes and only
75% ITZ released at 120 minutes. When PVAP wasrparated into the melt extruded
blend (20:40:40% PVAP:PVPVA:ITZ), dissolution ratgsre faster than crystalline ITZ
but slower than ITZ-PVPVA extruded blends. Drulgase from the ternary blends also
slowed after 60 minutes and only 63% ITZ releagek?@ minutes. The slower drug
release observed from the ternary blend was aatmipbecause PVAP is practically
insoluble in acidic solutions. Adding surfactadis® SLS) increased the initial drug
release up to 40 minutes but then slowed and rdsertie sample profile without SLS.

A previously prepared ITZ-PVAP (40:60% w/w) sampteduced using a solvent
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evaporation technique also was compared to theertlided powder. The ITZ-PVAP
sample showed that after 120 minutes, only 23%wW&2 released. This further
confirmed the influence of the enteric PVAP polyroarthe dissolution rate of ITZ in
SGF.

Although all melt extruded powders lacked any @akste ITZ according to
XRD, the total amount of ITZ released was nevehéighan 75%, compared to 58% for
crystalline ITZ, despite the amorphous morphologg eonsiderably higher surface area
caused by the intense mixing inside the extru@arerhoff et al. observed similar results
with ITZ in 0.1N HCI under sink conditions (142After 2 hours in acid, their data
showed 65% released for crystalline micronized &hd not more than 25% ITZ release
from Eudragit L100-55 and 70% ITZ release from HAMIEP-55 dispersions, both
produced by ultra-rapid freezing (142). The inbtduenteric polymers in their study and
this study appear to be slowing drug release. drbg release presumably occurs
through a drug dissolution/diffusion process withthe enteric polymer dissolving.

Pure PVPVA, however, is 100% dissolved after ontgidutes in SGF according
to the data generated by Six et al. (paddle meth@d;rpm) (147). Yet, in this study and
the study conducted by Qian et al., PVPVA dissoluprofiles showed only 75% ITZ
released after 2 hours in SGF and 78% BMS-A retkafier 1 hour in pH 4.5 buffer,
respectively, both in sink conditions (189,125,8Quin et al. showed that the
incomplete drug release from their PVPVA solid éigion formulations produced by
spray drying was due to slow paddle speed (189anbther dissolution study where the
paddle speed was increased from 50 rpm to 75 ipeguthors stated 100% of BMS-A
released from PVPVA formulations (189). They alsted that the second polymer they
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evaluated, HPMC-AS, showed incomplete drug relea®® rpm due to the pH-
dependent solubility of the polymer and drug retegaofiles from HPMC-AS remained

unchanged at 75 rpm (189).

Non-Snk Conditions (Super satur ated)

Sporanox FDA Test Method

The marketed multiparticulate capsule formulati®poranox, was tested
according to the FDA recommended dissolution gunéslfor ITZ. The contents of one
capsule containing 100 mg of itraconazole was plac®00 ml of USP simulated gastric
fluid (SGF) without enzymes (pH 1.2) to obtain acentration of 0.11 mg/ml, assuming
complete dissolution. The solubility of ITZ at @2, however, is only 0.004 mg/ml,
indicating the FDA test method is conducted in sork conditions. The dissolution
profiles are presented in Figure 49. AlthoughRB&\ test method specified sampling up
to 90 minutes, an additional time point was adde28 minutes since less than 100%
ITZ was dissolved at 90 minutes. Variability wdsserved among the 6 capsules tested
and while the FDA test method does not specifyassecriteria, drug release ranged from
67% to 98% after 90 minutes. After 120 minutesigdielease ranged from 76% to
100%. In the following section, Sporanox capswese tested according to USP enteric

test method A to better simulate in vivo conditions
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Figure 49. Dissolution Results for Sporanox Cagsuising FDA Test Method in SGF
USP Enteric Test Method A

Friesen et al. proposed a mechanism of supersatuiEtd bioavailability
enhancement for drug-polymer dispersions and exgdbihat, after aqueous dissolution,
the drug can be present in various forms includiagosized suspended polymer/drug
assemblies, drug in bile salt/lecithin micelleslytrsupersaturated free drug in solution,
and drug in precipitate (65). In the context a$ tlvork, the term supersaturation refers to
an apparent supersaturation, i.e., increased dnucpatrations that include all species
that pass through a 0.45 um filter. According &b&ock et al., the concentration of free
drug, that is, drug in solution and not in colldigarticles is the true, rather than an
apparent, supersaturation, and this higher freg doncentration provides a higher

driving force for passive diffusional transintestimabsorption (190). The nanosized
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polymer/drug assemblies have been demonstrateel lebide; they provide more free
drug as free drug is removed from the system (190).

Dissolution studies were performed under superatgdrconditions (20X the
equilibrium solubility of crystalline ITZ in the naga) to determine the maximum
concentration, and cumulative supersaturation, lwbdapends both upon dissolution of
the extrudate and the ability of the polymers tabit precipitation of ITZ. The
dissolution studies were conducted according tdX8E 25 enteric test method A, and
the results are shown in Figure 50. After 2 haoi@.1N HCI, aliquots were removed
and the ITZ concentration was determined. The cadkr for the maximum
concentration or largest extent of supersaturatias as follows: Sporanox > 40:60%
ITZ:PVPVA > 40:20:40% ITZ:PVAP:PVPVA > 40:60% ITZWAP > crystalline ITZ.

Adjusting the dissolution medium after 2 hours frphh 1.2 to pH 6.8 changed
the extent of supersaturation for all the sampmetet). The Sporanox and 40:60%
ITZ:PVPVA samples precipitated in the dissolutie@ssel and the extent of
supersaturation in pH 6.8 fell to zero. The dig8oh vessels became extremely turbid
and milky white immediately after the pH changeon@ersely, samples containing
PVAP showed an increase in ITZ concentration inGp8d Upon addition of the buffer
(and increase in pH) an increase in supersaturateanobserved as the PVAP dissolved
and released the entrapped amorphous ITZ, leaditfgetmaximum extent of
supersaturation for the composition. It was alsseoved that the degree of
supersaturation increased more with ternary blémas binary blends containing PVAP.
The supersaturation profiles also indicate thattirapositions that achieved a high
degree of supersaturation were also subject tcegulesit losses in supersaturation,
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regardless of the stabilizing polymer(s). PVAPegp to have had two effects. Firstly,
it reduced ITZ precipitation in acid by delayingsilution. Secondly, it reduced the
crystallization tendency of ITZ during dissolutifn pH 6.8), thereby generating
supersaturated solutions for 90 minutes; altholagses in the extent of supersaturation
were observed. Table 30 lists the equilibrium sitibylof ITZ in pH 1.2 and pH 6.8, the
maximum concentration of ITZ in the acid and buffeases from dissolution testing,

and the saturation solubility of ITZ in dimethylifxide (DMSO) for comparison.

-Bulk Crystalline ITZ 8.8 mg ITZin 100 m| Media N
) 20X (pH 1.2) and 8.8x¥X (pH 6.8) Equilibrium Solubility
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Figure 50. Supersaturated Dissolution Profilesleft Extruded Powders Containing

Binary and Ternary Mixtures of ITZ in 0.1N HCI f@rhours followed by pH

6.8 Buffer
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Table 30. Equilibrium Solubility of Pure ITZ, Concentrations of ITZ in Acid and Buffer
Phases from Supersaturated Dissolution Testing, and I TZ Saturation Solubility

in DMSO
il Craxin pH 1.2 Cmaxin pH 6.8

Solubility (ma/m) )
Pure Itraconazole 0.004 1Xi0
Sporanox
(40:60% ITZ:HPMC) 0.0792 -
Rotary Evaporated
40:60% ITZ:PVAP 0.0045 0.053
Melt Extruded
40:60% ITZ:PVPVA 0.0370 -
Melt Extruded
40:20:40% ITZ:PVAP:PVPVA 0.0264 0.079
Pure Itraconazole in DMSO 0.5 mg/ml

Area Under the Curve

Area under the supersaturated dissolution curvekC(fs) were calculated for
the acidic phase (AUGN He), neutral phase (AUg 6.8 butie), @and total dissolution test
(AUCo1a) for each evaluated composition to provide a gtetite means of comparing
the extent and duration of supersaturation at stagfe of testing. These results are listed
in Table 31. The AUgss results reveal that the greatest total extenupéssaturation
(AUCota) was produced by the ITZ:PVAP:PVPVA and Sporarmmxniulations and the
greatest acid phase release (AUWGHc) was produced by the Sporanox formulation,
which contained an immediate release, pH-indepdru@ymer (HPMC). However, the
AUC in the neutral phase (AU is a key metric by which to evaluate the différen
compositions because it is expected to correlaite ttvo absorption (122).

The ITZ:PVAP:PVPVA formulation showed a substatgifligher AUGH 6.5
value compared to the other formulations. Whenpamed to other published data, the
AUC 1N Heivalue for the 40:20:40% ITZ:PVAP:PVPVA formulatiaras in agreement

with the values Overhoff et al. generated from BgdrL100-55 and HPMCP HP-55
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containing solid dispersions (142) and all AUC ealdior 40:20:40% ITZ:PVAP:PVPVA
were greater than those reported by Miller etal Hudragit L100-55 and Carbopol 974P
combinations (122).

Table 31. Area Under the Supersaturated Dissolution Curve (AUC) for the Acid Phase,
Neutral Phase, and Total Dissolution Test

AUC dissolutior
Formulation AUCoinHe | AUCpH 6.8 Buffer AUCqgtal
(mg-min) (mg-min) (mg-min)
Sporanox (40% ITZ) 9727 160 9887
40:60% ITZ:PVPVA 5445 0 5445
40:60% ITZ:PVAP 613 1650 2263
40:20:40% ITZ:PVAP:PVPVA 2565 7338 9903
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Stability

X-Ray Diffraction (XRD)
The crystallinity of the melt extruded powder blemds examined using XRD
after 6 months of storage at 30°C/65% RH and tbéles are depicted in Figure 51.
The XRD profiles for the melt extruded blend contag 40:20:40% ITZ:PVAP:PVPVA
lacked the diffraction peaks associated with ctyg&ITZ, indicating the samples

maintained ITZ in its amorphous form throughout éntins of storage at 30°C/65% RH.
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Figure 51. X-Ray Diffraction Profiles for Melt Extded Powder Blend Containing

40:60% ITZ:Polymer Blend (1:2 PVAP:PVPVA) After 3, and 6 Months of
Storage at 30°C/65% RH
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USP Enteric Test Method A

Dissolution studies were performed under superasgdrconditions (20X the
crystalline ITZ equilibrium solubility) after 6 mdms of storage at 30°C/65% RH. The
dissolution studies were conducted according taX8P 25 enteric test method A, and
the results are shown in Figure 52. Similar digsoh profiles were observed in the acid
and buffer phases for the melt extruded polymendlontaining 40:20:40%
ITZ:PVAP:PVPVA. The extrudate also remained traspt after 6 month of storage

compared to ITZ:PVPVA blends that turned opaquguyfé 53).
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Figure 52. Supersaturated Dissolution Profilesteft Extruded Powders Containing

40:20:40% ITZ:PVAP:PVPVA in 0.1N HCI for 2 hourslifmwed by pH 6.8

Buffer Before and After 6 Months of Storage at 3G%%RH
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Figure 53. Extruded ITZ-PVAP-PVPVA (left) and ITRVPVA (right) Solid
Dispersions After 6 Months of Storage at 30°C/65%RH
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Discussion

ITZ Miscibility in Polymers

Craig et al. described the mechanism of drug reléasn solid dispersions (191).
They concluded that when the drug was moleculadyeatsed within the polymer (i.e.
solid solution) drug release was polymer medial€d ). However, if localized regions
of pure drug existed (i.e. solid dispersion), arede\sufficiently large, dissolution of the
drug may also be drug mediated (191). MoreovergS8al. reported that ITZ miscibility
within a polymer system is not critical to achieapid dissolution rates and that both the
polymer and the physical state of ITZ contributés$alissolution (146,147). This is
because dissolved polymer releases miscible drd@ias wetting of any immiscible ITZ
domains, while having ITZ in an amorphous staterifmutes to the dissolution process
by largely removing the crystalline heat of fusamd increasing solubility (146,147). In
this study, ITZ appeared to be molecularly dispémsihin the polymers and in an
amorphous state, both of which contributed toattdr dissolution rates compared to
crystalline ITZ.

Several authors have reported the miscibilityTaf in various polymers. In one
study, Six et al. found limited miscibility of IT@3% w/w) with Eudragit E100 (soluble
in low pH) following melt extrusion, yet Overhoft al. reported the miscibility of ITZ in
Eudragit L100-55 (soluble above pH 5.5) at levetater than 60% w/w
(146,192,147,142). Miller et al. compared the roolar structures of Eudragit E100 and
Eudragit L100-55 and attributed the effects of nbigity of ITZ with these polymers to
acidic functional groups contained on Eudragit L-B30that are not present on Eudragit

E100 (122). According to the authors, the acidiectional groups improved the
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solubility of ITZ in agueous media and enhancedntiibility of ITZ with acrylic
polymers in the solid state (122). Van den Moetedl. first introduced the affinity of
weakly basic drugs with polymers containing acidiectional groups and the stabilizing
effects of these polymers on the drug moleculdébersupersaturated solution state and
solid state (195). The authors credited the imgdosolution and amorphous solid-state
stability to the formation of a salt between babiegs and acidic polymers (195).

Similar to the study conducted by Miller et alistetudy incorporated ITZ into a
polymer that contains acidic functional groups.e Polymethacrylate used by Miller et
al. (Eudragit L100-55) and polyvinyl derivative dse this study (PVAP) both have free
carboxylic acid groups on the methacrylic acid lothalyl group of their respective
polymer. These carboxylic acid groups remain unzied in acidic conditions and
become ionized in neutral and weakly alkaline cbods. Both Eudragit L100-55 and
PVAP are ionized above pH 5.5 or pH 5.0, respelstiand this charge is thought to not
only improve the solubility of ITZ in aqueous medmough drug-polymer associations,
but also enhance the miscibility of ITZ in the dadtate (122). In addition, polymers
with ionizable functional groups have been usesbiecifically target drug

supersaturation to the small intestine.

Targeting Supersaturated Drug Delivery

Although numerous publications demonstrate imprawadi bioavailability of
poorly water-soluble drugs using supersaturatechéitations, few studies have been
published that illustrate specific targeting of gilsupersaturation to the small intestine by

the use of pH-dependent polymers.
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In one such study, Kondo et al. investigated béthimlependent polymers
(povidone and copovidone) and pH-dependent polyifigysromellose phthalate
(HPMCP) HP-55) as a means of improving the bioawdity of an anticancer drug, HO-
221 (193).Invivo studies with these formulations showed that alisprmf HO-221
achieved with the HPMCP HP55 formulations was twied of the povidone and
copovidone co-precipitates (193). The authorsgpésd the outcome was a result of
targeting the onset of HO-221 supersaturationecsthall intestine versus the stomach
(193). Transient supersaturation was thought teebponsible for the poor absorption of
the pH-independent formulations due to precipitadb HO-221 before passage into the
small intestine (193). Conversely, the pH-depehgetymer (HPMCP HP-55) directed
supersaturation of HO-221 to the small intesting maximized the exposure of
absorptive surface area to elevated drug concenmtsaf193).

Another pH-dependent solid dispersion system wakiated to improve the
absorption of albendazole, a poorly water-solulblgydvith a pH solubility profile
similar to ITZ (194). The intestinal absorptionadbendazole was variable and highly
dependent on gastric pH (194). The researchetaated the use of HPMCP HP55 in a
solid dispersion to improve the intestinal absanmpif the drug (194)In vitro two-stage
dissolution testing showed improved albendazolesgturation following pH change
from 1.2 to 6.5 (194)In vivo studies were conducted with polymer combinations
consisting of HPMCP HP-55 and hypromellose, whiehagated a 3.2 fold increase in
bioavailability compared to crystalline drug in béls with elevated gastric pH (194).
Improvements were attributed to targeted supers@dur of albendazole to the small
intestine by pH-dependent drug release of the stidiplersion formulation (194).
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In another study, Miller et al. demonstrated tha&thdcel ESO and Eudragit
L100-55 produced substantially greaterivo absorption than immediate release
formulations owing to improved supersaturation™ in the small intestine (149).
Additionally, the authors demonstrated the staipigjzffect of Carbopol 974P on
supersaturated levels of I vitro and its absorption-enhancing effeictvivo when
incorporated into an Eudragit L100-55 polymer matti22). The combination of
polymers yielded targeted intestinal delivery tlvas able to generate prolonged
supersaturation of ITZ within the small intestid2?).

In this study, then vitro release of ITZ from the dispersions containing VA
was minimal in acid (2.6 mg after 2 hours) but dajellowing the pH change, with peak
ITZ release occurring 10 minutes into the neuthelge of dissolution testing (7.9 mg).
The combination of PVAP and PVPVA as a polymerieaifior amorphous ITZ yielded a
targeted intestinal delivery system that generptetbnged supersaturation of ITZ in a
pH that was representative of the small intestifileese results suggest the potential for
improved therapy with orally delivered ITZ via isteal targeting with prolonged

supersaturation caused by the ionization of PVApBHalependent polymer.

Influence of PVAP on Amor phous Solid Dispersions of ITZ

Owing to the abundance of carboxylic acid functlagraups contained on the
PVAP polymer network, it is plausible that its imgoration with PVPVA improved the
formation of an ITZ solid solution during HME praseng and contributed to the
physical stability of the solid dispersion over @mAbove pH 5, PVAP is at least

partially ionized and this charge may support stallg-polymer solutions or nanosized
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drug-polymer aggregates; the charge on the polyni@mizes formation of large
polymer aggregates that may not be capable ofsieigdree drug. In addition, the more
hydrophobic regions of PVAP, its acetate substisiemay provide sites for drug
association, while hydrophilic PVPVA, its pyrrolide moieties, permit stable formation
of hydrated drug-polymer structures in aqueous me8ince PVAP contains
substituents that are hydrophobic, even when PVéddimes ionized, as it does at the pH
in the small intestine, the polymer is still onpesingly soluble and exists as colloidal
polymer aggregates in aqueous solutions. In itsianized state (as it is in a solid
dispersion before dissolution) PVAP has a high ¥gnewvhen exposed to high relative
humidity. Under both low and high humidity condits, the Tg of PVAP remains about
120°C. Similar to all amorphous materials, whepased to humidity, PVAP sorbs
moisture. However, the relative hydrophobicity?dAP results in much less sorption of
water (only 8% at 90% RH after 3 days) than is ol for typical water-soluble
polymers and the sorbed water does not plastibez@olymer (or increase its mobility).
In order to maintain a stable solid dispersion,ittedecular mobility of the dispersion
must be low to minimize diffusion and crystallizatiof the drug molecules during
storage. The low hygroscopicity of PVAP combindthwhe higher Tg values for the
drug-polymer systems reduced the mobility of drugjeoules dispersed in the polymers
and appeared to improve the physical stabilityrdyustorage over time. Specifically, the
PVPVA-ITZ rich portion of the ternary dispersiondha Tg = 80°C and the PVAP-ITZ
rich portion of the ternary dispersion had a Tgl&°C, whereas pure ITZ had a Tg of
only 59°C. In addition, the partial miscibility VAP in PVPVA increased the Tg of
the ITZ-PVPVA rich portion of the ternary dispensiby acting as an anti-plasticizer.
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Without PVAP, ITZ-PVPVA binary dispersions had a digonly 63°C compared to ITZ-
PVAP-PVPVA dispersions that had a Tg = 80°C. Tiht-plasticization of PVPVA

caused by PVAP also improved storage stability.
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CHAPTER S

CONCLUSIONS

The processability of PVAP by melt extrusion wapioved by adding PVPVA.
The PVAP-PVPVA polymer blends were partially mideiand, when co-extruded with
itraconazole, produced predominantly PVAP-ITZ aMPNA-ITZ solid solutions.
PVAP improved amorphous drug stability by prevemiimecipitation at low pH,
facilitating supersaturated solutions at higher gitj acted as an effective anti-plasticizer

through drug-polymer and polymer-polymer associetio

Future Direction

PVAP cannot be melt extruded alone. It requiresatidition of a plasticizer or
thermal processing aid. In some formulations diheg itself can act as a plasticizer
during processing, reducing melt viscosity anduwesitm torque. The ability of PVAP to
be plasticized by APIs (certain types and levdigudd be evaluated before discounting
the use of PVAP in melt extrusion. If a particudd| can act as a plasticizer for PVAP,
then co-extrusion of drug and PVAP alone may beiptesand the ability of PVAP to
stabilize amorphous dispersions through specifiggrolymer associations could be

studied.
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