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ABSTRACT

Glibenclamide, spironolactone and ketoconazole are hydrophobic drugs that have
poor oral bioavailability. Lyophilisation and different wasaiuble excipients (SLS,
mannitol, PEG 600, gelatin, tromethamine, citric acid, fumaric acid) were employed

to enhance their rate and extent of dissolutionvitho dissolution studies for the
lyophilised formulations revealed that lyophilisation significantly enhanced the
dissolution rate of lgpenclamide and ketoconazole (in the first few minutes only)
and negatively affected that of spironolactone. The dissolution rates of all three
drugs from their lyophilised mixtures with the waseluble excipients (except citric
acid) were further enimeed compared to the lyophilised drugs alone. Solid state
characterisation (XRPD, FIR, DSC and TGA)f the lyophilised systems revealed

the transformation of the drugs to amorphous foristeric or norenteric coatings

were applied to capsules containing selected lyophilised systems. The coating
process did not alter the stability of the amorphous forms of glibenclamide or
ketoconazole, while that of spironolactone showed a low incidence of
recrystallisation. The coatd formulations were storednder different conditions;
25°C/75% RH, 25°C/65% RI25°C/0% RH, 37°C/0% RH and 50°C/0% RH for up

to 90 days. The stored samples were physically characterised and tested for
dissolution. The amorphous form of glibenclamide weasntained during storage
while spironolactone exhibited recrystallisation during storage at 65% or 75% RH.
Ketoconazole showed a complete change in its colour and consistency under
different storage conditions, suggesting drug degradatiarvivo performance of

the lyophilised formulation of glibenclamide/SLS was investigated in two male
beagle dogs. The lyophilised system achieved significantly highera.Cand
AUC.360 and lowerThax Values than that achieved by the commercial tablets,
suggestig a higher rate and extent of glibenclamide absorption. This enhancement
in the drug absorption was attributed to the higher rate and extent of dissolution of
the drug from these formulations compared to the commercial tablets.



PUBLICATIONS

Mansour, H, Mclnnes, F, Florence, A. and Mullen, A. (2009) The role of
lyophilisation in the enhancement of glibenclamide release from hard gelatin

capsules. J. Pharm. Pharmacol., 61: -A3®, Meeting abstract:50.

Mansour, H., Mcinnes, F. and Mullen, A.0@0) In situ lyophilisation for release

enhancement of ketoconazole from hard gelatin capsules. UKICRS Symposium.

Mansour, M., Mclnnes, F., Hodges, L. A., Alsaadi, M., Mullen, A:vivo
performance of lyophilised glibenclamide capsule formulations foligworal

administration to beagle dogs. (In preparation).



CONTENTS

D= Tox F= T =i [o  PPPRRRR fovennnns
D =Te [ o3 11 0] o SRR [P
ACKNOWIBAGEMENL. ...ttt e e e e e e e e e i
Y 013 1 = Lo PSPPI M.......
0] o] [or= 1 o] o - F TSP PPPPPR Voo

CHAPTER 1. INTRODUCTION

11 OVEIVIEW. ...ttt ettt e ettt e e e ettt e e e e e e e e e e e e bbb e e e e e e e e nneees 1
1.2 Gastrointestinal traCl.............oooi i 3
1.2.1  Anatomy and fUNCHON.........cooiiiiiiiii et 3
2 I © T o] 4 = (o 11 £ 4
1.2.1.2 STOMACK. ...ttt e e e e 4
1.2.1.3  SMAll INTESTINE.....eeiiiieeiiiiee e e e s s e e e 5
1.2.1.4 Large iNESTNE. .....uuieieiiiiiiii ettt e e e e e e e e e e e e e e e 7
1.2.2  Factors affecting drug absorption in gastrointestinal tract..................ccc..eee... 7
1.2.2.1 DISSOIULION......ueiiiieiiiiiee et s et e e e e e 7
1.2.2.2 PArICIE SIZE....co ettt 9
1.2.2.3 Polymorphism and amorphous formation...............ccccceeiieiiiiiiencceeeeen. 9
1.2.2.4 1onisation PEOT ArUGS. ....coouiiiiiiiiiiiii e 10
1.2.2.5 Bl SECIELON. ....uutiiiiiiiiiiiie ettt 11
1.2.2.6 Gastrointestinal PH........oooo i 12
1.2.2.7 GastrointeStinal traNSIL.............uuiiiiiiiiiiiiii e 12
1.2.2.8 Volumef fluid in the gastrointestinal tract.............ccccoevvviiiiiiiiien e, 13

Vi



1.2.2.9  PreSenCe OF TOOU. ... cu i e 13

1.3 Approaches for enhancement of dissolutiorate and gastrointestinal

absorption of hydrophobIC ArUGS .........uuuiiiiiiiiiie e 14
0 TR R o (0 o [ (1 o PP PPPPPPP 15
1.3.2  CBOIVENTS. ...ttt ettt 15
1.3.3 PH BOJUSTMEBIL . ... e e e e e e e e e e 16
1.3.4  Particle Size redUCHION.........ooiiiiiii e 16
RS T T S o [ To o 1] 0 1= 5] o o 1 17
1.3.5.1 Simple eUteCtIC MIXIUIES........cceeiiiiiiiiiiiiiie et 18
1.3.5.2 SOl SOIULIONS. ...cciiiiieeeeie et a e 18

1.3.5.3 Mechanisms of dissolution enhancement of hydrophobic drugs by solid

diSPErsioN tECANIGQUE. ... ...coo i s 21

1.3.6  CYCIOUEXIINS. ...ttt ettt e e e e e e e e e 21
1.3.7  SUIMACIANTS.......cooiiiiiiiiiiee e 23
1.3.8  POIYMOIPNISM. .o 25
1.3.9  AMOIPROUS fOMM. .o e 25
1.4 LYOPNINSAtION... ..o 27
1.4.1  Advantages of lyophiliSation.............uuuuiiiiiiiiiiiiiiiiieeee e 27
1.4.2  Disadvantages of lyophiliSation.............cooouiiiiiiiiiiiiiiiiieeeeee e 28
1.4.3  BaSIC PriNCIPIES. .ttt s ettt e e e e e e e e e e e e 29
1.4.4  Stages of lyophiliSatioN............iiiiiiiiiiiii e 29
O R (=4 o PSPPSR 29
1.4.4.2 Primary DIYING....oooooooeiiiii e e e e e e e e e 30
1.4.4.3 SecoNdary DIYING......coouuoaiiiiiiiiiieiiii ettt e e e e e e e e e e e e e 32

vii



15 FIlM COAtiNG......coiiiieieieiee e 33

1.5.1  Film coating raw materialS.............ooooriiiiiiiiiiicii e eeeeeeeeeeeeeeeees 34

IR T8 0 R w011V 1 =T £ TP PP PPPPPPPPPPPP 34
1.5.1.2 PlASHCIZEIS. .. .uiiieeiiiiiiieee ettt 35......
1.5.1.3  COlOUIANTS. ...cciiiiitieiece ettt e e e e e e e s ae e 35
1.5.1.4  SOIVENES. ..ottt 36
1.5.2  OrganiC COALING......cceettiiiiiiiaiieitiiet bttt e e e e e e e e e e e e e s s r e e e e e e eeeeeas 36
1.5.3 AQueous based COALING.........coouiiiiiiiiiiiii e 37
R ST T R = (= J TP PPPPPPPPPPPPPTN 37
1.5.3.2 PSEUAOIAIEXES. ...coiieiiiiiii ettt e e 37
RS N [ VA o o 1Yo [T oo = o 38
1.5.5 Basic requirements for film coating...........ccccoeeieiiiiiiiiiii e, 39
1.5.6 Coating QUIPIMENT.....cciiiiiiiiee ittt e e e e e e e e e e e 39
1.5.6.1 PaN COALOI.....coiieiiiiieeeeete ettt e e e e e e e e e e e s 39
1.5.6.2 Fluidisedbed COALEr........cccoiiiiiiiiiiiiiee e 41

1.6 The AIM OFf WOTK ... 42

CHAPTER 2. MATERIALS AND METHODS

2.1 MAEEIIAUS. ... 43
20t O I T P 43.........
2.01.2  EXCIPIENTS ettt ettt e e 43
2.1.3  CREIMICAIS. ....eiiiiiiiiiiiii et 44
2. 1.4 SOIVENTS. ... ettt ettt a e e e e e e e 44
2.1.5 CONSUMADIES. ... .ot 45
2.2 EQUIPIMENL. ...t a e e e e e e e 45

viii



2.2.1  ManufaCturing @QUIPIMENT. ......uueeiieee ettt e e e e e e e e e e e e eeeeeeeennnnnes 45

2.2.2  Analytical @QUIPMENT...........coeevrmmmmmm e e eeeeeeeeeeeeeeeeartrrrs s e e e e e e e eeeeeeeeeeeennnnnn 46
2.3 PC SOMtWEAL. ... e e 47
2.4 Analytical teChNIQUES........cooi i 48
2.4.1 IAVILrO rele@se StUIES. ... ...uuuiiiiiiiiiiiiee e 48
2.4.2  Statistical analySIS..........ooi oo 48
2.4.3  Ultraviolet SPECITOSCOPY.....cciiiiiiiiieeeiieiiiie e e e e e e e e e e e e et e e e e e e e e e e aaeeeens 50

2.4.4 Attenuated total reflectance Foutransform infrared gectroscopy (ATR

FT-IR) ettt ettt ettt ettt ettt e ettt et et et ettt et ettt ettt ettt ettt ettt Q......5
2.4.5 Differential scanning calorimetry (DSC).........cccooiriiiiiiiiiiiiiiii e, 54
24.6 Thermogravimetric analySiS (TGA).....uuuuiiiiiiiiie e 56
2.4.7 X%Ray powder diffraction (XRPD).........coovrmriiiiiiiiiie e 57
2.5 Capsule SPray COALING ... .uuueeeeeeieiiiiiiiirie e e e e e e e e e 58
2.6 Stability STUAIES ... 59
2.7  IN-VIVO dOQ STUAY......coiiiiiieeeeeiiii s e e e e e e e e e e e e e e e e e e e e e e as 59
2.7.1 Gamm&BCINtIQraphiC STUAY........eeviiiiiiiiiiiiaiiei e 60

2.7.2 Chromatographic analysis of glibenclamide by HPLC........................62

2.7.3 Dog blood glucose levels during theivo study..............cooovvviiiiiiiiiieennn. 62

CHAPTER 3. EFFECT OF LYOPHILISATION PROCESS AND
EXCIPIENT MANIPULATION ON THE DISSOLUTION RATE OF
POORLY WATER -SOLUBLE DRUGS

I A | 1 £ o [§ o 1o o IO TP PP PPPPPP 63
3. 1.1 GHBENCIAMIE......ceiiiiiiiiiie e 66
3.1.2  SPIFONOIAONE. ... ..o e e e e e e e e e e e eeraaaaaa 68
3.1.3  KeIOCONAZOIE......ceeiiiiiiiiiieeeeee ettt 70
3.2 AIMS and ODJECHIVES..........ii i 71
3.3 MELNOAS ... 71



3.3.1

3.3.2
3.3.2.1
3.3.2.2

3.3.2.3
3.3.3
3.3.4

3.4
3.4.1
3.4.2

3.4.2.1
3.4.2.2
3.4.2.3
3.4.24
3.4.25
3.4.2.6
3.4.2.7

3.4.2.8
3.4.2.9
3.4.2.10

3.4.2.11
3.4.2.12

3.4.2.13
3.4.2.14
3.4.2.15
3.4.2.16
3.5

Construction of calibration CUNVES..........ooen e 71

Preparation of lyophilised formulations.................oooiiiiiiiiiiiiieeen 72
GlIDENCIAMIE. ... e 72
Y ][ (o] 1[0 F=Tod (o] 1= 72
KEtOCONAZOIE.... ... e 73
Preparation of physical MiXtUIeS............oooiiiiiiiiiiiiiic e 74
[RVItro diSSOIULION STUTIES..........oviiiiieiiiiee e 74
ReSUILS and AISCUSSIQN.......uuuriiiiiiiiiiiiiiee e e e e 75
CaliDration CUIVES. ........oiiiiii e 75
IN-Vitro diSSOIULION STUTIES. ..o 77
Lyophilised glibenclamide ..., 77
Lyophilised glibenclamieimannitol mixture..............ccccccceeiiiieiiieeeeneenene, 78
Lyophilised glibenclamiel@L.S mixXture...........cccoeeeeeeeiiiiiiieeeiceeee e 80
Lyophilised glibenclamieEG 6000 MIiXtUre............veeveeeeeeeescccmmeees 83
Lyophilised glibenclamiegelatin mixture............ccccccoeieniins 86
Lyophilised glibenclamigdteomethamine mixture.............ccceeeevevvviveeeennnns 89
Lyophilised Spironolactone.................eeiiiiiiiiiieieeiceeee e 91
Lyophilised spironolactomgannitol MixXture..............ccceeeevveveevvvviinceneennn. 92
Lyophilised spironolactofB.S mixture...........cccvvvvviiiiiiimccn e 95
Lyophilised spironolactofEG 6000 MIXTUIe.........ccoevevvvveeeeeiiiiiiiiiinnnn 97
Lyophilised spironolactoiéric acid miXture............ccceeeeeveviviiiieeeeeeenns 100
Lyophilised spironaionefumaric acid mixture...........cccccevvvvveeeiinnennnn. 103
Lyophilised Ketoconazole..............oooiiiiiiiiiiiiiieeee e 105
Lyophilised ketoconazedgannitol mixture............ccccceeeeeveeeeiiiienene, 106
Lyophilised ketoconazedeannitobSLS mixture..........ccccooeeevvviiiiieennnns 109
Lyophilised ketoconazeteannitobPEG 6000 mixture...........ccccceeeeennn. 111
Summary of the irvitro dissolution results..........cccovvevviiiiiiiiieenneenn. 114



3.6 CONCIUSION. e e 116

CHAPTER 4. PHYSICOCHEMICAL CHARACTERISATION OF
LYOPHILISED AND PHYSICAL MIXTURES OF GLIBENCLAMIDE,

SPIRONOLACTONE OR KETOCONAZOLE WITH WATER -SOLUBLE
EXCIPIENTS

4.1 INEFOAUCTION.....eiiiiieiee e 117

4.2 AIMS anNd ODJECHIVES ... ...ueiiiii e 118
4.3 MELNOAS ...t 18....1
4.4 ReSUILS and AISCUSSIQN.......uuuuiriiiiiiiiiiieee e e e e e e 118
441  GlDENCIAMIAE.......uuiiiiiiiiii e 118
4.4.1.1 Lyophised glibenclamide............ccccouiiiiiiiiiiiiii e 118
4.4.1.2 Lyophilised glibenclamie@annitol mixture.............ccccccvvmiiiiieeiiiiiinnnnnnn. 122
4.4.1.3 Lyophilised glibenclamie®LS mixXture........ccueuvieiiieiiiiiiiiin, 127
4.4.1.4 Lyophilised glibenclamielEG 6000 MIXIUre............cccvreeeeerriiiiineeeennnnns 131
4.4.1.5 Lyophilised glibenclamidteomethamine mixture...............ccccevvvvvvvennnnns 135
4.4.1.6 Lyophised glibenclamidegelatin mixture............cccccuvviiiiiiieiiiiiiiiinineeeenn. 139
4.4.2 SPITONOIACIONE. ....ceiiiiieii e 143
4.4.2.1 Lyophilised spironolactone......cccc.......ovuviiiiiiiieiieeeeeeceeeeeeeen 143
4.4.2.2 Lyophilised spironolactomeannitol mixture...............ccceevvvvviiviciieeeeeennn. 147
4.4.2.3 Lyophilised spironolactofB.S mixXture...........cccceeeeeeeiieeeeeeeeees i 151
4.4.2.4 Lyophilised spironolactofEG 6000 MIXTUIe.........cceeveeererriiiiiiiiiiiieee 154
4.4.2.5 Lyophilised spironolactof@éric acid MIiXtUre............cevvveeieieeeenenniiiiiinns 158
4.4.2.6 Lyophilisedpironolactondumaric acid mixture...........ccccceeeeeveeiiineeennnns 163
4.4.3  KELOCONAZOIE.....uuiiiiiiiiiiiiiie ettt 167
4.4.3.1 Lyophilised KEtOCONAZOIE...........ccoiiiiiiiiiiieeee e 167
4.4.3.2 Lyophilised ketoconazemeannitol mixXture.............c.ooovvvviinieeviiiiineeeneens 171
4.4.3.3 Lyophilised ketoconazemeannitolSLS mixture..............cccevveieeeeveennnnnn. 174
4.43.4 Lyophilised ketoconazelaannitobPEG 6000 mixture............cceeeeeeeeee. 179

Xi



4.5 ©de] o (o1 111 o] o FRETT TR 183

CHAPTER 5. SPRAY COATING OF LYOPHILISED G LIBENCLAMIDE,
SPIRONOLACTONE OR KETOCONAZOLE CAPSULE FORMULATIONS

51 INEFOUCTION. ... e e e e 184
5.2 AIMS and ODJECHIVES.........cooiiiiieeee e 186

5.3 MEBENOTS ...ttt e 186
5.3.1  Acetone/isopropyl alcohol solvent system............ccoovviiiiieceeeeennnn. 186
5.3.1.1 Effect of application of different volumes of the solvent system.............. 186
5.3.1.2 Effect of process drying time............oouviiiiiiiiiiii e 187
5.3.2 Ethanol/wateolvent SYStem............ouuiiiiiiiiiieeeeceeee e 187
5.3.2.1 Effect of application of different volumes of the solvent system.............. 188
5.3.2.2 Effect of process dryiftigie.........coooviiiiiiiiiiiiiiiiiiiiie e 188
5.3.3 Application of Coating SYSEMS.......ccooviii i 189
5.3.3.1 NoOrENteric COatiNg SYSIEM........cuuiiiiiiiiee e e e e 189
5.3.3.2 ENteric coating SYSIEM..........oviiiiiiiiiiiii i e e eeee e e e e e e e e e e e e e eeeeaaannns 189
54 Results and diSCUSSIQN...........eeiiiiiiiiiiiiieeieee e 191

54.1 Acetone/isopropyl alcohol (50/50% w/w) solvent system........................ 191

5.4.1.1 Effect of application of different volumes of solvent on dissolution profiles
of lyophilised glibenclamide, spironolactone antbkenazole formulations......... 191

5.4.1.2 Physical characterisation of lyophilised glibenclamide, spironolactone and
ketoconazole formulations that received different volumes of acetone/isopropyl
alcohol (50/50% V/V) SOIVENT SYSTEM.........uiiiiccceeee e e 193
5.4.1.3 Effect of process drying time on physical characteristics of lyophilised
glibenclamide, spironolactone and ketoconazole capsule formulations sprayed with
50% v/v acetone/isopropyl alcohol seht SyStem........cccoevvveiieeiiiiiiieeie e, 199
54.2 Ethanol/water (90/10%0 VIV)......coooi ittt 204

5.4.2.1 Effect of application of different volumes of solvent on dissolutiofilgs
of lyophilised glibenclamide, spironolactone and ketoconazole formulations......... 204

Xii



5.4.2.2 Physical characterisation of lyophilised glibenclamide, spironolactone and
ketoconazole formulations that received different volumes of ethanol/waiéof
VIV) SOIVENT SYSTEIM ... e e 206

5.4.2.3 Effect of process drying time on physical characteristics of lyophilised
glibenclamide, spironolactone and ketoconaaapsule formulations sprayed with
ethanol/water (90/10% V/V) SOIVENT SYSTEM......cccoieiiiiiiiiiiiiiiree e 214

5.4.3 NOFENLENC COALING. ....evveriieieiiiiieeee e 220...
5.4.3.1 Effect of application of neenteric coating system on dissolution profiles of
lyophilised  glibenclamide,  spironolactone and  ketoconazole  capsule

1{0) 810101 F= UiT0] o ST 220

5.4.3.2 Physical characterisation of lyophilised glibenclamide, spironolactone and
ketoconazole formulations spray coated with -eateric Opadry coating

YA (=] 1 PP UPPRTPP 222
5.4.4 ENLEriC COALING....cccii i e e e e e e e e e 228
5.4.4.1 GaStFOESISTANCETIUAY . ......uueiiiiiiiiiiiiiiiee e 228

5.4.4.2 Effect of application of enteric coating system on dissolution profile of
lyophilised glibenclamide capsule formulations....................cocoeeeee s i ... 228

5.4.4.3 Physical characterisation of lyophilised glibenclamide formulations spray
coated with Opadry enteric COating SYSIEM.........uuuiiiiiiiiiiiiiiee e 229

55 CONCIUSION. .. e 232

CHAPTER 6. STABILITY STUDIES OF LYOPHILISED SYSTEMS OF
GLIBENCLAMIDE, SPIRONOLACTONE AND KETOCONAZOLE

6.1 INEFOAUCTION....eeieeeeieee et 233
6.2 AIMS and ODJECHIVES ..o 233
6.3 MEENOUS ... 234
6.3.1  Application of coating SYStEMS........cccvvviuiiiiiiiiie e 234
6.3.2  Stability STUAIES. .....cooeiieiii e 234
6.3.2.1 Effect of NUMIAItY.......ccooiimiiii e 234
6.3.2.2 Effect Of tEMpPErature..........cooooiiiiiiiiii i s e e e e e e e e e e e eanes 235

6.4 Results and diSCUSSION..........uuiiiiiiiiiiiie e 236

Xiii



6.4.1 (€] 11 e1=] aTedF= 10 01 o [T 236

6.4.1.1 Effect of storage at 25°C/0% RH on the physicochemical characteristics of
lyophilised glibenclamidé&sLS formulations in no®nteric coated capsules.......... 236

6.4.1.2 Effect of storage at 25°C/65% RH on the physicoclécharacteristics of
lyophilised glibenclamidé&LS formulations in no®nteric coated capsules.......... 239

6.4.1.3 Effect of storage at 25°C/75% RH on the physicochemical characteristics of
lyophilised glibenclamidé&LS formulations in noenteric cated capsules.......... 242

6.4.1.4 Effect of storage at 37°C/0% RH on the physicochemical characteristics of
lyophilised glibenclamidé&sLS formulations in no®nteric coated capsules.......... 245

6.4.1.5 Effect of storage at 50°C/0% RH on the physicoatsd characteristics of
lyophilised glibenclamidé&SLS formulations in no®nteric coated capsules.......... 247

6.4.1.6 Effect of storage at 25°C/0% RH on the physicochemical characteristics of
lyophilised glibenclamid&LS formulations in enteric coatedpsules................. 250

6.4.1.7 Effect of storage at 25°C/65% RH on the physicochemical characteristics of
lyophilised glibenclamidé&sLS formulations in enteric coated capsules................. 252

6.4.1.8 Effect of storage at 25°C/75% RH onghgsicochemical characteristics of
lyophilised glibenclamid&LS formulations in enteric coated capsules................. 255

6.4.1.9 Effect of storage at 37°C/0% RH on the physicochemical characteristics of
lyophilised glibenclamidé&sLS formulations in ’teric coated capsules................. 257

6.4.1.10 Effect of storage at 50°C/0% RH on the physicochemical characteristics of
lyophilised glibenclamidésLS formulations in enteric coated capsules................. 260

6.4.2 SPIFONOIACIONE. ... . e e e e e aae s 263

6.4.2.1 Effect of storage at 25°C/0% RH on the physicochemical characteristics of
lyophilised spironolactor8LS formulations in nomnteric coated capsules......... 263

6.4.2.2 Effect of storage at 25°C/65% RH on the physicochemical characteristics of
lyophilised spironolactor&LS formulations in nomnteric coated capsules......... 266

6.4.2.3 Effect of storage at 25°C/75% RH lo& physicochemical characteristics of

lyophilised spironolactor8LS formulations in nomnteric coated capsules......... 269
6.4.2.4 Effect of storage at 37°C/0% RH on the physicochemical characteristics of
lyophilised spironolactonr&LS formulations imon-enteric coated capsules......... 272
6.4.2.5 Effect of storage at 50°C/0% RH on the physicochemical characteristics of
lyophilised spironolactor8LS formulations in nomnteric coated capsules......... 275
54.3 KELOCONAZOIE.... . 278
6.5 (©70] 0 [ 11 5] o] o FA PP PPPUPPPPPPP R 283

XV



CHAPTER 7. IN-VIVO PERFORMANCE OF  LYOPHILISED
GLIBENCLAMIDE CAPSULE FORMULATIONS IN BEAGLE DOGS

7.1 T Lo Lo 18110 o 284
7.2 AIMS and ODJECHIVES ......uueieiii i 286
7.3 =1 T Lo £ 286

7.3.1 Preparatioof radiolabelled formulations for gamma scintigraphy study.286

7.3.1.1 Preparation of*"Tc-DTPA labelled laCtoSe...........ccccveveeeeeeeeeeereeeeeeene. 286
7.3.1.2 Preparation of BONE CEMENL..........oviiiiiiiiiiiie e 286
7.3.1.3 Preparation procedures for tablets apdudes............ccccccceeiiiiiniiineeenn. 287
7.3.2 [AVIVO Study CONAILIONS.......ccoiiiiiii e 287
7.3.3 Gammacintigraphic iIMaging..........ccceeeiieieeeeeeeeeeeeeeev e e 288

7.3.4 HPLC glibenclamide @SSay.........cccccveeiiiiiiiiiiicie e 288
7.3.4.1 Preparation of calibration curves in methanol and plasma........................ 288
7.3.4.2 Extraction ajlibenclamide from plasma samples...............oooeiiiiiiinnnnne. 289
7.3.4.3 Validation of HPLC methodology............ooovmiiiiiiiiiiiii e 289
7.3.4.4 PharmacoKinetiC analySiS.........ccccceiiiiiiiieiiiiiiie s ceeceeeeee e 290
7.3.5 Dog blood glucose levels during the@iwo study.............coooeviiiiiiiines 290

7.4 Results and diSCUSSIQN..........oiuuiiiiiiieiiiiiee e 291
741 SCINGGraphiC ANAIYSIS. .. ...ttt 291
7.4.2 HPLC method validation..............ccuuuiiiiiiiiiee e 291
7.4.3 PharmacokinetiC dySIS. .........ccuuuiiii e 294
7.4.3 Blood glUCOSE [EVEIS.......cooii e 297
7.4.4 Iavitro dissolution data versus-invo data................ceeevveeeieeiiinniinnnnnnn, 299

7.5 CONCIUSION. ...ttt 301
GENERAL CONCLUSION ..ottt seeeee e 302
REFERENGES..... ..t e e e e e e et e e e e e e e 305

XV



Chapter 1



1. Introduction
1.1 Overview

Drug delivery aims to permit the safe and efficacious delivery of pharmaceutical
compounds to humans or animals. The most common methods of drug delivery
include oral, nasal, pulmonary, topical, parenteral and rectal routes. Oral drug
delivery is the mdspredominant route and has the highest degree of patient
compliance. Due to higher stability, ease of production and accuracy of dosage,
solid oral dosage forms have several advantages over other dosage forms. Therefore,
most of the new active pharmadieal ingredients under development are likely to

be formulated as a solid dosage form that will provide high bioavailability after oral

administration (lkegami et al., 2006; Charman & Charman, 2003).

According to the Biopharmaceutical Classification 8gst (BCS), drugs are
categorised into four groups (Figure 1.1) depending on their solubility and

permeability characteristics (Amidon et al., 1995):

1 Class | compounds have both high agueous solubility and gastrointestinal
permeability and greater than 90 &6 an administered dose would get

absorbed.

1 Class Il compounds have high permeability and low aqueous solubility in
relation to the administered dose. These compounds have been reported to
account for at least 40% of new chemical entities (Lai et aQ9R0 They
have poor bioavailability after oral administration (Charman & Charman,

2003) which potentially decreases their clinical efficacy (Pouton, 2006).

1 Class Ill compounds have high aqueous solubility but low permeability
through the gastrointestihamembrane thereby limiting possible drug
bioavailability.

1 Class IV compounds have neither good aqueous solubility nor
gastrointestinal permeability for absorption to be complete.
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Figure 1.1: A typical representation of the biopharmaceuticalclassification system
(Pouton, 2006).

The bioavailability of both Class Il and IV compounds that have low gastrointestinal
permeability is often difficult to improve by formulation strategies as this usually
necessitates altering, often permanently, the permeability of the gastrointeatihal tr
which is undesirable. A good approach to improve the bioavailability of such
compounds is to go back to the discovery lead optimisation phase (chemical
approaches) and design drugs with better physicochemical properties (Figure.l.1
Pouton, 2006). Thki however is not always possible without compromising
structureactivity relationships. Improving formulation design can, however, lead to
enhancement of the solubility of Class Il compounds and so achieve bioavailability
similar to those of Class | compeds. Many promising drugs are absorbed only in
the uppermost part of the small intestine, in spite of their high permeability, showing
a narrow absorption window. Consequently, if such Class Il compounds are not fully
released and dissolved in this gasttestinal region, they will exhibit a low
bioavailability (Streubel et al.,, 2006). Thus, approaches that enhance the water

solubility of Class Il drugs are considered by the pharmaceutical industry to be one



of the most useful approaches for optimgatof Class Il compounds, which is the
approach this thesis will focus on. These approaches will be discussed in detail later
after considering the anatomy and variable physiological conditions within the
gastrointestinal tract (GIT) that may affect fodation behaviour and drug

absorption.

1.2 Gastrointestinal tract
1.2.1 Anatomy and function

The GIT is a hollow tube starting from the mouth to anus (Figure. 1.2). Based on
function, it is divided into the following sections: oesophagus, stomachl|l sm

intestine, colon, rectum, and anus.

Salivary Glands
Parotid
Submandibular
Sublingual

Pharynx
Tongue
Esophagus

Pancreas
Stomach
Pancreatic duct
Duodenum

Common |
bile duct

Colon
Transverse colon
Ascending colon
Descending colon - lleum

(small intestine)
Cecum —|

Appendix

Figure 1.2: Anatomical structure of the gastrointestinal tract (retrieved from
http://www.dentalarticles.com/visual/d/gastrointestinaltract.php October 2010).
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The walls of the GIT are organised into a number of distinct layers. These layers are
the mucosa (the inner coating), submucosa (layer below the mucosa), muscle layer
and serosa (Stendal, 1997). The most important layer is the mucosa through which

drug dsorption takes place.

1.2.1.1 Oesophagus

The main function of the oesophagus is to transfer food to the stomach. It consists of
muscular tube, about 25 cm long with two sphincters. The upper sphincter controls
the entry of material to the oesophagwhile the lower one controls the exit of
material (Stendal, 1997). Generally, transit time of a dosage form through the
oesophagus is about1® seconds, depending on posture and concurrent water

ingestion at administration time (Wilson, 2000).

1.2.1.2 Stomach

Thest omach is a 6J6 shaped region of the ¢
upper part and to the duodenum from the lower part. It has four main areas: the
cardia, fundus, body, and pylorus. The stomach has five main functions: food
reservoir; grinding and mixing of food; chemical break down of food; eradication of
ingested microbes; and controlling of emptying of gastric contents into the
duodenum(Stendal, 1997). Several minutes after food passage into the stomach,
mechanical digegin starts. Food is macerated and mixed with the secretions from
gastric glands by peristaltic movements, mild mixing, waves that start every 20
seconds. Food mixed with gastric secretions forms a thin liquid known as chyme.
Gastric emptying takes placehen peristaltic movements push chyme to the
duodenum through the pyloric sphincter. The major process of chemical digestion in
the stomach is the start of protein digestion by the enzyme pepsin (Tortora &
Grabowski, 2003).

The stomach pH differs dependi on the presence or absence of food. In the

presence of food, the pH is initially betweet¥ 3ollowed by decrease to pH2L



within 34 hours as a resul't of gastric HCL &
Horter & Dressman, 2001).

The retention timesf formulations in the stomach are dependent on the size of the
formulations (Groning et al., 2007) and whether or not the formulation is consumed
with a meal (Doran, et al., 1998). Multiparticulate dosage forms also empty more
slowly in the presence obbdd. Because the dosage forms mix uniformly with the

food, passage into the small intestine will be influenced by the composition of the
ingested food. An appreciation of these factors can allow prediction of when drug

release may be realised and/ortsthr

1.2.1.3 Small intestine

The small intestine has a diameter of 2.5 cm and a length of about 6 m (Tortora &
Grabowski, 2003). It is divided into three segments: the duodenu30(26h long),

the jejunum (2.5 m long), and the ileum (2.5 m long).

The main function of the small intestine is to permit absorption of the digested food

released from the stomach into the systemic circulation through the epithelial lining.

Most of the absorption takes place in the duodenum and jejunum. Before absorption,
incompletely digested proteins, fats and carbohydrates are broken down to
monosaccharides, fatty acids and amino acids in the small intestine.

The acidic gastric contents (chyme) are emptied through the pyloric sphincter into
the duodenum @béichaperms oand the head o
pancreas secrets proteases, lipases and amylase into the duodenum as a result of the
presence of food. Furthermore, the pancreas secrets mucus which contains
bicarbonate to neutralise the acidic gastric ch{hwetora & Grabowski, 2003). On

the other hand, liver secrets bile that is stored and concentrated in the gall bladder

and discharged through the bile duct into the duodenum. Bile is necessary for
absorption of dietary fat and augments the absorptidipaghilic drugs. It consists

of bile acids, bile pigments, cholesterol, phospholipids and plasma electrolytes.



The pH of the small intestine varies across its length and increases from pH 5 to 6.5
at the duodenum to the ileum. Acidic chyme initialpwers the pH (in the
duodenum) which is restablished by the pancreatic bicarbonate secretion (Horter &
Dressman, 2001). Intestinal contents are continually mixed by short, stationary
segmental contractions. A smaltestinal transit time in healthy vaiteers has been
reported to be about 3i54.5 h (Wilson, 2000).

Most of drug absorption takes place in the small intestine rather than the stomach or
the large intestine due to large surface area available for absorption as a result of the
presence of imerous villi and microvilli that increase the surface area by several
folds. In the GIT, drugs have to pass through a monolayer epithelium to the systemic
circulation. Thus, the permeability of the GIT membranes or the lipophilicity of
drugs is the majodeterminant for the extent of oral drug absorption. It is known that
drug lipophilicity is dependent on octanwhter partition coefficients (log P) and
according to Lipinskids Rule of Five,
log P values lesthan 5 (Pang, 2004).

Drugs can transport across the GIT membranes by trancellular (across cells) or
paracellular (between cells) transport. Most drugs transport to the systemic
circulation through trancellular pathway, which include passive diffugidncarrier
mediated (active) transport. Low molecular weight hydrophilic drugs can cross the
GIT membranes through paracellular pathway or tight junctions. Tight junctions are
continuous strands of junctional membrane proteins that connect adjacenndells a
contain slight gates or pores filled with water. These pores can open and close
regulating parcellular transport of a drug depending on its size, shape and charge. In
addition, the small intestine has various apical cationic and anionic transporters
known as Pglycoproteins (membrar@ssociated proteins). These are present within
the enterocytes that are abundant at the tips of the villi. These proteins are known as
ABC or ATP-binding cassette and act as transporters for different molecules across

extra and intracellular membranes (Pagliara et al., 1999).

t
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1.2.1.4 Large intestine

The large intestine is the last part of the GIT. It is divided into four principal
regions: caecum, colon (ascending, transverse, descending, and sigmoid), rectum,
and anhcanal. There are two types of motility in the colon; segmental and
propulsive which are responsible for movement within the colon and mixing of the
colonic contents respectively. The main functions of the large intestine are the
absorption of electrotg, absorption of water from the undigested food, secretion of
mucus, production of certain vitamins, formation of faeces and the expulsion of

faeces from the body.

Transit through the large intestine is variable between humans and can be as short as
a fewhours to a number of days. In fact, the large intestine is inhabited by several
species of bacteria that perform different functions. These bacteria metabolise
undigested polysaccharides (fibres) resulting in formation of shaih fatty acids

that ae absorbed by passive diffusion across the colonic mucosa. The large intestine
secrets bicarbonate that neutralise the increased acidity resulting from fatty acid
formation. Furthermore, these bacteria produce some vitamins such as vitamin K
and biotin, which are absorbed into the blood circulation. On the other hand,
bacterial fermentation of the undigested polysaccharides produces mixture of gases
such as nitrogen and carbon dioxide along with trace amounts of hydrogen, methane

and hydrogen sulphide.

1.2.2 Factors affecting drug absorption in gastrointestinal tract

1.2.2.1 Dissolution

Drug dissolution in the GI tract is a prerequisite for absorption after oral
administration and the rateniting step in the intestinal absorption of class I
compounds (Fagerholm, 2007; Wilding, 1999). The dissolution rate is highly
affected by the physochemical characteristics of the drug and by the physiological
conditions of the Gl tract (Dahan & Amidone, 2008). According to Ndyeagney
equation (Eqg. 1.1), the dissolution rate is directly proportional to saturation solubility

of the drug in solvet.



dm/dt = KA(CsC) (Equation.1.1)
Where:

1 mis the mass (mg) of drug passed into solution in time t (min) while dm/dt is
the dissolution rate (mg/min);
A is the surface area available for dissolution {gm

1 Cs is the saturation solubility of the drug in solvent at experimental
temperature (mg/ml);

1 Cis the concentration of solute (mg/ml);

1 K is the intrinsic dissolution rate constant fcseconds ml™) whereas
K= D/Vh (Equation.1.2)

1 Dis the diffusion coefficient of the drug in dissolution medium*setond);
h is the thickness of the boundary layer adjacent to the dissolving drug
surface (cm);

1 Vs the volume of dissolution media (ml).

According to NoyedVhitney equation, as the surface area of the solute decreases,
the dissolution rate decreases. The volume of dissolution medium should be
sufficient to avoid reaching zero value f(€-C) in a certain system. Thus, sink
conditions should be attained. These conditions can be achieved in practice if the
dissolved solute is removed from the bulk solution at a faster rate than it is dissolved.
This takes place iwivo when the drug isbsorbed more rapidly than it dissolves in

the GIT fluids.

The majority of drugs are absorbed across gastrointestinal membrane by passive
diffusion, so the absorption rate depends on the concentration gradient across the two
sides of the membrane. An iease in the dissolution rate leads to increase in the
concentration gradient and subsequently increase in the absorption rate. If the
dissolution rate is lower than the absorption rate, dissolution will be the rate
determining step for the gastrointestiadsorption. In this situation, drug particle

size has an essential role in drug absorption through GIT.



As the dissolution rate is the main limiting step to absorption of Class Il drugs,
correlation of invivo results with iavitro dissolution data (IWC) is a promising
approach (Dressman & Reppas, 2000). According to the definition by Food and Drug
Administration (FDA), IVIVC is a predictive mathematical model describing the
relationship between an-witro property of a dosage form and anvimo regponse.

In general, the hvitro property is the rate and extent of drug dissolution while the
in-vivo response is the concentration of drug in plasma or the amount of drug

absorbed.

The most important role of establishing IVIVC is to us&itno dissolutdn test as a
substitute for irvivo studies. The advantage of this is to reduce the number of
bioequivalence studies carried out during the early approval process and during the

scalingup and posapproval changes.

1.2.2.2 Particle size

The particlesize of drug powder has a highly significant effect on its dissolution rate.
The smaller the particle size, the higher the surface area, and the faster the
dissolution rate (Dressman et al., 2007; Lobenberg et al., 2000). Furthermore, it is
worth to knowthat the surface area available to the dissolution medium (wetted
surface) is the important factor and not the actual particle size. This is very
important in the case of a very poorly wasetuble drug in a dissolution fluid that

has poor wetting chartagistics, as a decrease in particle size may actually decrease
the dissolution rate due to agglomeration of the drug particles (Kostewicz et al.,
2002, Takano et al., 2006).

1.2.2.3 Polymorphism and amorphous formation

Several drugs can crystallise different physical forms or polymorphs that have
different arrangement of molecules in the crystal lattice. These different polymorphs
have different lattice free energies and hence exhibit different physicochemical
properties, such as melting point, heé fusion, density, and refractive index. In

addition, the flow of powders is variable between different crystalline forms (Singhal



& Curatalo, 2004). As the lattice free energies or the forces between molecules are
different among polymorphs, their lgbility is also different. Consequently, the
dissolution rate and bioavailability is different for different polymorphs. However,
the polymorph that has high free energy is unstable and tends to transform into the
more stable crystalline form with timéelhis is considered a serious disadvantage of
using a more unstable (watesluble) polymorph of a drug substance in
formulations. For example, the HIV protease inhibitor, ritonavir, formulated using
the less stable but more soluble polymorph, convertthé more stable but less

soluble polymorph during storage (Bauer et al., 2001).

Amorphous forms of solids (will be discussed later in Section 1.2.3.7) are
characterised by lack of long range three dimensional structure of crystals leading to
high free @ergies and subsequently high solubility. However, the amorphous form
is thermodynamically unstable and tends to transform to the stable crystalline form in
response to different stresses such as moisture and tempéfttydom et al.,
2009). Therefore, determination of the solubility of amorphous powders is
complicatedHancock & Parks, 2000).

1.2.2.4 lonisation pK of drugs

Several porly watersoluble drugs are either weak acids or bases. The degree of
ionisation and consequently the aqueous solubility of acidic or basic drugs are
influenced by GIT pH. The percent of drug molecules ionised at a given pH can be
described by the HerdsonHasselbach equation (Egs. 1.3, 1.4).

[A7] (Equation 1.3)
H=pK, +1
pH = pK, + °8 THA]
H = pK Ky +1 LB]
pH = pK,, — pKy + °€TBRT (Equation 1.4)

Where:

1 PKais the negative logarithm of dissociation consi@f acidK ..
1 PKpis the negative logarithm of dissociation constant of Kase

1 PKw is the negative logarithm of dissociation constant of water
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g PH is the negative logarithm of the concentration of hydrogen ions.
1 [A7] and [HA] is the concentration @nised and unionised acid respectively.

1 [B] and [BH'] is the concentration of unionised and ionised base respectively.

According to the Hendersadasselbach equation, it can be concluded that the
degree of ionisation and consequently the solubility ofkiyeacidic drugs increase
in basic media (above the pKwhile those of weakly basic drugs increase in acidic

media (below the pX.

1.2.2.5 Bile secretion

Bile is secreted by liver hepatocytes and it consists of high percentage of natural bile
salts. Bile salts are the salts of bile acids such as cholic, deoxycholic,
chenodeoxycholic, and lithocholic acids, which in turn may conjugate to glycine or
taurine. Bile is stored in the gall bladder before being released into the small
intestine. The presee of fatty foods in the small intestine induces the release of
cholecystokinin hormone, which stimulates contraction of the gall bladder resulting
in the release of bile into the duodenum. Bile salts act as powerful surfactants and
hence may increase @hbioavailability of hydrophobic drugs by dissolution
enhancement via increased wettability and solubility through micellar solubilisation
(Luner, 2000; Luner & Kamp, 2001; Sheng et al., 2006). However, the enhanced
dissolution rate may be drug specifiéVhilst bile salts enhance the solubility of
many drugs e.g. ketoconazole and griseofulvin (Calafato & Picd6), it lower the
solubility of others e.g. pafenolol, by formation of poorly soluble complexes
(Lennernas & Reghard, 1993).

Most of the excreted bil@cids are reabsorbed in the terminal ileum by active
transport mechanisms and are transported back to the liver and the gall bladder
through enterohepatic circulation. This permits a low rate of daily production and
high discharge into the digestive ®/st

11



1.2.2.6 Gastrointestinal pH

The solubilisation/dissolution of nonionisable drugs is not affected by changes in pH
along the Gl tract, while the dissolution of ionisable compounds is (Balakrishnan et
al., 2004). In general, aqueous solubility isedtly proportional to the number of
hydrogen bonds, which can be formed with water. Thus, ionisable drugs generally
exhibit more aqueous solubility than do unionisable drug molecules. Along the Gl
tract, a drug is exposed to a wide range of pHs thmafus¢éher vary in response to the
presence of food (see Section 1.2.1.2). Generally, the pH values within the stomach
are lower than those within the small intestine. Moreover, the pH within the small
intestine is much less dependent on food intake iaed slowly from the proximal to

the distal segments exhibiting a range of-4744 (Dressman et al., 1998; Kalantzi et

al., 2006).

Weakly basic drugs ionise and dissolve quickly in the acidic medium of the stomach.
As a drug passes from the stomach te ttuodenum, the degree of the drug
ionisation decreases as a consequence of increased intraluminal pH, that may lead to
drug precipitation and consequently decreased absorption (Galia et al., 1998;
Kalantzi et al., 2006 b). On the other hand, weakly addugs ionise in the small
intestine resulting in rapid dissolution and improved bioavailability (see Section
1.2.2.4).

1.2.2.7 Gastrointestinal transit

Gastrointestinal transit includes gastric residence time or gastric emptying, and the
intestinal transit time. As the dissolution rate of class Il drugs is expected to be
slower than the time taken for gastric emptying, this factor has no significacit effe

on the intestinal absorption of this group of compounds. Intestinal transit on the
other hand, significantly affects absorption of this group. Long transit time of a
hydrophobic drug in the main absorption site allows for more dissolution and hence,
absorption increases. The average small intestinal transit time ranges between 3 and
4 hours (Yu & Amidon, 1999; Yu et al., 1996). It has been reported that the

intestinal transit time is fixed and independent on food intake or the physical

12



characteristicof the administered formulation (Kenyonet al., 1995; Clarke et al.,
1995). However, a recent study revealed that the small intestinal transit time of a
model placebo tablet formulation when administered 45 minutes before food was
significantly shorter thn that administered in the fed (directly after food) or fasted
state Fadda et al., 2009)

1.2.2.8 Volume of fluid in the gastrointestinal tract

The volume of the dissation medium in the Gl tract depends on the volume of fluid
that is ceadministered with the medication and the net balance of water in the gut
following gastrointestinal secretion and resorption processes. As the volume of the
dissolution medium increas, more drug as a percentage dissolves. In the stomach,
the fluid volume can range from 30®00 ml in the fastingtate to 80G 900 ml in

the fedstate; in the small intestine, the fluid volume can range from 500 ml in the
fastingstate to 90AL000 mlin the fedstate (Dressman et al., 1998; Custodio et al.,
2008; Dressman & Reppas, 2000). Mixing of chyme with an administered dosage
form in the gastrointestinal tract influences the thickness of the fluid layer
surrounding drug particles and conseglyeaffects the drug dissolution rate and
absorption. In addition, the viscosity of the luminal fluid increases by the presence
of food and hence, the dissolution rate and bioavailability of a drug may also be
reduced.

1.2.2.9 Presence of food

Food mg affect the drug bioavailability and can either enhance, delay or reduce
drug absorption. Presence of food in the stomach results in increased gastric
secretion, prolonged residence time and delayed gastric emptying. Gastric residence
time depends on theolume and contents of chyme. It increases by increasing
chyme volume and in the presence of chyme of low pH and high osmolarity
(Winstanley & Orme, 1989). Thus, when a drug is administered with a meal, the rate
of its absorption will be lower than thiatthe case of fasted state. The bioavailability

of some drugs can be increased by the presence of food as it increases fluid volume
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and gastric residence time resulting in complete drug dissolution before passage into
the small intestine which has theghest surface area for drug absorption.
Particularly, some hydrophobic drugs such as griseofulvin and mebendazole, when
administered as solid dosage forms may not dissolve readily in the stomach.
However, the bioavailability of these drugs can be impiowten they are taken

with a very fatty meal due to formation of drug solution in the dietary oll
(Winstanley & Orme, 1989). On the other hand, the bioavailability of acid labile
drugs can be reduced by the effect of food due to prolonged exposureatmdice

gastric secretion.

Moreover, it has been reported that the effect of the drug particle size on its
dissolution rate is dependent on food intake. For example, smaller particle size of
DPC 961, a reverse transcriptase inhibitor (BCS class Il), hgea enhancing
effect on itsdissolution raten the fasting state while it had no effect in the fed state.
This might be because of differences in the capacities of solubilisation in the fed and
fasting states (Aungst et al., 2002).

1.3 Approaches for enhancement of dissolution rate and gastrointestinal
absorption of hydrophobic drugs

The free energy of a solid compound establishes the capability of the solid to
dissolve in a solvent system. For a solid to dissolve, its free esleogyd be higher

than the solvent free energy. When the free energies of both the solvent and the solid
becomes the same, saturation equilibrium is achieved (Grant & Brittain, 1995). Thus,
the solubility of a hydrophobic drug can be enhanced by incredisenglrug free
energy at constant pressure and temperature. This can be achieved by several
approaches such as alteration of the polymorphic form; formation of an amorphous
form; and reduction of drug particle size that increase the equilibrium solubility
(Grant & Brittain, 1995). Other approaches for dissolution and bioavailability
enhancement include adjustment of pH; use of-aateent system; use of a prodrug;
formation of salt, formation of a solid dispersions, complexation with cyclodextrins

and ug of polymers and surfactants.
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1.3.1 Prodrug

A prodrug is a derivative of an active compound that transforms in the body to the
parent drug by metabolic processes. The enhanced solubility of the prodrug and high
membrane permeability of the pareitug are considered the driving force for
bioavailability improvement (Dahan & Hoffman., 2007). For example, it has been
reported that the aqueous solubility and bioavailability of a poorly vealeble drug
amprenavir, a HIV protease inhibitor, werersfgcantly enhanced by the formation

of the phosphate ester prodrug (Brouwers et al., 2007). The prolonged time spent in
the development stages of the prodrug and the further studies required to assess its
toxicity and pharmacokinetics are consideredrian disadvantages of this strategy
(Kim & Park 2004). Also, the rapid transformation of the wat@uble prodrug in

the biological media of the Gl tract to the insoluble form can limit its absorption.
Hence, the enhanced solubility achieved by this @ggr does not always lead to
bioavailability enhancement (Fleisher et al., 1996). Consequently, thesoaible
prodrug strategy is seldom employed for improving the oral delivery of hydrophobic

compounds.

1.3.2 Caesolvents

The solubility of non poladrugs in an aqueous medium can be improved by the
addition of watemmiscible solvents to the aqueous system. Most of theateents

have hydrogen accepting and donating functional groups which induce miscibility
with water through hydrogen bonding faation (Yalkowsky, 1999). The mechanism

of solubilising ability of cesolvent system is the modification of solution polarity
and interference with hydrogen bonding between water molecules (Millard et al.,
2002). Cesolvents are either liquids or solidatthave high water solubility such as
polyethylene glycols and polyvinylpyrrolidone (Yalkowsky, 1999). The most
frequently used solvents are the water soluble solvents such as polyethylene glycol
400 and ethanol or water insoluble organic solvents sutdngsand medium chain
triglycerides. Hydrophobic drugs can be dissolved employing one (binary), two

(tertiary) or more organic solvents.
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1.3.3 pH adjustment

Adjustment of pH is considered one of the most simplest means of enhancing
solubility of ionisable drugs. Weakly acidic drugs ionise and can form vsatieible
salts at pH above their pk/alues while weakly basic drugs ionise and can form
watersoluble salts at pH below their pKalues (discussed in Section 1.2.2.1.4). It
has been reported that one unit increase in pH results infaldemcrease in the
solubility of a monovalent acid, one hundefetti for a divalent acid and one
thousanefold for a trivalent acid (Yalkowskyl1999). The probability of tissue
damage by very high or low pH and the precipitation of drugs upon mixing or
dilution with other liquids are considered the main limitations of this approach.
Furthermore, some buffers can not be used for pH adjustménmman due to their
toxicity.

1.3.4 Particle size reduction

According to the NoyedVhitney equation (Section 1.2.2.2), dissolution rate and
consequently bioavailability of hydrophobic drugs can be increased by increasing the
surface area which is subjed to the biological fluids in the gastrointestinal tract.
This can be achieved by reduction of the particle sizes of these poorlysahitiele

drugs. It has been reported that this approach was used to enhance the bioavailability
of many drugs. Thesedrugs include griseofulvin, digoxin, nitrofurantoin,
tolbutamide, naproxen and ibuprofen (Ashford, 2002). Micronization which
involves the disruption of large crystals is considered one of the earliest methods
designed to achieve reduced particle sizke adirjet milling has been used for many
years for micronization of drug crystals to particle size ranging frord 2um
(Pouton, 2006). Other methods include ball milling (Meriskeersidge et al.,

2003) and higipressure homogenisation (Lai et al.,, 2D0 However, all these
methods have many drawbacks, due to the process of mechanical disruption and heat
generation that can lead to changes in the drug surface properties (Mackin et al.,
2002; Ticehurst et al., 2000). These changes include phaseidrastich as
polymorphic transitions and dehydration (Zhang et al., 2004). Milled powders can

exhibit particle agglomeration and poor wettability. Therefore, the increase in the
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dissolution rate may not be as high as expected from the increase inféce swea
(Rasenack & Miller, 2002).

1.3.5 Solid dispersion

Poor water solubility and related problems of slow dissolution and low
bioavailability can be overcome by the technique of solid dispersion formation. The
word O0solid di sef®explairoangbouphobidesade éoams in wisch

the drug is dispersed in an inert carrier. The carrier may be either amorphous or
crystalline and the drug can be dispersed either in an amorphous or crystalline form

(van Drooge et al., 2004a). Chiou anedlman (1971) specifically defined these
structures as Othe dispersion of one or
matrix at solidst at e prepared by the melting (fus
(1985) recommended t foenedig ecomverimga fluiddrdge o6 pr
carrier combination to the solid stated.
generally employed for enhancement ofvitio release and bioavailability of
hydrophobic drugs relative to usual dosage forms ( Vasammetlal., 2007; Ahuja

et al., 2007; Newa et al., 2008; Zahedi & Lee, 2007; Modi & Tayade, 2006; Laitinen,

et al., 2009; Fukushima et al., 2007). Commonly used carriers are sugars and water
miscible or watesoluble polymers such as polyethylene glycdREGs) and
polyvinylpyrrolidone (PVP). However, the definition of solid dispersion has been
recently expanded to include water insoluble carriers such as Gelucires and

Eudragits.

Solid dispersion technique has been employed extensively by several resetoch
dissolution and bioavailability enhancement. It has been reported that the dissolution
rate of indomethacin was enhanced through formation of a fully amorphous solid
dispersion of the drug with porous silica (Takeuchi et al., 2005). Furthersoone,
previous studies showed that solid dispersions are suitable for tablet formulations for
delivery of Delta(9tetrahydrocannabinol to the Gl tract (van Drooge et al., 2004b)
and for preparation of sublingual tablets (van Drooge et al., 2005). Thetexpe
bioavailability improvement due to solid dispersion formation was supported by

many invivo studies using different drugs such as carbamazepin and albendazole
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(El-Zein et al., 1998; Kohri et al., 1999). Solid dispersions can be classified into

simpleeutectic mixtures and solid solutions.

1.3.5.1 Simple eutectic mixtures

A simple eutectic mixture is described as a mixture of two substances that have very
restricted miscibility in the solid state but totally miscible in the liquid state (one
component is soluble in the melt of the other). In this system, both the drug and the
carrier exist in a crystalline state refering to a crystalline solid dispersion. The
melting point of an eutectic solid dispersion is below the melting points of chudili
components. They are generally prepared by quick cooling of tineettoof both
substances which crystallise out concurrently giving a physical mixture of very fine
crystals of the two components. When a eutectic mixture, consisting of a
hydrophobicdrug and a watesoluble carrier is introduced into an aqueous medium,
the carrier dissolves fast, releasing very fine drug crystals (Leuner & Dressman,
2000). The resultant suspension has large surface area leading to enhanced
dissolution rate and hendeetter bioavailability. The bioavailability of AB363 (a
cyclooxygenas® inhibitor) has been improved by the formation of a eutectic
mixture with Pluronic F68 (Chen etal, 2004). Also, the dissolution rate and
bioavailability of ibuprofen have been enhanced from the binary solid dispersion
with poloxamer 188 due to eutectic formation (Newa et al., 2007). The eutectic solid
dispersions of ibuprofen, fenofibrate and flgrofen with PEG (3350, 8000 or
20000) have been investigated. It was found that the dissolution rate of flurbiprofen
increased as the molecular weight of PEG decrease, due to increase of the
drug/carrier interactions (Vippagunta et al., 2007).

1.3.5.2 Solid solutions

A solid solution is similar to a liquid solution as it consists of only one phase
corresponding to the number of components. In a solid solution, a drug particle size
is considerably reduced to its absolute minimum and the dissolatierot the drug

is dependent on the carrier dissolution rate. By careful choice of the carrier, a drug

dissolution rate can be considerably increased. According to the miscibility of the
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components, solid solutions can be categorised to contiramdisnoRcontinuous
solid solutions. Moreover, they can be categorised according to the way of
distribution of solvate molecules within the solution to substitutional, interstitial or

amorphous solid solutions (Leuner & Dressman, 2000).

M Continuous solid sdutions

A continuous solid solution is characterised by complete miscibility of the
components. hypothetically, this means that the interaction between the solution
components is stronger than the bonding between the molecules of individual
components. @thermore, on the molecular level, this type of solid solution has a
homogeneous structure as only one phase exists (van, Drooge et al., 2006). PVP
diazepam solid solution prepared by fusion and indiazepam solid solution
prepared by spray freeze drgi are examples of this group of solid solutions (van,
Drooge et al., 2006). Moreover, it has been reported that perphenazine was
molecularly dispersed within PVP K30 or PEG 8000 which resulted in a marked

dissolution rate enhancement of the drug (Laitieeal., 2009).
1 Discontinuous solid solutions

A discontinuous solid solution is characterised by limited solubility of the
components in each other. On the molecular level, the resultant solution does not
have homogeneous composition, but it is separiatedtwo phases. In this type of
solid solution, the communal solubilities of the components should be more than 5%
and if the temperature decreases below a definite limit, the communal solubilities
decrease (Leuner & Dressman, 2000)Solid solutions of carbamazepine or
nifedipine with PEG 1500 are examples of this type of solid dispersion and have
been reported to exhibit significant dissolution rate enhancefoenboth drugs

(Bley et al., 2010).

1 Substitutional crystalline solid soluions

A substitutional crystalline solid solutions are traditional solid solutions with a
crystalline structure. In this system, drug molecules either replace carrier molecules

or fit into the spaces between the carrier molecules in the crystal lattioe. F
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substitution to take place, the size of the drug molecules should not differ by more
than 15% from that of the carrier molecules (Leuner & Dressman, 2000). This class
of solid solutions is represented by the solid solutions of Toopper

hexacyanofeates (Schwudke et al., 2000).

1 Interstitial crystalline solid solutions

In this class of solid solutions, the drug molecules reside in the spaces between the
carrier molecules in the crystal lattice. Similar to substitutional crystalline solid
solution, tle relative molecular size is a critical measure for categorising the solid
solution type. In this type of solid solutions, the diameter of drug molecules should
not be more than 59% of the diameter of carrier molecules. Moreover, the volume of
the drug nolecule should not exceed 20% of that of the carrier molecule (Leuner &
Dressman, 2000). Solid solutions of rofecoxib with each of urea, mannitol or
sorbitol represent this class of solid solutions and has been reported to enhance the
drug dissolution ra& (Ahuja et al., 2007).

1 Amorphous solid solutions

In this class, the drug molecules are molecularly but unevenly dispersed within the
amorphous carrier. The first amorphous solid solution was prepared by Chiou and
Riegelman (1969) using grisofulvin itric acid. Urea and sugars such as sucrose,
dextrose and galactose are examples of other carriers that were used in earlier
studies. As polymers often have amorphous nature, these carriers are suitable for
formation of amorphous solid solutions. Pobns such as polyvinylpyrrolidone
(PVP), polyethylene glycols (PEGs) and different cellulose derivatives have been
recently employed for preparation of this type of solid solutions. Konno and Taylor
(2008) have investigated the dissolution rate enhanceofefelodipine through
formation of an amorphous solid dispersion of the drug with PVP, hydroxypropyl
methylcellulose (HPMC) or hydroxypropyl methylcellulose acetate succinate
(HPMCAS). Representing this class, Irbesattataric acid solid solution hdsen
reported to enhance the solubility of irbesartan by 9.5 times over that of the

crystalline drug Chawla& Bansal, 2008).Celecoxibpolymethacrylate amorphous
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solid solution has been reported to significantly enhance the drug dissolution rate
(Alberset al, 2008)

1.3.5.3 Mechanisms of dissolution enhancement of hydrophobic drugs by solid

dispersion technique

Solid dispersions represent the maximum particle size reduction for hydrophobic
drugs and consequently, large surface area leading to dissaui@mcement and
hence, bioavailability improvement (Vasconcelos, 2007). Moreover, the solubility
enhancement of drugs in solid dispersion formulations is strongly related to the
improvement of the drug wettability achieved by this technique (Karavas,et al
2006). Drug particles in solid dispersion have also been reported to have a highly
porous structure that greatly enhances the drug release rate (Vasconcelos, 2007). In
addition, by selection of carriers, amorphous solid dispersions can be obtahisd. T
amorphous structure can be stabilised by specific interactions such as hydrogen
bonding between poorly watepluble drugs and carriers (Vippagunta et al., 2007).
These amorphous states of the hydrophobic drugs tend to have higher solubility and
bioavalability (Pokharkar et al., 2006). However, solid dispersion strategies
resulting in amorphous formation are not widely used in commercial products, as the
amorphous state of a drug may undergo recrystallisation due to the effect of
temperature and humty during storage (Pokharkar et al., 2006, Mooteret al., 2006,
Chauhan et al., 2005). This may lead to decreased drug solubility and dissolution
rate (Mooteret al., 2006, Wang et al., 2005).

1.3.6 Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosatwarides which consist of six, seven or eight
U(1-4)- i nked glucopyranose units represent.
(Figure. 1.3). They are hollow cones having an external hydrophilic surfaces and
internal hydrophobic cavities. The extalrsurface enhances the absorption rate
through gastrointestinal tract while the internal cavity provides a suitable

environement for hydrophobic compounds. Cyclodextrins can interact with drug

21


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Albers%20J%22%5BAuthor%5D

molecules forming inclusion complexes. Complexation of hyliob drugs with
cyclodextrins results in: increased water solubility and bioavailability (Klein et al.,
2009; Taneri et al., 2002; Abosehmalbidy et al., 1997); improved physical and
chemical stability (Stella & He, 2008); long shelf life; decreaseel sifbcts and ease

of powder handling and preparation of liquids and aqueous injectable solutions of

poorly soluble drugs (Szejtli, 1997).

Figure 1.3: Structure of cyclodextrins (retrived from http://jindrich.org/ projects/cycl -
odextrins.html, October 2010).

Various studies have shown that cyclodextrins have potential in the development of
sublingual delivery of low solubility peptides (Mannila et al., 2009). Also, intraoral
formul ati ons of | ow mol ecul ar Weight
tetrahydrocannabinol, c ann a-BEh)d Manthilaet hav e
al., 2007, 2006). Moreover, hydroxyprofjACD has been reported to enhance
sublingual absorption of insulitC(i et al., 2005).

Some drugs are not suitable for complexation with cyclodextrins such as inorganic

compounds. Generally, very small or very large molecules (proteins, peptides,
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enzymes, and polysaccharides) can not form complexes with cyclodextrins. To form

a useful complex with CDs, a drug should have the following features (Szejtli, 1997):

1 A drug molecule should consist of more than five atoms or less than five
condensed rirgy

1 Melting point should be below 250°C (if not, cohesive forces between the
molecules will be very strong).

1 The molecular weight should be between 100 and 400 as in the case of
smaller molecules, the complex drug content will be too low while large

molecues do not fit within the CD cauvity.

Another restraining factor for complexation with CDs is the dose of the drug that has

to be administered orally. To form a successful inclusion complex between a drug
moleule and a cyclodextrin molecule, a molar ratiould be employed to calculate

the required amount of cyclodextrin which is often 1:1 (drug:cyclodextrin, Stella &

He, 2008). As the molecular weights of the drugs to be complexed are low relative

to those of cyclodextri nd-Ch %3pectively) 4and2 and
the weight of an oral tablet should not be more than 500 mg, the correlation between

a drug dose and its molecular weight determines the viability of the drug for oral

administration as a complex with CDs.

Toxicity issue of CDsisoul d be also consider ed- |t h
a n dcychodextrins as well as a number of alkylated CDs can cause renal toxicity
and disruption of bi olGb@andsanke of itsedenibativasn e s .
as wel |l as fCD taveobeen pepootqa Yol be much safer (Stella & He,

2008). Furthermore, the prices of CDs and their derivatives are high relative to other

carriers which is considered another limitation for their routine use.

1.3.7 Surfactants

Surfactants are compounds that have low to moderate molecular weights and, act as
wetting agents. They decrease theface tensiorof liquids (dissolution media)

resulting inimproved dissolution of hydrophobic powders. They have amphiphilic
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nature as a surfactant molecule consists of one hydrophilic polar part and another
hydrophobic one. According to the charge of the polar head group, they are
classified into anionic (nedively charged) and cationic (positively charged)
surfactants while those having both negatively and positively charged head group
components are referred as zwitterionic surfactants. Uncharged surfactants are
known as nononic surfactants. Surfactanteve the ability to selssociate in
aqueous solution to form micelles that consist of surfactant molecules packed
together in a specific manner forming hydrophobic cores (Figure. 1.4). Therefore,
surfactants can solubilize hydrophobic drugs in the cofetheir micelles, thus
decreasing their hydrolytic degradation and toxicity and improving their

bioavailability.

_.-Hydrophilic head

Aqueous
solution

. . '."HydrOphobic tail

Figure 1.4: Schematic structure of a micelle and a surfactant molecule (retrieved from
http://en.wikipedia.org/wiki/Surfactant , October 2010).

Many studies have investigated the effect of surfactants in enhancing dissolution rtae
of poorly water soluble drugs. For example, it has been reported that sodium
dodecyl sulfate (SDS) and sodium taurocholate (STC) as anionic surfactants, cetyl

trimethyl ammonium bromide (CTAB) as a cationic surfactant and Tween 80 as a
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nortionic surfactant enhanced the dissolution rtae of a new phosphate salt of
carvedilol (alpha and beta block@hakrabortyet al., 2009).

1.3.8 Polymorphism

Polymorphism occurs when a drug molecule can exist in different crystalline forms
(discussed in Section 1.2.2.3). These multiple forms have different physicochemical
properties such as melting point, solubility, heat of fusion, density, and refractive
index. Polymorphism is very important in industry as the presence of different forms
of a drug can greatly affect its dissolution rate, solubility and hence, bioavailability
(Pudipeddi & Serajuddin, 2004). Modification of polymorphs can be achieved by
heat, mechanical stress and by the effect of solvents. For example, it has been
reported that crystallisation of glibenclamide from different solvents resulted in
formation of two polymorphs and two solvates (Suleiman & Najib, 1989). In another
study, sublim#aon of the quickly cooled melt of glibenclamide gave a new insoluble
polymorph of the drug ( Panagopouiaplani & Malamataris 2000). Berbenni et

al. (1999) have reported the formation of different polymorphic forms of
spironolactone with different pkicochemical characterisations by crystallisation
from different solvents. In a recent study, thipolymorph of indomethacin
exhibited a higher di ssol uti onAceveat e t he
Hernandezt al., 2009).

1.3.9 Amorphous form

Formation of amorphous, high enerflyms has been reported to be an effective
approach to improve the bioavailability of active pharmaceutical ingredients through
enhanced dissolution (Lakshman et al., 2008). The solubility of amorphous forms
can be as much as-1600 folds higher than &b of the crystalline formsHancock

& Parks 2000). In spite of the pronounced ability ofetlamorphous form in
enhancing dissolution rate and bioavailability of poorly watduble drugs, it has

the disadvantage of being thermodynamically unstable with a tendency to transform
to the more stable, lower energy crystalline form (Yoshioka & St2lla0; Bhugra

& Pikal,2008; Zhou et al., 200Gao, 2008). Transformation of an amorphous form
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to a crystalline drm is accelerated by certain stresses such as temperature or
moisture that can be sorbed from the atmosphere during storage, unless it is
controlled by the addition of certain ingredients in the formulations or the packaging.
Imperfect manufacturing prosees that leave trace amounts of drug crystely

also accelerate the transformation process by acting as nucleation centres (Lakshman
et al., 2008).

One of the strategies for stabilization of amorphous materials is by incorporating
them into solid dispsions where they are protected in polymeric carriers
(Vasanthavada et al., 2008). Furthermore, their transformation to crystalline forms
can be adjusted by the use of carriers that could manipulate hygroscopicity or
provide functional groups for specifiateractions with the amorphous molecules

such as hydrogen bondingdlanget al., 2009).

Several techniques can be used for amorphous formation. These techniques include
precipitation from a solution by spray drying (Alhalaweh at al., 2009); lyophilisation
(MargulisGoshen& Magdassi2009; Laitinen et al., 2009) spincoating Strydom

et al., 2009); and decompression of supercritical fluids (Kang et al., 2008). Rapid
cooling of the melt (Német et al., 2008avolainen et al., 200); mechanical
disruption of the crystal lattice by milling (Peten, et al., 2005); wet granulation
(Rodriguez et al., 2002) and desolvation (Fukushima et al., 2007) are considered

other methods for obtaining amorphous form of crystalline compounds.

Hot-melt extrusion (HME) is another technique that can be appliednfmrphous
formation. This approache is a practical method to prepare several drug delivery
systems such as granules, sustained release tablets, transdermal and transmucosal
drug delivery systems. Compared to traditional processing techniques, HME has the
advantages of absence of solvents; fewer processing procedures; no need for the
compressibility of the active ingredients; powerful mixing and agitation during
processing lead to deaggregation of drug particles suspended in the molten polymer,
resulting in a more uniform dispersion of very small particles; and drug
bioavailability may be enhanced by solubilization or dispersion at the molecular
level in HME dosage forms (Mididoddi & Repka, 2007).
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On the large scale, lyophilisation is frequently preferdtantother methods for
production of glasstate amorphous solid formulations which contain thermally

unstable compounds (Kadoya et al., 2008).

1.4 Lyophilisation

Lyophilisation, or freez&lrying, is a simple process used in the manufacture of
differentpharmaceutical products. Some examples include parenteral drygso in
diagnostic products, blood serum, plasma, antibiotics, and vacdingsolves the
removal of water or other solvents from a frozen product by a process called
sublimation. Sublimation occurs when a solid goes directly to the gaseous state

without passing through the liquid phase.

1.4.1 Advantages of lyophilisation

Lyophilisation has been reported to have the following advantdgesgétroyd
1997):

1 Retention of activity

The process of lyophilisation is a mild technique of drying and thus protects
bi ol ogically active molecules such as

process is due to a number of reasons including:

1. Low temperature applied during the procesdqmis heat labile species.
2. Freezing causes immobilization of molecules avoiding chemical reaction
between formulation components.
It provides low temperature at which enzymes and bacteria cannot be active.
4. Avoidance of oxidation reactions due to absence»ofgen as a result of

application of a vacuum.

i Ease of reconstitution

In a drug aqueous solution, water freezes as branched crystals between which the

concentrated solution freezes. Thus, sublimation of the branched ice crystals from

27



around drug molecuseresults in formation of a lyophilised product with a highly
porous structure. This structure is characterised by large surface area that leads to
rapid dissolution.

1 Long shelf life

The moisture content of the lyophilised products is less than 2% afjogond
storage stability. This leads to ease of manufacture, distribution and storage that

decrease the cost of the final products.
1 Accurate dosing

To be lyophilised, a material should be introduced as a liquid fill in its final
container. For that reaspthe dose can be accurately measured compared to the
powder fill. As in the case of mixtures, the components should be milled to get

accurate particle size and should be homogenously mixed.

1.4.2 Disadvantages of lyophilisation
On the other handydphilisation has some disadvantagdsifgatroyd 1997).
1 Speed

Lyophilisation is a time consuming process. It takes several hours for a drying cycle
to finish. In addition, defrosting, cleaning and sometimes equipment sterilisation
after process completias prolonged reducing batch throughput.

1 Operating costs

Costs of operation are high because it is not efficient in the consumption of energy.
That is because many tonnes of stainless steel, silicone oil and glds®ugh a
large temperature cycles to apply or remove heat for drying of wet product weighing

less than 1 kg.
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1.4.3 Basic Principles

To optimize the lyophilisation process, critical properties of the formulation should
be known and applied correctlp the process design. These properties are the
stability of the drug; collapse temperature of the formulation; and properties of the
excipients included. The macroscopic collapse temperature of a formulagjas (T
the temperature above which the lyd@ed product loses macroscopic structure and
collapses during lyophilisation process (TandP#&al, 2004) T, is frequently about

2°C higher than the glass transition temperatugg (fie temperature at which an
amorphous material transforms from a glass to rubber state. If the soluteisggstall

in the frozen solution, Tis the same as the eutectic temperaturg);(Tthe
temperature at which the eutectic system solidifies and it is lower than the
solidification temperatures of individual components of the mixture. For production
of a suitable lyophilised product, the formulation should be lyophilised at a
temperature below itsc[Tang &Pikal, 2004)

Mainly, lyophilisation process consists of three basic stages. These stages include
freezing of the product; primary drying; and final or secondary drying that are
discussed in deilla in the following paragraphs.

1.4.4 Stages of lyophilisation
1.4.4.1 Freezing

Freezing is the initial step of lyophilisation, in which the system goes through
separation into multiple phases. In this stage, interfaces arise between the deug phas
and the frozen solventThe aim of this stage is the immobilization of molecules
before the drying stages and so size, shape and structure of the products are fixed and
maintained during the lyophilisation process, unless damage or loss happens to the
product. The porous structure and surface area of the final product, that can greatly
affect reconstitution of the product, are established throughout this stage. Thus,
freezing is considered one of the most essential steps of lyophilisation. There are

two mechanisms by which a true solution freezes. First, the solvent will supercool,
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followed by formation of nuclei and crystals. Consequently, the critical
concentration of the solute above which its concentration cannot increase, is reached.
At this critical concentration and at the appropriate temperature, the concentrated
solution goes through either eutectic freezing or a glass transition. Eutectic freezing
takes place through crystallisation. On the other hand, a glass transition results in a
massve increase in solution viscosity that makes the solution appear as a fragile
solid, while in fact it is a super cooled solution that maintains elastic characteristics
(Murgatroyd 1997).

If the system consists of more than one solute, the freezing cgolébe more

problematic. One solute may experience crystallisation and go through eutectic
freezing whilst other may be amorphous and go through a glass transition. In
addition, it is probable that the freezing point in such circumstances may not be
cleaty defined, or there may be more than two freezing points achieved from the

mixture of water and solute.

Commonly used refrigerants to cool samples during small scale freeze drying include
liquid carbon dioxide, liquid nitrogen, dry ice or an acetoneitkycombination and
standard ammonia. Freon refrigeration units are more commonly used for industrial

scale processing.

1.4.4.2 Primary Drying

Primary drying follows the freezing stage. Throughout this stage, product
temperature (Jj should be optised, and maintained a few degrees lower than T

to obtain a dry product with a satisfactory appearance. The difference betyeen T
and T; is known as the temperature safety margin. Higher product temperature can
accelerate the drying process as witlgle1°C rise in the temperature, drying time

can be decreased by around 13 %. Therefore, an ideal lyophilisation process takes
place with the product temperature elevated to the maximum level that can be safely
held below T. However, if the producetnperature is held too near tg Then the
possibility of collapse increases (Tang & Pikal, 2004).
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Primary drying takes place under low pressure to increase the rate of ice sublimation.
The chamber pressure JPaffects both heat and mass transfer durithg
lyophilisation process and consequently, the ice sublimation rate. Tdsimud be

lower than the ice vapour pressure at the target product temperature for achieving a
high rate of sublimation (Tang & Pikal, 2004).

The composition of the formulatioat the beginning of the drying cycle depends
upon both the properties of the solutes and the method of freezing. It may consist of
ice and crystallised solute; ice and freepacentrated glassy solution; or ice and a
mixture of crystallised solute arickezeconcentrated glassy solution. Practically, if
freezing is properly performed, an amorphous glassy product will be obtained during
the freeze concentration stage. If the formulation does not give rise to crystalline
product (eutectic behaviour), ghtemperature should be maintained beloyw T
throughout the primary drying process to prevent melt back of ice into the frozen
mixture. The main driving force for ice sublimation is the difference between vapour
pressure of the ice surface and that of eonds e r s y).r Asavapeur pressGre

is directly proportional to temperature, the exact driving force is the temperature
di fference between the condensesrcanbend i ce
increased to its maximum by choosing a formulatlaving a high § and a
condenser that has the ability to run at lower temperature ranges (Felix, 2007).

Tertiary butyl alcohol (TBA) (as a solvent in the formulation) has been reported to
accelerate primary drying rate due to its high vapour presEasdian& Del.uca,

1995) The particular mechanism of TBA in accelerating ice sublimatioa rat
depends on alteration of the ice crystal habit. The presence of TBA in the
formulation to be lyophilised, leads to the formation of nestii@ped crystals. These

types of crystals are characterised by large surface areas available for sublimation.
Thisincrease in the specific surface area is associated with decrease in the resistance
of the dried cake to mass transfer of the solvent. In addition, because of its high
vapour pressure, its sublimation takes place simultaneously with ice sublimation

leavingno residue in the dried amorphous cake.
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At the end of primary drying, the sublimation process stops as there is no ice left in
the product. Consequently, no ice vapour exists in the lyophilisation chamber and
the product temperature increases to that of the shelf temperature (Felix, 2007).

1.4.4.3 Secondary Drying

Secondary drying is the final stage of lyophilisation process in which any residual,
unfrozen water is removed from the solute phase by desorption. Directly after the
end of primary drying, an amorphous product still has residater on the surface

of the dried solid. The amount of this residual water28% w/w depending on the
formulation (Tang & Pikal 2004). On the other hand, the amount of residual water in
the case of crystalline systems is much lower than that of@raus systems and is
present as a thin layer adsorbed onto the crystal surfaces. An exception is crystalline
hydrates, where water molecules are hydrogen bonded to each other or to solute
molecules. These types of crystalline systems contain watecuesdethat are not
entirely removed during the sublimation processes that occur during the primary
drying stage. However, the aim of secondary drying is to decrease the remaining
moisture content to a level optimal for leteym stability. This is usuallaround
0.5-3% wi/w residual moisture. The point that should be seriously considered during
this stage is that, even as ice sublimation reaches completion, an amorphous product
should be kept at a temperature close do [T the product temperature, atyatime,

gets higher than g the delicate composition of the dried cake will start to collapse.
This usually happens due to a rapid reduction in the solid matrix viscosity as a result

of raising product temperature abovgHelix, 2007).

The product musbe maintained at a sufficiently elevated temperature for enough
time to allow water desorption. Frequently, it is better to use an elevated shelf
temperature for a short period than using a low temperature for a lon(Pikat&

Shah, 1990). It is nre difficult for amorphous products to be dry than crystalline
products, therefore, longer periods at higher temperatures are required for the

removal of the adsorbed water.
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Many researchers have employed lyophilisation technology to improve
pharmaceutal dosage forms. For example, lelegm stability and applicability of
liposomal vaccines have been improved by formulating the systems as lyophilised
products (Mohammed et al., 2006). Dry powder influenza vaccine has been prepared
by lyophilisation fornasal delivery (Garmise et al., 2006). Nicotine lyophilised nasal
inserts have been reported to display significantly extended nicotine release profile
over the conventional formulations (McInnes et al., 2005). Lyophilised sporozoites
exhibited better terage stability between20 and 5°C than nelyophilised
sporozoites kept under the same conditions (Marcotty et al., 2003). Lyophilised
compl ex o f-hydrdxypmpyloytledextrib has been reported to meet the
desired solubility requirements to lwensidered as a possible injectable product
(Kagkadis et al., 1996). It has been reported that lyophilisation technology was used
to formulate fast dissolving ketoprofen tablets that had a significantly enhanced
dissolution rate (Ahmed & Nafadi, 2006).

The main objective of a commercial pharmaceutical lyophilisation process is to
deliver a product that has a suitable shelf life and one that can be easily reconstituted
when required. The dried products may be either amorphous, crystalline or a
combinatio of both states. These products should be protected in dosage forms that
guarantee longerm stability and therapeutic efficacy. Thus, coaphgrmaceutical

dosage forms with protective films is a useful approach to prolong their shelf life.

1.5 Fim Coating

Film coating is the application of a coating material to the outer surface of a solid

dosage form for the following purposes (Hogan, 2002):

Protection of drugs from the environment, especially from light and moisture.
Masking of an unpleasantudy taste.

Masking variations in the appearance of raw materials between batches.
Identification of marketing brands by application of colour or gloss.

Ease of handling.

= =/ 4 4 4 -2

Ease of of swallowing.
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1 Release modification e.g. polymer coating for entericsustained release

purposes.

Generally, there are three types of coatings; film coating, sugar coating and press
coating. Film coating is the most recent and most commonly used technology for
coating of solid dosage forms. In the process of film coa#irtgjn film of polymer
is applied onto the surface of the solid dosage form, usually by use of a spray
technique. The coating system consists of a polymer in an appropriate solvent in
addition to other ingredients as plasticizers and pigments. In tleegsre@f film

coating, there are four principal criteria to be satisfied (Sakellariou & Rowe 1995):

1 The film should have an even thickness, particularly if it is designed for
controlling drug release.

1 The film should be coherent and have no defects otuirex to avoid early
drug release.
The film should exhibit sufficient adherence to the substrate.

1 The film should have stability upon handling and storage to prevent any

change in the drug release kinetics with time.

1.5.1 Film coating raw materials
15.1.1 Polymers

The polymer should have adequate solubility in water to permit the dissolution of the
active ingredients from the dosage form. However, polymers with low water
solubility are required if the release has to be modified. Generally, posoiutions
should have low viscosity to facilitate application using the available film coating
instruments. Polymers employed for coating of solid dosage forms can generally be

classified into three groups (Sakellariou & Rowe 1995):
1 Immediate release vater-soluble polymers

This group includes polymers that are soluble in the GIT and hence do not affect
drug release. They are frequently wateluble cellulose ethers such as

methylcellulose, hydroxypropyl cellulose, hydroxypropyl methylcellulose,
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hydroxyethyl cellulose and hydroxyethyl methylcellulose. This group also includes
watersoluble vinyl derivatives such as polyvinyl alcohol and polyvinyl pyrrolidone.
High molecular weight polyethylene glycols and certain acrylic copolymers can also

be enployed.
1 Enteric coating polymers

This group includes polymers that are only soluble at pH above.5.@hat found in
the small intestine). Examples of these polymers are cellulose acetate phthalate and

hydroxypropyl methylcellulose phthalate.

1 Insoluble coating polymers

This group includes watensoluble polymers that control the release rate of drugs.
Examples of these polymers include ethyl cellulose, polyvinyl acetate and certain

acrylates.

1.5.1.2 Plasticizers

The function of plasticizers is iower the glass transition temperatureg) @t the
polymer. In addition, they modify the physical properties of the polymer to make it
more suitable for application, for example, increasing the flexibility of the coating,
reduction of cracking risk anidnproving film adhesion to the substrate. Plasticiser
characteristics such as molecular weight, chemical structure and concentration affect
its ability to lower the § of the polymer. The plasticizer should be highly
compatible with the polymer incorpaeal in the coating system. Generally, a water
soluble plasticizer is compatible with a wassluble polymer whereas a water
insoluble plasticizer is compatible with a watesoluble polymer. Commonly used
plasticizers include; polyols such as polyetimg glycol 400; organic esters such as

diethyl phthalate; and oils/glycerides such as fractionated coconut oil.

1.5.1.3 Colourants

It is preferred to use wat@nsoluble colorants rather than wagsluble colorants.

That is because watérsoluble colorants are more chemically stable against light;
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give higher opacity and covering ability; and enhance the impermeability of the film
to water vapour. Examples of colorants include iron oxide pigments, titanium

dioxide, and aluminium lakes (Hogan, 2002).

1.5.1.4 Solvents

At the start of film coating technology, organic solvents were commonly employed
to dissolve polymers. Howeveratlern approaches tend to use water as a solvent to
avoid the drawbacks associated with the use of organic solvents. The organic
solvents have the following disadvantages (Hogan, 2002):

1 Release of the vapour of organic solvent to the environment is uasdfe,
efficient removal of solvent vapour is expensive.

1 Organic solvents are unsafe as they can cause explosion, toxic hazards
and fire.

1 Organic solvents are relatively expensive, and the cost of the storage and

quality control is high.

A combination of twasolvents is commonly used to improve the processing and the
quality of the final film coating. Common combinations include ethanol/water,
acetone/water, methylene chloride/ethanol,  acetone/methylene  chloride,
acetone/ethanol/isopropanol and acetone/etfraethylene chloride (Avis et al.,
1999).

1.5.2 Organic coating

In this type of coating, the film is formed from organic polymer solution by
evaporation of the organic solvent. Following solvent evaporation, the polymer
concentration increases and srtermediate gelike phase is obtained. Further
evaporation of the solvent results in formation of a solvent free polymeric film
(Wesseling & Bodmeier, 1999) There are numerous problems associated with
organic coating (discussed in the above Sectidrerefore, the focus of scientists

has been directed towards the agqueous based coating.
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1.5.3 Aqueous based coating

The word aqueous here does not mean total avoidance of organic solvents from the
coating systems but it means a significant decreadieein use, and the use of the
more pharmaceutically suitable solvents such as ethyl acetate and butanone-in water
based system. There are two major classes of agiwases coating; latex and

pseudolatex.

1.5.3.1 Latexes

Latexes are mainly producedy ban emulsiofrpolymerisation process. In this
process, the polymers used for coating are directly synthesised from the monomers.
This method is employed for monomers that can polymerise in agqueous media.
Monomers are activated to form polymers by the taldiof free radical initiators.
The toxic effect of residual monomers and initiators is the main disadvantage of this

system. Therefore, the focus has been shifted to development of pseudolatexes.

1.5.3.2 Pseudolatexes

In contrast to latexes, pseudtdxes are prepared by emulsification of organic
polymer solutions in water, followed by removal of the organic solvent by vacuum.
Pseudolatexes are classically prepared by an emulsificatiaporation technique.

In this technique, a solution of the polgmn a wateimmiscible organic solvent is
emulsified in an agueous phase by the aid of emulsifiers (stabilisers) (Vanderhoff,
1993). Subsequently, this emulsion is exposed to a-dmnghgy source such as
ultrasound radiation, homogenizers, hjglessuradispersers, or colloid mills. The
resultant emulsion of the polymer is very stable and the size of the polymer droplets
is less than 0.5 um. After completion of the emulsification process, organic solvent
is removed by vacuum steam distillation, prodgca fine aqueous dispersion of
polymeric particles ranging from 0.1 to 0.3 um. The role of emulsifiers is to
facilitate emulsion formation and to prevent coalescence and agglomeration of the

dispersed polymer particles in the stage of solvent evapoeatmduring storage.
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QuintanarGuerrero et al. (1999) recommended another technique known as the
emulsification diffusion for preparation of nanoparticles from preformed polymers.

In this method, a solution of a polymer in a partially watescible solvenh
(saturated with water) is emulsified in an aqueous phase (saturated with the solvent)
containing a stabiliser. Then, water is added to the system, which leads to diffusion
of the solvent into the external phase leaving aggregation of the polymerforrthe

of nanoparticles. However, to get a high polymer concentration in the final system,
solvent and a considerable amount of water should be removed. This process has the

following advantages:

T I1't does not need high energy source a:
1 It has high efficiency

1 Itis reproducible and easy to develop

Most of the aqueoudbased film coating processes aexformed using fluidised bed
coaters. In this type of coaters, the aqueous dispersion of a polymer is sprayed onto
the surfaces of the solid dosage forms while water evaporates. A curing stage of
thermal treatment at high temperature is recommendeditlglirafter the coating
process. This process accelerates the film formation by enhancing the coalescence of
the polymer particles. In addition, it plays a role in enhancing film stability during

storage (Vesseling & Bodmeier, 1999)

1.5.4 Dry powdercoating

Aqueous based coating systems are not suitable for-sesitive dosage forms. In
addition, spray nozzles may be blocked if a highly viscous coating solution (high
polymer concentration) is used to decrease the coating time. To overcome these
limitations and for further reduction in costs, dry coating was developed. In this
method, neither organic solvent nor water is used. The powders of the coating
polymer and the plasticiser are directly applied, under heated air, to the dosage form
to form the coating film Qbara et al., 1999)Synchronisation of the delivery rates of
both components is essential to permit the two processes to start and finish at the

same time. As in the case of aqueous coatings, a curing process is required to
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enhanceoalescence of polymeric particles and hence formation of a smooth uniform
film. This curing process involves spraying water onto the surface and subsequent
drying of the product. This is due to water evaporation providing a driving force for
fusion of plymeric particlesQbara et al., 1999)Thus, dry coating is not absolutely

free from water, but rather, only a relatively small amount of water is still required.
The costs of this type of coating are noticeably low because the processing time is

shortand no need for preparation of coating dispersions or solutions.

1.5.5 Basic requirements for film coating

There are essential requirements for the film coating process (Hogan, 2002). These

requirements include:

1 Good atomization of the spray systdam application to the surface of the
substrates.

1 Enough mixing and agitation of the substrates being coated during the
spraying process.

1 Adequate input of hot drying air to allow sufficient evaporation for solvents
especially in case of aqueous basedesyst

1 Adequate facilities to remove exhaust air and dust.

1.5.6 Coating equipment

Most film coating processes are carried out by techniques that involve spraying or
atomizing the coating system onto the surface of the substrates to be coated e.g. pan

coater and fluidised bed coater.

1.5.6.1 Pan coater

In the case of pan coatindyet spray nozzle is designed to produce uniform spray
droplets of adequately small diameter. All the sprayed droplets contact the substrates
in the same status, allowing for the same heat, mass transfer and drying time for all

droplets. This supports tHermation of a homogeneous film on all substrates and
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avoid over wetting. Film formation proceeds by droplet spreading, coalescence,
adhesion and by solvent evaporatidie(ita 2008). There are two types of pan

coaters:

1 Conventional pan coater

The convational pan coater is the first type used for early sugar coating processes.
In this type, hot drying air is directed onto the tumbling substrates from the back
opening while the spray gun established at the front opening. Because the exhaust
air is alsoremoved from the back opening, there is considerable loss of drying power
leading to reduced heat and mass transfer. Subsequently, the coating finish may not
be as good as required. Therefore, this type of pan coaters was not proficient in the
removal ofthe watefbased solvent because the heat required for evaporation of
water is far more than that required for organic solvent removal. Adjustment of the
production of the hot air and exhaust utensils improved the process for application

with organic solvats.

71 Perforated pan coater

The steady change from orgafiased to aqueodsased coating required
modifications of the pan coater for efficient solvent removal. It is known that the
latent heat required of water evaporation is much more than that cedoire
evaporation of usual organic solvents such as ethavieht§q 2008). This fact
should be considered in planning suitable coating parameters such as drying time,
pan speed and air flow. This is because over wetting may lead to clustering of the
subgrate and may also affect hygroscopic or watamsitive drugs or excipients
included in the formulations. Compared to the conventional pan coater that pushes
hot air onto the bed surface of the substrate, the perforated pan coater drives the
drying air tirough the substrate bed. In addition, positions of the heat supply as well
as the exhaust ducts and vents can be changed to give the most efficient drying. The
main advantage of the perforated pan is its capability to attain a processing speed
similar o that of fluidised bed coater while keeping the mild tumbling movement of
the pan coater. This advantage is highly important in the case of delicate substrates
such as friable tablets and liquid filled gelatin capsWishtg 2008).
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1.5.6.2 Fluidiseebed coater

The process of fluidised bed coating has been employed for a long time in
pharmaceutical production. It is the process in which an ascending flow of gas pass
through a bed of tiny solid particles at a high rate maintaining these particles
susgended and agitated. There are three basic mdtigstg 2008) for film coating

using this technology (Figure 1.5).

a b c

Figure 1.5: Different modes of fluidised bed technology: top spray (a), bottom spray
(b), tangential spray (c) (Shirley et al., 1992).

1 Top spray or granulator mode

This mode is usually used to coat small particles effectively. The resultant film is
not highly uniform. Therefore, it is only a feasible and simple method when the
release from the dosage forms does not depend on the nmemthiakness or
perfections. In this mode, the processing chamber has an elongated, conical shape to
allow high fluidisation and decrease the speed of particles in the upper area. The
spray nozzle is located in the top and sprays the coating systererequmnént to the

fluidised air current. Itis commonly used for tastasking coatings.
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1 Bottom-spray or Wurster mode

This mode is suitable for modifiaglease coatings. In this process, the spray nozzle
is located in the bottom and the coating systensprayed concurrently with the
fluidised air current. The processing chamber is narrow at the prodoiztining

area in the lower region while it is wider in the upper region. In the upper, wider
area, the patrticles lose their regular circulatory moest. Hence, in the Wurster
chamber, a cylindrical part is placed in the centre over the gas distributer to obtain a
more organised particle movement. On the other hand, the movement of particles in
the lower area is webhrganised and thus results ipreducible coating. The bottom
spray mode enhances collision between particles and droplets of the coating liquid

leading to a great efficacy and reduction of dust formation.

1 The rotor or tangential spray mode

This mode is suitable for modified releaseating process. In this mode, the spray
nozzle placed at the side of the processing chamber and thus, the coating system is
sprayed peripherally to a rotating bed of particles. The combined effects of the
fluidisation air and a rotating disk in the passing chamber enhance the efficiency

of the machine.

1.6 The Aim of Work

Lyophilisation is often considered a method for alteration of the physical forms of
many pharmaceutical compounds. The objectives of the present thesis were to
employ lyophilistion technology to enhance the dissolution rate and extent of three
exemplars of poorly watesoluble drugs; glibenclamide, spironolactone and
ketoconazole. Watesoluble excipients were also used in the Ilyophilised

formulations for further enhancementtbé dissolution rates of these drugs.
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Chapter 2



2. Materials and methods

2.1 Materials
2.1.1 Drugs

Glibenclamide

Spironolactone

Ketoconazole

Glibenclamide commercial tablets

Spironolactone commercial tablets

Ketoconazol€00 mgtablets (Nizordl)

2.1.2 Excipients

D-mannitol, minimum 9%

Sodium lauryl sulphate (SLS)

Polyethylene glycol (PEG) 6000

Gelatin from bovine skin, type B

Tromethamine

Fumaric acid

Citric acid

Medex, NasebyNorthants, NN6 7DF
U.K.

Medex, Naseby, Northants, NN6 7D
U.K.

Medex, Naseby, Northants, NN6 7D
U.K.

APS, Leeds, LS27 0JG, UK.

Norton Healthcare Ltd,London, E16
2QJ, UK.

JansseiClilag  Ltd, Buckinghamshire
HP14 4HJ, UK.

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

SigmaAldrich Co. Ltd., Poole, Dorset
UK.

Fluka (SigmaAldrich Chemie GmbH,
Steinheim, Germany)

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

SigmaAldrich Co. Ltd., Poole, Dorse!
UK

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

43



2.1.3 Chemicals

Potassium dihydrogen
(KH,PO4)
Sodium hydroxide pellets

Hydrochloric acid

Sodium nitrite

Sodium chloride

Opadry’

Opadry’ enteric

Ammonia solution SP. gr 88%

Lactose monohydrate (Fé&)

Technetium99m diethylenetriaminepent:

acetic acid P™Tc-DTPA)
Bonecement

2.1.4 Solvens

Tertiary butyl alcohol (TBA)

Ethanol

Methanol HPLC grade

phosphe SigmaAldrich Co. Ltd., Poole, Dorse!
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UK.
SigmaAldrich Co. Ltd., PooleDorset,
UK

SigmaAldrich Co. Ltd., Poole, Dorse!
UK
SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

BDH, Poole, UK

Colorcon Limited, Kent, DA2 60D
UK.

Colorcon Limited, Kent, DA260D,
UK.

VWR international Ltd., Poole
England.

Pfizer Ltd., Kent, UK

Radiopharmacy, Western Infirmar
Glasgow, UK).

Heraeus Medical, UK

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

SigmaAldrich Co. Ltd., Poole, Dorse!
UK.

Fisher Scientific, Leicestershire, LE
5RG, UK.



Chloroform HPLC grade

Formic acid 99100 %

2.1.5 Consumables

Hard gelatin capsule

Syringe driven filter units, 0.22 pum

Aluminum crucibles with lids (40 pl)

Fisher Scientific, Leicestershire, LE!
5RG, UK.
VWR Poole

international  Ltd.,

England.

Capsugel, Bornem, Belgium

Millex GP, Millipore, Ireland.

Mettler-Toledo Ltd.,Leicester,UK.

Lithium heparin beaded monovette blo Sarstedt, Leicester, UK.

sample tubes

Polypropylene eppendorf tubes, 2 ml

Autosampler vials with screw caps, 1.5 r Phenomenex,

Autosampler vial inserts

2.2 Equipment

2.2.1 Manufacturing equipment
Sartorius balance

Magnetic stirrer
- 86°C Heraeus Freezer

Lyophiliser

Microprocessor pH meter

Electrical stirrer

Fisher Scientific, Leicestershire, LE
5RG, UK.

Macclesfield Cheshi
SK10 2BN, UK.

Phenomenex,
SK10 2BN, UK

Macclesfield Cheshi

Sartorius AGgoettingen, Germany.
Bibby Sterlin Ltd., Stone, UK.
HFU 586 Basic, Germany

Christ
agen GmbH, An der Unteren Sése !
37520 Osterode, German

Martin Gefriertrocknungsan

Hanna pH 211, UK

Stuart Scientific, SS 10, UK.
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Mini coater/drier

2.2.2 Analytical equipment

Dissolution apparatus

Unicam (UV1)spectrophotometer

Crucible sealing press

Differential ~ scanning
(DSC; DSC 822 module; TA
controller TC15)

calorimete

Thermogravimetric analysis system
(TGA/SDTA 85%)

Fourier transform infrared spectromet
(Jascd-T/IR T 4200)

X-ray powder

diffraction XRPD;

BrukerAXS D8)

Gamma camera

Gamma counter

Blood glucose meter + test strips

(Accu-Chek Avi

va)

Centrifuge (Heraeus instruments)

Evaporative
SPD121P)

centrifuge

(Speedv.

Caleva Process Solutions Ltd., Dor:
UK.

Copley Scientific Limited, Nottingharr
NG4 2JY, UK.

Unicam U\‘Visible spectrophotostry,
Cambridge, UK.

Mettler-Toledo Ltd.,Leicester,UK.

Mettler-Toledo Ltd.,Leicester,UK.

Mettler-Toledo Ltd.,Leicester,UK.

Jasco Ltd., Essex,CM6 1XN, UK.

Bruker AXS GmbH, Karlsruhe,

Germany.

Scintron, MIE, Germany.

J&P Engineering MS310 ratemete

reading UK.
Boots Pharmacy, UK.

Fisher scientificLoughborogh, UK.

Thermo Savant, Holbrook, NY 1174
4306 USA
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HPLC system Gynkoteck, P580 LPG, D82110, Germt

ing, Germany

HPLC column (Luna 3 um £ (2) 100 Phenomenex, Macclesfield Cheshi
A, 150 x 4.60 mm SK10 2BN, UK.

2.3 PC software
Differential scanning calorimete Mettler-Toledo Ltd.,Leicester,UK.

software STARsystem

FT/IR software Jasco Ltd., Essex, CM6 1XN, UK.
X-ray software (EVA 9.0.0.2) Socabim, Germany.

Gamma image analysis MIE, Seth, Germany.

HPLC software (Chromeleon) D82110,Germering, Germany
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2.4 Analytical techniques
2.4.1 Invitro release studies

In-vitro release studies were carried out using the USP type Il paddle method.
Glibenclamide dissolution wagserformed using 1000 ml of ON phosphate buffer
solution (pH 7.4, Bachhav & Patravale, 2009) maintained at 33°€ @nd stirred at

100 rpm. Spironolactone dissolution was carried out using 100@fn@.IN HCL
containing 0.% w/v SLSas adissolution mediunfHamid et al., 2010) maintained

at 37 = 05°C and stirred at 50 rpmKetoconazole dissolutiowas conducted in 1000

ml of 0.3 w/v SLS aqueous solutidilderet al., 2003)maintained at 37 + 8°C

and stirred at 100 rpmA gastroresistance study of glibenclamide enteric coated
capsule formulations was conducted in 1000 ml of 0.1N HCL maintained at 37 +
0.5°C and stirred at 50 rpm for 2 h (He et al., 200®)ethylene bluevas included in

the capsule formulationsind the resistancef the enteric coat to the acid medium
was evaluated by visual inspectifor any release of the blue dye in the dissolution
medium For dissolution of glibenclamide enteric coated capsule formulatibas,
above dissolution medium and conditions for gliblamide dissolution were

employed

Six dissolution pots were used for eadissolution run. Tested capsules were
attachedwith a few turns of wire helixo prevent floating on the surface of the
dissolution medium.Sampleqg5 ml) were collected periodically and replaced with

the same volume diresh dissolution medium.After filtration througha syringe
driven filter uni tconcefit@tio2s?2 were nmdeterminedr u g
spectrophotometrically at 240 nm, 242 nm and 291 nm for glibende,

spironolactone and ketoconazole respectively.

2.4.2 Statistical analysis

In-vitro release data were statistically analysed using difference féfigjoand
similarity factor (f;) (Shah et al., 1998).The comparison was performed between

reference and test dissolution profiles.
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If (U, Uzyeeeeeeennes . Up) are the percentage dissolution at p time points on the
reference profile, and (Y, Ug,.....uvnnnn... .- Up) are the percentage dissolution at the
same time points on the test prefithedifferencebetween the two profiles at these
time pointsis equal to (U - Ui, Up, - Upo.............. . Up - Uy). Thedifferenceat the

p time points can be explained as (U1 - Uy)+ (Urz, - U) + o +(Upp -

Up)] . Thef; valuerepresers the cumulative difference between the two profiles at
all time pointsand is explained by the following equation:

v »
fo = D e | /]D | x 100 (Equation. 2.1)
i=1 i=1

Wherep is the time points for samplingy; is the percentage dissolution of the test
formulation at any time pointy,; is the percentage dissolution of the reference
formulation at the same time poinGenerally, f values in the range-05 represent
non significant differences between the test and reference formulattoant, value
measures the similarity in the pertage dissolutionof the two profiles It is
equivalent to the reciprocal of the mean squadd transform of the sum of square

distances at all time intervals and explained by the following equation:

-1/2

Z (Equation. 2.2)
fo = S0xlogd |1 + (w}Zf_uﬁ— w2 x 100
i=1

The values of, range from 0 to 100 and the higher the value the more similarity
between the two dissolution curves. If the difference betwesinand reference
dissolution profiles is less than 10%yalues arenore than 50 anthis indicates no

significant difference between the test and reference formulations.

49



2.4.3 Ultraviolet spectroscopy

The photonic energy of ultraviolet (UV) or visible light going through solutions
excites the movement of electrons ittin molecules to higher energy ks.
UV/visible spectrophotomst is used to measure this excitationaasabsorptioni
wavelength spectrumThe concentrations of chemical solutions can be determined
by spectrophotometers accordinghe Beer Lambertaw. This law showed that the
amount of incident light absorbed by a sample is directly related to the number of
absorbing molecules and hence to solution concentratilso, it statesthat the
amount of the absorbedcident light is independent dhe intensity of the light

source (equation 2.1).

o

A=log[l,/k] = U. b. c (Equation. 2.3)

Where A is the measured absorbangant | are the intensities of the incident and

the transmitted | imgldrextinctierscpefficentj s thdpgth U i s
length (cm) of the cell containing the solution to be meas(usdally equal 1 cin

andc is the concentration (mol/L).

A's and b are constargo A/ A,=C,/ C, (Equation. 2.4)

Where A; and A are the absorbance of solution 1 anda@¢d C; and G are the
corresponding concentrationg.his equation is used to det@ne the conentration

of a solution, knowingts absorbance froitthe UV spectrophotometer.

2.4.4 Attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR FT-IR)

Infra-red (IR) spectroscopy is the study of scattering, absorptrefiection or
transmission of IR radiation in the spectral range 12500 to 18 cfthe most
commonly usedegion for drug analysis i$i¢ middle region of the spectrum in the
range 4000 to 40@m™. At room temperature, a molecule exists in its ground
vibrational state. IR radiation stimulates the molecular vibrations and hence
molecular rotations. Two types of vibrations can happen to molecules, stretching

vibrations that lead to alteration of the length of bonds and bending vibrations that
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involve alteation of bond angles.At an incident IR radiationof an appropriate

energy (wave length, wave number), resonance absorptionsstkatenolecule to a
higher stateof vibration This transition producean absorption spectrum that is
characteristic for&h compoundThe electromagnetic ration energy is calculated

byA ankds equation:
E =hc /| @& (Equation. 2.5)

Where E is the energy, histheRnk 6 mtgcomrstia the velocity

wave length of light.

The relationship between wave length and wave number is given by the following

equation:
Wem) = 1/ & (Equation. 2.6)

WhereW is the vave numbea n dis tke wave length in cmAlteration in the wave
number of a band can laa indication for changes the structural environmeioff

the molecule.

The original infrared spectrometers were of the dispersive type (Figure 2.1). In
these instruments, IR radiation from an appropriate source passes through the sample
and then through a slit into a monochromator. The monochromator has optics that
focus he light beam on a prism or a grating which disperses light into spectrum of its
constituent wave numbers before being detected.

The total light energy that strikes the detector is small as the slit only allows a narrow
portion of wave numbers to passtte detector. The prism or grating rotates to
permit different wave number portions to pass through the slit and be detected. The

intensity is plotted against wave number producing IR spectra.

Modern infrared, FFIR, spectrometers, employ a beam splitieat divides the
incoming infrared beam into two beams (Figure 2.2). One beam falls on a
stationary mirror while the other falls on a short distance moving mirBgams
reflected from both mirrors recombine together befpassing througthe sample

and therto the detector
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Figure 2.1: Dispersive infra-red spectrometer(Smith, 2000)

By a computer connected to the instrumehg tesulting signal is subjected to a
mathematical procedure called fourier transform thatspha light intensity against

the wave numberlt has no slit so the wave number range that strikes the detector is
not restricted and the intensity of radiation is not reduced. Furthermore, this type of
spectrometer detects all wave numbers simultangoagier than individually as in

the case of dispersive type providing a big enhancement of the-tgmaike ratio
(Grant & Brittain, 1995). It can also detect the spectrum much faster than the
dispersive type which allows the instrument to do multggiens for the same sample
and adds them together, which increase the resolution of the spectrualR FT

spectrometers have the following advantages over the dispersive models:

1 Thesample idocated next to thdetectomwhich decreases heat effects
resuling from havinghe sample near the source of IR radiation.

1 Itis an accurate method thateds no external calibration
It is a fast methodcollecting a scan every second
It has improvedensitivity as the scans of one second can be added together
to decreasesignal tonoise level

1 It has higher optical throughput
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Figure 2.2: Fourier transform infra -red spectrometer (Smith, 2000)

In the traditional FTIR sampling by transmission, the sample has to be diluted with
an IR transparent salt and pressed into a pellet or thin film before analysis to prevent

totally absorbing IR bands and subsequent high intensity spectra.

In the attenuad total reflectance Fouritransform infrared spectromet@TR-FT-

IR), light arrives at a suitable angle to the boundary between two medigATR
crystal) and m (sample)having different refractive indexsn; ny. In principle, a
single rhomboigrism made from a suitable optical material is used jaslimm, has
absorption properties, the reflected beam has an attenuated intensity, nhetatte
total reflectance (ATR). Subsequently, the intensities of the spectra are of lower
absorbance thahe corresponding transmission spectra @arlbe detected as a plot

of the intensity versus wave number

Generally, a powder samp({e1,) without sample preparation is placed on the prism
surface where it is compressed by a plungeowders, liquids, fins, etc., can be
easily measured with no pteeatment. This device give rise to excellent results and

flat base line as the techniquenslépendent of light scatterifiBrake,2004)

In the presenthesis, ATRFTIR spectra were collected using Jasco FTIR200
Fourier tansform infrared spectrometer. Typically, samples-6fridg were used.
The spectra of samples were taken ati @800 cni wavenumber
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2.4.5 Differential scanning calometry (DSC)

Differential scanning calorimetry is a thermal analytical technique in which the
reference and sample are heatedatbemperature abovéd melting point of the
sample. The reference and sample temperatures are screané constantly
maintained at the same levelaitisothermal conditions = Tr). When the sample
absorbs or emits energy, isothermal conditions are kept constant by comparison of
the signalscoming from identical temperaturesensors placed in the sample and
reference holdersThe automatic and contious adjustment of heater power (&e

per unit time) to attain thesmnditionsgives rise to different electrical signals that

are recorded.The sample requires more or less power to be maintained at the same
temperaturaas thatof the reference.This differential power is represented as a plot
between temperature and the peak area or the energy of trandiisthermore,

different heat flow is expressed as exothermic or endothermic events.

DSC as a thermal method of analysis Has following advantagegHatakeyama,
1999)

It is a quick analytical method

It requiressimple sample preparation

It applies a wide temperature range

It requires small quantities of sample

It is suitable fa solids, liquids or semisolids

= 4 =4 a4 A -2

It has &cellent quantitativand qualitative ability

Furthermore, this technique has an important role in the determination of melting
points, desolvation and glass transition temperatures, purity and polymorphic

transformation.

Two types of DSC systemame commonly used (Figure 2.3Yhe first type is the
power compensation DSGn which the sample and reference temperatuia®
controlled separakg by identicalfurnaces The second one is the heat flux DSC in
which the sample and referenegee enclosed together a single furnacend their

temperatures are controlled by a single temperature sensor.
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Figure 2.3: (a) Heat flux DSC; (b) power compensation DSC(retrieved from
http://materials.npl.co.uk/matsol/dpscdtsc,jp§/4/2010)

In the presenthesis Mettler Toledo std&rDSC 822 system(based on the heat flux
principle) was used. The system consists od TA controller (TC 15)and a
measuring cell (DSC 822nodule)that was cooled under a purge of nitrogen at a

flow rate of 50 ml/min.

Aluminium standard crucible pans (40 pl) were used. Each crucible was weighed
before loading of the sample. A sample of5(ing) was weighed in therucible by
difference. A crucible sealing press was used to seal the pan with a pierced lid to
allow gas exchange during heating. Then, the sealed crucible was put in the DSC

instrument.

Glibenclamide and ketoconazole samples were heated from 30 to 230°C at a rate of
10°C / mn while spironolactone samples were heated from 25 to 210°C at a rate of
10°C / min. The resulting DSC thermograms were normalised versus the weight of
each sample.
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2.4.6 Thermogravimetric analysis (TGA)

TGA is a type ofanalysisthat is usedto detemine weight changesrelative to
temperaturehange TGA is usuallyutilised to detrmine degradation temperatures;
content of absorbed moisturethe ratio of organic and inorganicontents in

materials,}decompositionemperaturesandsolventresidues.

The instrument consists of a highly accurate balanceishaapable of detecting
weight changes in micron range. The sample is loaded on a platinum pan which is
located in a tiny, electrically heated oven connected to a thermometer to precisely
determine the temperature (Figure 2.4). An inert gas such agamti® usually used

to purge the atmosphere to avoid oxidation or other unwanted reactions and to
remove gaseous products resulting from heating of samples. The gas flow rate is
about 3640 ml/min. Analysis is performed by gradual increase of the tempera

and plotting the weight of the sample versus temperature by a computer connected to
the instrument.

To Capillary Gas Chromatograph
or to Mass Spectrometer @
Sample Environment Thermometer
Pressure Control
- P>
Gas Environment CRUCIBLE
Control
OVEN [Heater | Heater
Control
|
RECORDING
BALANCE
COMPUTER
| |
Monitor Printer

Figure 2.4: A Block Diagram of a Modern Thermo-Gravimetric Analysis Instrument
(retrieved from http://physicalchemistryresources.com/Book5_sections/TA_Thermog
ravimetric %20 AnalysisHTML_1.htn15/4/2010)
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In the present thesis, samples e1® mg were loaded into uncovered aluminium
crucibles and subjected to a-280°C heating cycle. The obtained data were
analysed to establish the weight loss of the sample in relation to temperature changes

during the heating cycle.

2.4.7 X-Ray powder diffraction (XRPD)

X rays are quite showave length, higkenergy beams of electromagnetic radiation.
They liein the wave length region between 0.1 and 100 A (1 A (angstrom)@nfl)o
bordered byhea-ray region to the shokvave lengh side and the vacuum ultraviolet
region to the longvave length side.Interaction of xrays with the sample leads to
the creation of secondary diffracted beams in the form of coifbese secondary
beams are related to the interplanner spacing inrystatline powder according to

Braggds equation:
nee =ds2nd (Equation 2.7)

Wherenn s an integer, o -ags,distheintespdaneespaecimgt h o f
generating the diffractidmeamadi ttdies &ha
angstrom. Diffraction maxima or paks are measured through tlte 2d i f f r act 0 me
circle for the powdesamples having statistically unlimited amountof randomly

arrangd crystallites.

Figure 2.5 represents the operating principle of the powder diffraction system. The
di ffraction angl e ( 2d)rspasingwhitephe difffagtiot on t
maximum intensity is dependent tire strength of those diffractions the sample.

There are two basic typges nofwhRagthleeind ed iXf f |
det ector move -2cdo nicnu rw heanduble ig filmabranX thé sample

moves at halft he r ate of t he-2de tgeotierifragtcon k e e p
angles and intensities are recorded electronically through a detector, electrordcs and
particular software resulting in a plot

sample.
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Figure 2.5: Operating principle of powder diffraction system (retrieved from
http://epswww.unm.edu/xrd/xrdclassiXRD-Intro.pdf, 15/4/2010)

In the presenthesis samples of 1650 mgwith an even flat surfaceeremounted on

a 28 position sample plate supported on a polyimide (Kapton, 7.5 pm thickness) film.

The samplesvere analyzed at room temperature using transmission foil XRPD data
collected on a Bruker AXS D8dvance transmission diffractometequipped with

d-2 deometry. The source of radiation was monochromatic copper (UK & was
1.54056 A. Data was collected in the range fro;mtd 32 d wi th 2d step

secondstep™ count time.

2.5 Capsule spray coating

A benchtop minicoater, Caleva (Figuiz6) was used for the coating process as it
provides a suitable means of coatagmall numberof capsules.The spray head of

the coater has one input for theating solution/suspensi@and another one for the
conmpressed air to ideally aeros@aishe oating system into spray dropletsThe
coating system was stirred during the whole coating process to prevent precipitation

of the coating raw materialsCapsule formulations were weighed before and after

58


http://epswww.unm.edu/xrd/xrdclass/01-XRD-Intro.pdf

coating and the averagmercentagewneight gain wa calculated. The percentage
weight gain was kept within the specified range by adjusting and unifying the
volume of the coating suspension per capsimre details of this process will be

discussed in Chapter 5.

. . Compressed air tubing
Coating system tubing —

Product retaining cone——»

Peristaltic Pump

Atomizing air
pressure gauge

one drive collar
3

eated air delivery

Coating system
Magnetic stirrer

Figure 2.6: benchtop Caleva minicoater (retrieved from http://www.laboratorytablet
coater.com/15/4/2010)

2.6 Stability studies

Stability studiesfor the coated capsule formulatiomgere carried out under five
different storage contions 25°C/7%6 relative humidity (RH), 25°C/65% RH,
25°C/0% RH, 3”C/0% RH and 50C/0% RH. More details of this study will be

discussed in Section 6.3.2

2.8 In-vivo dog study

The study was carried oatcording to Laboratory Animal CaRginciplesand under
a validUK HomeOffice Animals (Scientific Procedures) Project Licendavo male
beagle dogs weighing from 11 to 15 kg were given 5 mg of glibenclamide as either

commercial tablets or lyophilised glibenclamiieS capsule formulations with a
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one week washout period between studies. Greater details of this study are provided
in Section 7.3.2.

2.7.1 Gammascintigraphic study

Gammascintigraphyhas been widely used in research aasseful noninvasive
technique for imaging the performance of phaceutical dosage forms-uivo
(McInnes et al., 2008, Ghimire et al., 2007). In addition, it presents important
information about the location of a dosage form at the time of any pharmacokinetic
occasion in the plasma profiles. This facilitates analysis of pharmacokinetic profiles

depending on location and performance of the dosage form at particular time points.

Figure 2.7represents a schematic diagram of gamsciatigraphy cameraA source

[S] emits gammaradiation whichis thenabsorbed byodium iodide al) crystals

[C]. All gammaemissionsare filtered by gparallethole collimator (PHC)that is
locatedbetween the souraend the crystals. This collimator has holes that act as a
path fo gamma radiation to reach the crystals. It allows only the passage of gamma

radiations that are parallel to the holes and prevent all others reaching the crystals.

) [ PTA
PHL1| i

L7

7N

AC

Figure 2.7: Schematic diagram of gammeacamera (Webb et al., 2002)

Gamma radiations stimulate sodium ions to release photons having different

wavelengths. The position, energy and intensity of these photons are detected by
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photomultiplier tube (PTA). The signals from each tube are transmitted by a
summation circuitry to the acquisition computer for more analysis. For dosage form
evaluation by gamma scintigraphy camera, radioactive isotopes should be included in
the dosage form so that it can be tchbg the camera. The radioactive isotopes are
chosen depending on different factors such as half life, radiation energy and extent,
cost, and availability (Wilding et al., 2001). There are two methods for incorporating
a radioactive material in a dosafggm; neutron activation technique or standard
labelling procedure (Digenis et al., 1998). In the technique of neutron activation, a
nonradioactive material such as SamariiB2 and Erbiurl70 is added to the
dosage form followed by neutron irradiationopess to generate gamma emitting
isotopes™Sm and'*Er . Although this method decreases the worker exposure to
radiation during production, it is expensive and the generated heat during the process
of irradiation can induce changes in the performaridbe polymeric contents of the
formulations (Maggi et al., 2004; Marvola et al., 2004). In the standard labelling
technique, a radioactive isotope suct*8c or *in is directly incorporated in the

dosage form.

Table 2.1 shows examples of the coomly used radioactive isotopes. In the present

study, Technitium99mwas selected.

Table 2.1:Examples of commonly used radioactive isotopes

Radioactive isotope Half life
Technetiur@9m €°™Tc) 6 hours
Indium-111 ¢*in) 2.5 days
Erbium171 ¢"'Er) 7.5 hours
Samariuml53 (°*Sm) 47 hours
Chromium51 ¢'Cr) 28 days
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Technitium99m is consideredthe most widely usedradioisotope for Gamma
scintigraphy studies. It is characterised daptable chemistrypw energy (140
keV) andlow radiation doséWilding et al., 2001).Its halflife is six hours which is
short enough toninimisethe radiation dose to the animdt.is alsoinexpensiveand

can be easily produce@gan et al., 2010)

2.72 Chromatographic analysis of glibenclamide by HPLC

Glibenclamide was assayed using a Dionex HPLC system incorporating a reverse
phase column (150 x 4.60 mm Phenomenex, 3 {2} 100 A column fitted with

a Phenomenex guard column). An isocratic mobile phase consisting of 70% v/v
methanol and 30% v/v formiacid (0.1% v/v) was eluted through the column at a
flow rate of 1 ml/min. The injection volume was 20 ul and the UV detection
wavelength was 240 nm. Details of the HPLC analysis method will be discussed in
Section 7.3.4.

2.73 Dog blood glucoséevels during the invivo study

Blood glucose level wereassessed directly after sample collection u€ing Touch

test strips analysed using Ancu-Chek® Aviva Nano
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Chapter 3



3. Effect of lyophilisation process and excipient manipulationon

the dissolution rate of poorly watersoluble drugs

3.1 Introduction

Glibenclamide, spironolactone and ketoconazole were used in the pitessstas

three models of poorly watasoluble drugs belonging BCS clasdl (see Section

1.1). These drugs have poor gastrointestinal absorption after oral administration due
to their poor watesolubility and subsequent low dissolution rate which negatively
affects their therapeutic effica¢Zharman & Charmar2003) It is wel-knownfor
thesedrugsthat anincrease irtheir dissolution rate coultead togreat enhancement

in ther oral bioavailability (Onoueet al., 2009).

Different hydrophilic excipients have been reported to enhance the dissolution rate of
poorly watersolble drugs. Some of these excipients on this basis were adopted in
this work to enhance the dissolution rate dibenclamide, spironolactone and
ketoconazole These excipients include mannitol, Sodium lauryl sulfate (SLS),

polyethylene glycol (PEG) 6000pomethamine, gelatin, citric acid and fumaric acid.

Mannitol (Figure 3.1) is considered a a@ducing sugar which is commonigedas
anexcipientin lyophilisedformulationsdue toits excellentcakeforming properties.

It is also used aa bulking agenin lyophilised protein formulationsP{neet al.,
2002) Furthermore, mannitol as a hydrophilic excipient has been employed in
pharmaceutical formulations for dissolution enhancement of hydrophobic drugs
(Ahuja et al., 2007).

OH OH

Figure 3.1: Chemical structure of mannitol

SLS (Figure 3.2) is an anionic surfactant which acts by decreasing the surface

tension of dissolution medium leading to drug dissolution enhancement. It has been
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reported to enhance the dissolution rate of active pharmaceuticadliegis such as
thephosphate salt of carvedildChakrabortyet al., 2009).

Na+Q

0=5=0

\/\/\/\/\/\/0
Figure 3.2: Chemical structure of sodium lauryl sulfate

PEG 6000 (Figure 3.3) is a hydrophilic polymer that has been used by many
researchers to enhance the dissolution rate of hydrophobic drugs through solid
dispersion formation (Asyarie & Rashmawati, 2007; Ahuja et al., 2007).

HO\_{/\O/\){OH

Figure 3.3: Chemical structure of polyethylene glycols

Tromethamine (Figure 3.4) is an organic amine proton acceptor that has been used
recently as a pharmaceutical excipient fagsdiution rate enhancement of acidic
hydrophobic drugs. It acts as an alkalinizing agent that increases the pH of the

diffusion layer surrounding drug particles in the dissolution meddbaé¢lkaderet
al., 2007).

HO

HO
NH

HO

Figure 3.4: Chemical structure oftromethamine
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Gelatin (Figure 3.5) is a combination of water soluble proteins derived from
collagen. It has been reported that water soluble gelatin has mild surface activity and
can enhance the dissolution rate of several poorly vealeble drugsKallinteri &
Antimisiaris 2001).

CHOH
D{:O{D*z CHy }“?
CH I!«I--C|H e CH H r!l—“ClH
Il X INEN N
CO=—=MH co o CrﬁCD=BH co 'C|I'I=CI:' o
B R

Figure 3.5: Chemical structure of gelatin

Fumaric acidFigure 3.6)and citric acidFigure 3.7) are watesoluble organic acids

that act as pH modifiers. They can be used to lower the pH of the microenvironment
of dosage forms leading to dissolution enhancement of poorly -s@lidsle drugs
(Tranet al., 2010).

0]

HO
NOH

o)

Figure 3.6: Chemical structure of fumaric acid

OH @]

OH

Figure 3.7: Chemical structure ofcitric acid
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3.1.1 Glibenclamide

Glibenclamide is an oral hypoglycaemic agent that is used for the treatment of non
insulin-dependent diabetes mellitus (Type Il). Glibenclamide belongs to the second
generation sulfonylureas (Figure. 3.8) which are characterised by poor water
solubility that leads to low dissolution rate and subsequently, erratic absorption
(Kumar et al., 2001; Tashtoush et al., 2004; Valleri et al., 2004).

Glibenclamide is a weak acidic drug with a p#f 5.3 and has very poor water
solubility. It also has restricted sdility in organic solvents such as ethanol,
methanol and chloroform. As a white crystalline powder, glibenclamide has a
reported melting temperature of 2724C (Klein et al., 2009

Glibencl ami deds or al bi oavai l aytllinityt y dep
(Wei et al., 2008). Therefore,some commercialtablet formulations containa
micronizedform of thedrugto enhance the oral bioavailabilifi<lein et al., 2009)
Timminset al.(2006)andBalan et al(2000) have reportetthat a controllegarticle
size and size distributionof glibenclamide decreasedthe variability in its

bioavailability.

Qo0

W

o
SIUCE A e
e
H
Cl

Figure 3.8: Chemical structure of glibenclamide

The recommended human daily dose of glibenclamide is typicaliys 2rts) which

can be increased up to 15 mg if necessary. To develop a reliable and safe oral
hypoglycaemic treatment, many strategies have been investigated to enhance
dissolution and consequently oral bioavailability of glibenclamide and other

sulfonylureas drgs.
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It has been reported that glibenclamide undergoes polymorphism. Suleiman and
Najib. (1989) obtained two polymorphs (form | and Il crystallised from dioxane and
acetonitrile respectively) and two pseyolnymorphs (pentanol and toluene
solvates) of ghenclamide. It was found that the rank aqueous solubility was:
pentanol solvate > Form Il > toluene solvate > form | which was the most stable and
showed the lowest solubility. Panagopouloaplani and Malamataris (2000)
investigated the formation of anethinsoluble polymorphic form of glibenclamide

by sublimation of the drug glassy state at-180°C.

Tashtoush et al(2004 investigated the improvement of the dissolution rate and
bioavailability of glibenclamide processed as a solid dispersion formatitn
Gelucire 44/14and polyethylene glycol 600@mploying fusion method compared to
Daonil® tablets (Hoechst). Glibenclamide dissolution, bioavailability and efficacy
have been enhanced by formation of solid dispersion of the drug with
microcrystallinecellulose by solvent deposition techniques (Dastmalchi et al., 2005).
Zerrouk et al. (2006) has reported that the aqueous solubility of glibenclamide was
increased 40 times in the presence of 25 mM hydroxypifojeyiclodextrin, 25 times

in the presence df 3  m-glyclddextrin and just 3 times in the presence of 0.5%
w/v chitosan. Moreover, it was found that simultaneous presence of chitosan and
cyclodextrin resulted in significant reduction in the solubilising effect of cyclodextrin
due to competition beten the drug and the polymer for interaction with the
cyclodextrin cavity. In contrast, it was revealed from permeation studies that
chitosan was more effective than cyclodextrins in enhancing glibenclamide
permeability through a Caed cell layer (a colo rectal adenocarcinoma cell line of
human origin; an ivitro tool for permeability studies). A 5f6ld enhancement of
glibenclamide dissolution over marketed drug tablets, has been reported by Cirri et
al. (2007 who investigated the formation of tamy solid dispersion of
glibenclamide/PEG 6000/SLS in the ratio 10/80/10. This ternary system was found
to achieve 100% glibenclamide dissolution after 20 minutdse dissolution
performanceandsolubility of glibenclamide has been significantly improwadough
complexation with hydroxybutemjd-cyclodextrin(Klein et al., 2009). Furthermore,

Cirri et al.(2009) have developed glibenclamide fast dissolving tablets using ternary

solid di spersi on of t he -cydodexgin awd t h
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polyvinylpyrrolidone These formulations achieved 100% glibenclamide dissolution
within the first 15 minutes. It was found that preparation of solid dispersion of
glibenclamide with polyglycolized glycerides carriers using a spray drying technique
with the aid ofsilicon dioxide as adsorbent resulted in burst drug dissolution in the
first 10 minutes as well as enhancement in the drug dissolution rate and extent.
Furthermore, from an #ivo study, it was found that the blood glucose level in
Swiss Albino mice, aéir administration of the glibenclamide solid dispersion, was
reduced to 139 + 2.3 mg/dl after 60 minutes in comparison to 250 + 5.3 mg/dl in the
case of the unprocessed drug (Chauhan et al., 2005). This finding revealed the
enhancement of glibenclamidestiapeutic efficacy from the solid dispersion over the
unprocessed drug. Setiicroemulsifying drug delivery system (SMEDDS) or
anhydrous state of microemulsion of glibenclamide has been developed to improve
in-vitro drug dissolution compared to unprocesdedg and its commercial tablets
(Bachhav & Patravale 2009). Dora et al. (2010) have developed nanoparticle
formulations of glibenclamide with Eudragit L100 for oral administration. This
formulation achieved dissolution and bioavailability enhancement and consequently

higher activity in diabetic rabbit model relativeptiain glibenclamide.

3.1.2 Spironolactone

Spironolactone is a synthesteroidal aldosterone antagonist (Figure 3.9) that is used
as a potassium sparing diuretic. It psimarily used for treatment of ascites
associated with livecirrhosis heart &ilure and hypertension.Spironolactone is
practically insoluble in water, soluble in alcohol, and freely solubleemzeneand
chloroform It has a melting point of 19807€C. It also undergoes extensive first
pass metabolism and enterohepatic circulation (Moffat et al., 2004). THsis,
diureticis characterised by unpredictable and low oral bioavailal§Aibsosehmah
Albidy et al., 1997which has been reported as being about 7B%sljageret al.,
1976). Commercial tablets contain 25, 50, or 100 mg of ddpgonolactonéhas
been reportedto recrystalli® into different polymorphic forms from different
solvents and to go througdtructural rearrangementgpon heating (Neville et al.,
1994; Berbenni et al., 1999). Beckstead et al. (1993) investigated the preparation of
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five solvates of spironolactone by crystallisation froabsolute methanol,
acetonitrile absoluteethanol, ethyl acetate, and benzené@gafonov et al. (1991)
investigated two polymorphic forms and four solvatef spironolactone by
crystallisation from acetone, dioxane, chloroform, acetonitrile, ethanol, methanol and

ethyl acetate.

Figure 3.9: Chemical structure of spironolactone

Some methods have been reported to improve the dissolution rate and bioavailability
of spironolactone. Soliman et al. (1997) investigated complex formation of
spironolactone with different types ot ycl odextr i-@B, -COLCDs) ;
hydr oxyfmdo paynld bhy d rGDxemgoyimgsprdy drging technique.

The obtained complexes were amorphous and exhibited higher dissolution rate than
the unprocessed spironolactone powder especially in the casdrokygropyl CDs.

It has been reported that spironolactone nanoparticles produced by an antisolvent
precipitation technique had a significantly faster dissolution rate than the
unprocessed drudpng et al., 2009) Dong et al. (2010) investigated antisalte
precipitation of spironolactone nanoparticles using a continuous and highly effective
static mixing process. The resultant lyophilised spironolactone nanoparticles
exhibited 6.6 folds faster dissolution rate than the lyophilised raw drug. In another
study, solid dispersion of spironolactone with porous silica has been investigated. It
was found that the drug transformed to an amorphous form in the solid dispersion
and hence, exhibited remarkable improvement in the drug dissolution rate compared

with the unprocessed spironolactone powdédchino et al., 2007 Furthermore,
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Yassin et al. (2009) studied the formation of solid dispersion of spironolactone with
Gelucire 44, G50) and Aerosil® 200y spray drying technique. Dissolution rate
was significarly enhanced relative to the physical mixture and the unprocessed
spironolactone. DSC studies revealed the transformation of spironolactone to an

amorphous form in the solid dispersion.

3.1.3 Ketoconazole

Ketoconazole is a broad spectrinidazole denative antifungal drug used for the
treatment of superficial and systemic mycdsigure3.10. It is aweak baseavith
two pK, valuesof 2.94 and 6.15.1t displays strongly pH dependent solubility; it is
readily soluble in acidic water (pH < 3) and lzagery low solubility (ess tham-6.7
pg/ml) in water at or beyond neutral piZhou et al., 2005) It is soluble in
methanal freely soluble in methylene chloride and sparingly solublestimanol
(European Pharmacopoeia, 1997If. not properly formulated ketoconazolemay
exhibit degradatiorthrough oxidation or hydrolysis,particularlyin aqueous media
(Skiba et al., 2000) Furthermore, bioavailability studies of ketoconazole have
revealed that its oral absorption in humans is erratic andhdepeon pH Zhou et
al., 2005).

Different methods have been investigated to improve the dissolution rate of
ket oconazol e. Compl exat i orcyclodextrin &ndt oc on
2-hydroxypropyib-cyclodextrinhas been reported to enhanihie drug dissolution

rate EsclusaDiaz, 1996). Taneri et a2002 investigated the enhancement of the
dissolution rate of ketoconazole by complexation of the drug with hydroxypbspyl
cyclodextrin or methyb-cyclodextrin by kneading or spray dryingechnique
Improved dissolution rate and bioavailability of ketoconazole by more than two
times that of the commercial tablets have been reported by controlled precipitation of
the drug Elderet al., 2007) In another study, a distinctly enhanaksisolution rate

of ketoconazole was achieved by micronization of the drug by the aid of controlled
crystallisation techniqueRasenack& Miiller, 2002. Heo et al. (2005) investigated

the enhancement of ketoconazole dissolution rate by incorporating different

excipients ofa self microemulsifying drug delivery systefuils, fatty acids at
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surfactant)in the solid dispersion of the drug with PEG 6000 using the fusion
method. The resultant system showed significant improvement in the dissolution
rate and more than two folds maximum plasma concentration and area under the
plasma concentratirtime curve compared to the unprocessed drug. Basa et al.
(2008) developed a new tablet formulation containing ketoconazole nanoparticles
layered onto watesoluble excipients. This tablet formulation exhibited a
significantly faster dissolution rate é&ketoconazole than that of the commercially

available tablets.

OO g

Figure 3.10: Chemical structure of ketoconazole

3.2 Amsand objectives

The aim of this chapteis to enhance the dissolution rate of glibenclamide,
spironolactone and ketoconazolbrough lyophilisation process. The effect of
co-lyophilisation of these drugs with different excipients on their dissolution rates

was also studied.

3.3 Methods
3.3.1 Construction of calibration curves

Drugs(~50 mg)wereindividually dissolvedn 10 mIimethanol. 1 ml of the resulting
drug solutions wereised to prepare stock solutions using itheitro dissolution
media to be used idissolutionstudies. Serial dilutions were prepared from these

stock solutions.The drug solutions were scanneetween 200 and 350 nim obtain
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UVspectra.Thi s was us gador @analysis rdns.Attthe $electeavave
length for individual drugsthe absorbance @f given solutiorwas measuredThe
measured absorbance wa$ were plotted against concentratiofsom this plot, a
linear relationship between absorbance and concentratisobtained and used for

furtherdissolutionstudies to detenine the concentrations of drugs in solutions

3.3.2 Preparation of lyophilised formulations
3.3.2.1 Glibenclamide

40 mg of glibenclamide, aloneor as mixtures with different excipientsyere
dissolved in 8 mlof a co-solvent system consisting &0% v/v tbutyl alcohol,
12.9% v/iv ammonia solutior§88% w/w) and 37.%6 v/v distilled water. A magnetic
stirrer was used téacilitate the dissolution of the drug and excipientgo the co-
solvent system Solutions were frozen a8(°C for 3 hours and lyophilised overnight
using aChrist type lyophiliser set at a shelf tempeena of 25€ and a vacuum
pressure of 0.035 mbar. Lyophilised powders equivalent to 5 mg of glibenclamide,
were filled into hard gelatin capses and used for dissolution studieBifferent
excipiens andtheir concentrations that were ag in glibenclarde formulation
developmenarelisted inTable 3.1.

Table 3.1: Different excipients used in glibenclamide formulation development

Excipient Concentrations
Mannitol 83, 91, 95 %w/w
SLS 85, 91, 93 %w/w
PEG6000 33, 50, 80 %w/w
Tromethamine 33, 50, 80 %w/w
Gelatin 28, 50, 66 Y%w/w

3.3.2.2 Spironolactone

200 mg of pironolactone alone or as mixtureswith different excipients were

dissolved in8 ml co-solvent systentonsisting of 60% v/v-butyl alcohol and 4%
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v/v distilled water. The procedures mentioned in Section 3.3.2.1 were followed to
obtain the lyophilised products. Lyophilised powders equivalent2%% mg
spironolactongwerefilled into hard gelatin capses and used for dissolution studies.
Different excipients and their concentrations that were wkean spironolactone

formulation developmerdrelisted inTable3.2.

Table 3.2: Different excipients used in spironolactone formulation development

Excipient Concentrations
Mannitol 50, 67, 80 %w/w
SLS 55, 67, 74 %w/w
PEG6000 50, 67, 80 %w/w
Fumaric acid 55, 67, 74 Y%wlw
Citric acid 55, 67, 74 Y%wlw

3.3.2.3 Ketoconazole

1.6 g letoconazole oequivalenimixtures with differenexcipientswere dissolved in

16 mlco-solvent system d60% v/v tbutyl alcohol, 406 v/v distilled water and 1%

v/v 0.2 N hydrochloric acidln the case of mixtures of ketoconazole with excipients,
solution volumes equivalent to 100 mg of ketoconazole were filled into hard gelatin
capsule bodies for lyophilisation. The solution of ketoconazole alone was
lyophilised in glass vials to avoid loss of the product throagérflow (observed
during method developmenturing the lyophilisation process.The procedures
mentioned in Section 3.3.2.1 were followed to obtainlylephilised products. 200

mg of ketoconazole powder (lyophilised alone) was filled into hard gelatin capsules.
The resultant capsules were capped and then used for dissolution studies (two
capsules of the lyophilised mixturesquivalent to the dose of 2@0g, were used).
Different excipients and their concentrations that were used in ketoconazole

formulation development are listed in Tabl8.3
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Table 3.3: Different excipients used in ketoconazole formulation development

Excipient Concentrations

Mannitol 11, 20, 33 %w/w
SLSmannitol 9-30, 1428, 1927 %w/w
PEG 6006mannitol 40-20, 2525, 1428 %w/w

3.3.3 Preparation of physical mixtures

Physical mixtures corresponding to the lyophilised products achieving the highest
dissolution rate were prepareg trituration using a mortar and a pestlih gentle
mixing for approximately5 minutes avoiding compressionPhysical mixtures
corresponding to 5 mg glibenclamide, 25 mg spironolacto200 mg ketoconazel

were used for dissolution studies.

Table 3.4: Summary ofphysical mixtures of drugs with different excipients

Drug Excipient concentrations in thePhysicalmixtures

93% w/w SLS, 91% w/w mannitol, 506 w/w gelatin,
80% w/w PEG 6000, 5% w/w tromethamine.

67% w/w SLS, 66 w/w mannitol, 58 w/w citric
acid, 746 w/w fumaric acid, 8% w/w PEG 6000.
33% w/w mannitol, 14% w/w SLS + 286 w/w
mannitd, 14% w/w PEG 6000 + 2% w/w mannitol.

Glibenclamide

Spironolactone

Ketoconazole

3.3.4 Invitro dissolution studies

The invitro dissolution studies were performed for the lyophilised formulations and
the physical mixtures. The details of the-vitro dissolution studies were
summarised in Section 2.4.1n-vitro dissolutiondata were statistically analysed

using similarity facto(f,) (Section 2.4.2).
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3.4 Results and discussion
3.4.1 Calibration curves

Figures 3.143.13 show calibration curvekr glibenclamide, spironolactone and
ketoconazole in phosphate buffer solution (pH 7.4)NGHCL (containing 0.% wiv
SLS); and0.5% w/v SLS solutionrespectively. Linear relationships were obtained

as a result of plotting absorbance versus conceortrati

0.5 ~

y =0.027x + 0.006
R2=0.999
0.4 1

0.3 ~

0.2 A

absorbance at 240 nm
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concentration (ug/ml)

Figure 3.11: Calibration curve of glibenclamide in phosphate buffersolution (pH 7.4)
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Figure 3.12: Calibration curve of spironolactone in 0.1 N HCL containing 0.1% w/v
SLS.
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Figure 3.13: Calibration curve of ketoconazole in 0.% w/v SLS agueoussolution.
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3.4.2 Invitro dissolution studies
3.4.2.1 Lyophilised glibenclamide

Dissolution profile okained from the lyophilised glibenclamidiled into hard
gelatin capsules is shown in Figure 3.14. Dissolution padace of the lyophilised
glibenclamide is better than that of the commercial tablets. The percentages of
glibenclamide dissolved from the unprocessgiibenclamide capsules andhe
commercial tabletsvere 40% and 2% respectively within the first 6fhinutes On

the other hand, the percentage of glibenclamide dissdined the lyophilised
formulations was 8% within the same time periodStatistical analysis showedl
significant difference between tltkssolutionprofiles of lyophilised glibenclamel

and those of the unprocessed drug-(17.2) and the commercial tablets%£f26.2).
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Figure 3.14: Effect of lyophilisation on thedissolution profile of glibenclamide (n=6)

Dissolution rate enhancement of the lyophilised drug may be attributed to change in

the polymorphic form or amorphous formation during the lyophilisation process (see
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Section 4.4.1.1). It has been reported by many researchers that lyophilisation may
resut in changes in the physical structure of the processed ingredients (Takada et al.,
2009; Kadoya et al.,2008; AbduiFattah et al., 2007Haque and Roos, 2005)
Dissolution rate enhancement of hydrophobic drugs due to amorphous formation
during lyophilisdion process has been reported in many literatudesides et al.,

2006 Ahmed & Nafadi, 2006; Laitinen et al., 2009).

3.4.2.2 Lyophilised glibenclamidenannitol mixture

The effect of different concentrations of mannitol on the dissolution profile o
lyophilised glibenclamide is illustrated in Figure 3.15. It was found that mannitol in
all concentrations enhanced the dissolution rate of the drug. Statistical analysis
showed significant differences between individual dissolution profiles of lyieetil
glibenclamide with different concentrations of mannitol and that of the lyophilised
drug alonefe= 41.6, 42.2, 42.4 for 88, 91%, 93% w/w mannitol respectively)

Physical mixture of glibenclamide with 91% w/w mannitol was tested for dissolution
behaviour and compared with the corresponding lyophilised mixture, commercial
tablets and unprocessed drug. Figure 3.16 shows marked increase in the dissolution
rate and extent of glibenclamide from the lyophilised mixture compared with other

formulations

The percentage of glibenclamide dissolved after 30 minldgg &nd thetime for
dissolution of 50% of the initial amoun{Tsoy) Were represented in Table 3.5.
Lyophilisation of glibenclamide with mannitol decreasegylfrom 54.3 minutes
(commercial tablets) and more than 120 minutes (unprocessed drug) to 22.2 minutes
while that of the physical mixture was 114.2 minutes. Furthermore, After 30
minutes, almost 76.7% of drug dissolved from the lyophilised mixture while for the
physical mixture, commercial tablets and unprocessed drug only 40.5%, 39.1% and

33.5% respectively dissolved.
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Figure 3.15: Effect of different concentrations of mannitol on the dissolutiorprofile of
lyophilised glibenclamide (n=6)
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Figure 3.16: Dissolution profiles of lyophilised and physical mixturesof glibenclamide
with 91% w/w mannitol (n=6).
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Table 3.5: Dissolution properties of lyophilised and physical mixtures of glibenclamide
with 91% w/w mannitol compared to the unprocessed drug and commaal tablets.

Sample D3o+ SE Ts00 (Minutes)
Lyophilised mixture 76.7 +4.8 22.2
Physical mixture 40.5+1.1 114.2
Commercial tablets 39.1+0.5 54.3
Unprocessed glibenclamide 33.5+1.2 >120

The exhibiteddissolutionenhancemeninay be attributed to the formation affug

solid dispersion throughout the water soluble excipient, manniofing the
lyophilisation process. Typical mechanisms for enhancemmntdissolution
properties of drugs by solid dispersions Bmenation of smalle particle sizeof the

drug (Karavas et al., 2005pglteration ofdrug polymorphic form Karavas et al.,
2006); enhancement of drug wettabili(fajc et al., 2005 prevention ofdrug
particle aggregation bgxcipiens; and finally the combination dhesemechanisms
Another explanation for the produced dissolution enhancement of glibenclamide is
the transformation of the drug &m amorphous form in the produced solid dispersion
(see Section 4.4.1.2)Solubility and dissolution enhancement of glibenctiarfrom

the drug solid dispersion with polyglycolized glycerid€zlucire 50/13, 44/14)as

been explained on the basis of formation of amorphous form of the drug in the solid
dispersion (Chauhan et al., 2005). Ahuja et al. (2007) have studied the@nkan

of a poorly watessoluble drug,rofecoxily through formation of a solid dispersion
with mannitol. Also, solid dispersion formation of a hydrophobic drug, meloxicam,
with mannitol has been reported to increase the solubility and dissolution tate of
drug Pathak et al., 2008)

3.4.2.3 Lyophilised glibenclamideSLS mixture

The effect of different concentrations of SLS on the dissolution characteristics of

lyophilised glibenclamide is illustrated in Figure 3.17. The lyophilised mixtures of
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glibenclamide with SLS exhibited marked improvement in the dissolution rate and
extent especially with higher concentrations of the excipieBtatistical analysis
showed a significant difference betweedissolution profiles of the lyophilised
glibenclamde-SLS formulationsandthat ofthe lyophilised drug alonef{= 42, 28.3,

23 for 8%, 91%, 93% w/w SLS respectively).
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Figure 3.17: Effect of different concentrations of sodium lauryl sulfate on the
dissolution profile of lyophilised glibenclamide (n=6)

The dissolution behaviour of the physical mixture of glibenclamide with 93% w/w
SLS was investigated and compared with the corresponding lyophilised mixture,
commercial tablets and unprocessed drug (Figure).3.TBe lyophilised mixture of
glibenclamide with SLS exhibited marked improvement in the dissolution rate and
extent of the drug. Statistical analysis showed significant differences between
dissolution profile of the lyophilised mixture and those ofdbeesponding physical
mixture, commercial tablets and unprocessed drug witlalfies of 13.4, 14.2 and

7.8 respectively.

81



120

L

n

+|

O

(2]

@

Q&

g

(o))

2

o

X

c

a

[}

=

0 T T T T T T 1
0 20 40 60 80 100 120 140
Time (minutes)

—e&—lyophilised glibenclamide ——|yophilised mixture
—4&— physical mixture —>—unprocessed glibenclamide

—o— commercial tablets

Figure 3.18: Dissolutionprofiles of lyophilised and physical mktures of glibenclamide
with 93% w/w sodium lauryl sulfate (n=6).

Table 3.6 shows TFow and D3y of glibenclamide from different formulations.
Lyophilisation of glibenclamide with SL$esulted in a marked decrease igyd
relative to the commercial tablets, unprocessed drug and physical mixture.
Furthermore, after 30 minutes, almost all the drug content of the lyophilised mixture
dissolved while the physical mixture, commercial tableisd unprocessed

glibenclamide showed less than 50% drug dissolution.

The improvement in the dissolution properties of glibenclamide may be attributed to
formation of amorphous state of the drug in the lyophilised matrix of the water
soluble fast dissolvip excipient (see Section 4.4.1.3). Furthermore, sodium lauryl
sulphate surfactant activity in solution aiding drug wetting, solubilisation and
dissolution is another contributing factor. Another possible explanation for the
dissolution enhancement exhdd by SLS is the formation of solid dispersion with
the drug during the lyophilisation process which in turn enhances dissolution through

the previously mentioned mechanisms (Section 3.4.2Z2)akrabortyet al. (2009)
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has reported thatcarvedilol solubiity was enhanced by increasing SLS
concentrations in a basic dissolution medium. ARgkushina et al. (2007) has
reported dissolution enhancement of atazanavir from its amorphous solid dispersion
with SLS. Similar results have been obtained by Kennedy et al. (2008) who reported
12-fold dissolution enhancement MG 517 from its amorphous solid dispersion

containing SLS compared with that without surfactant.

Table 3.6: Dissolution properties of lyophilised and physical mitures of glibenclamide
with 93% w/w sodium lauryl sulphate compared to the unprocessed drug and
commercial tablets.

Sample D3+ SE Ts006 (Minutes)
Lyophilised mixture 98.5 +0.3 4.1
Physical mixture 39.8 £0.7 46.3
Commercial tablets 39.1+0.5 54.3
Unprocessed glibenclamide 335+1.2 > 120

3.4.2.4 Lyophilised glibenclamiddPEG 6000 mixture

The effect of different concentrations of PEG 6000 on the dissolution characteristics
of lyophilised glibenclamide is illustrated in Figure 3.19. It was found that only the
lyophilised mixture of glibenclamide with 80% w/w PEG 6000 exhibited marked
improvement in the dissolution rate and extent. Statistical analysis showed
significant difference between the dissolution profile of the lyophilised
glibenclamide80% w/w PEG 6000 and that of the lyophilised drug aloywe 3f1.2).

The dissolution performanad the physical mixture of glibenclamide with 80% w/w
PEG 6000 was investigated (Figure 3.20). The lyophilised mixture exhibited marked
improvement in the drug dissolution rate and extent. Statistical analysis showed
significant differences between thissblution profile of the lyophilised mixture and
those of the corresponding physical mixture, commercial tablets and unprocessed

glibenclamide (f=14.7, 17.7, 10.1 respectively).

83


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fukushima%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract

Mean % drug releaseNSE

80

o2}
o

N
o

N
o

O T T T T T T 1
0 20 40 60 80 100 120 140
Time (minutes)

——0% w/w —4—33% w/w —B-50%w/w —*—80% w/w

Figure 3.19: Effect of different concentrations of polyethylene glycol on the
dissolution profile of lyophilised glibenclamide (n=6)
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Figure 3.20: Dissolutionprofiles of lyophilised and physical mixtures ofglibenclamide
with 80% w/w PEG 6000(n=6).
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Lyophilisation of glibenclamide with 80% w/w PEG 6000 significardgcreased
Tso09 0f glibenclamidan comparison witltommercial tablets and unprocessed drug.
FurthermoreD3 of the drug from the lyophilised mixture was found to be more than
2-fold those from the physical mixture, commercial tablets and the unprocesged d
(Table 3.7).

Table 3.7: Dissolution properties of lyophilised and physical mitures of glibenclamide
with 80% w/w PEG 6000 compared to the unprocessed drug and commercial tablets

Sample D3+ SE Tso9 (Minutes)
Lyophilised mixture 95.6 £1.6 9.4
Physical mixture 39.8 £0.8 > 120
Commercial tablets 39.1+0.5 54.3
Unprocessed glibenclamide 33.5+1.2 > 120

The possible mechanism of increased dissolution rate by PEG 6000 may be the
formation of solid dispersion during lyophilisatimesulting in reduction of the
particle size of the drug; improvement of drug wettability; disaggregation of drug
particles and dissolution of the drug in the hydrophilic excipient. Also, formation of
an amorphous form of the drug in the solid disperssoaniother explanation for the
dissolution rate enhancement (see Section 4.4.1.4). Law et al. (2001) investigated
the dissolution rate enhancement @bmavir, a human immunodeficiency virus
(HIV) protease inhibitgrby the formation of an amorphous foohthe drug in its

solid dispersion with PEG 8000. Additionally, the solubilisation effect of PEG itself
might play an important role in the improvement of the dissolution characteristics of
glibenclamide. These results are in agreement with Asyari®askdmawati (2007)

who found that the dissolution and solubility of gliclazide were enhanced through
formation of a solid dispersion of the drug with PEG 6000. Also, it was found that
PEG 6000 enhanced the dissolution rate of rofecoxib as a model of paidy
soluble drug (Ahuja et al., 2007).
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3.4.2.5 Lyophilised glibenclamidegelatin mixture

The effect of different concentrations wéter solublegelatinon the dissolution rate

of lyophilised glibenclamide is illustrated in Figure 3.21. It is cfeam the Figure

that 506 and 66% w/w gelatin retarded the dissolution rate of glibenclamide during
the first 40 minutes. Statistical analysis showed a significant difference between the
dissolution profile of lyophilised glibenclamide alone and those yophilised
glibenclamide with 50% and 66% w/w gelatin with ¥alues of 47 and 45
respectively. On the other hand, the dissolution profile of the lyophilised drug with
28% w/w gelatin showed no significant difference from that of the lyophilised

glibenclanide alone f=57.
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Figure 3.21: Effect of different concentrations of gelatin on thalissolution profile of
lyophilised glibenclamide (n=6)

The dissolution performance of the physical mixture of glibenclamide with 50% w/w
gelatin was investigated drcompared with the corresponding lyophilised mixture,

commercial tablets and unprocessed drug. Figure 3.22 shows that after the first 30
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minutes, the lyophilised mixture of glibenclamide with the excipient exhibited
marked improvement in the dissolutioate and extent over the corresponding

physical mixture, unprocessed drug and commercial tablets.
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Figure 3.22: Dissolutionprofiles of lyophilised and physical mixtures ofglibenclamide
with 50% w/w gelatin (n=6).

Ts09, 0f glibenclamideandthe percentage dissolved after 60 minut®g) are shown

in Table 3.8. Lyophilisation of glibenclamide with gelatin decreasggdfiom 54.3
minutes (commercial tablets) and more than 120 minutes (unprocessed drug) to 40
minutes while that of the physical xtiire was more than 120 minutes. Furthermore,
after 60 minutes, almost 78% of glibenclamide dissolved from the lyophilised
mixture, while only 44.8%, 52.1% and 39.7% of the drug dissolved from the physical

mixture, commercial tablets and unprocessed gtilznide respectively.
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Table 3.8: Dissolution properties of lyophilised and physical mitures of glibenclamide
with 50% w/w gelatin compared to unprocessed drug and commercial tablets.

Sample Deo = SE Ts09 (Minutes)
Lyophilised mixture 78+ 1.2 32.8
Physical mixture 448+ 0.4 > 120
Commercial tablets 52.1+ 0.6 54.3
Unprocessed glibenclamide 39.7+ 1.2 > 120

The enhanced dissolution rate and extent of glibenclamide from the lyophilised
mixture with gelatin over the commercial tablets, physmadture and unprocessed
drug may beattributed totransformation of the drug to an amorphous form during
the lyophilisation process with the amorphous excipient (see Section 4.4.1.6). This is
in agreement with Chono et al. (2008) who found that the dissol rate and
gastrointestinal absorption of pranlukast as a model poorly \sabelble drug were
enhanced by grinding with gelatikallinteri and Antimisiaris (2001)found that the
solubility of seven drugs (nitrofurantoin, chlorothiazide, phenobarlgtabnisolone,
griseofulvin, diazepamand piroxicam)vas significantly enhanced in the presence of
gelatin. Also, formation of a solid dispersion of the drug in the hydrophilic excipient
during lyophilisation can be considered another explanation fodiselution rate
enhancementOn the other hand, retardation effect of high concentrations of gelatin
on the dissolution rate compared to lyophilised glibenclamide alone cowdeb®

the increasén the viscosity of the diffusion layer surrounding tbemulationwhich
retards diffusion ofvater intothe drugparticles Similar results have been reported
for carbamazepine as its dissolution rate from liquisolid formulations was higher in
the presence of lower concentrations of hydroxypropgthylcelulosethan higher

concentrations that form gel around the drug partidasadzadebt al., 2007).
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3.4.2.6 Lyophilised glibenclamiddromethamine mixture

The effect of different concentrations of tromethamine (33%, 50% and 80% w/w) on
the dissolution rate of lyophilised glibenclamide is illustrated in Figure 3.23. The
lyophilised mixtures were characterised by marked dissolution rate enhancement.
Statisti@al analysis showed significant differesdeetweendissolutionprofiles ofthe
lyophilised glibenclamidetromethamine formulationgnd that of the Iyophilised

drug alonefe= 36.7, 40.3, 48.3 for 80, 50%, 33% w/w tromethamine respectively)

Figure 3.24 sbws the performance of the physical mixture of glibenclamide with
50% wi/w tromethamine. The lyophilised mixture was characterised by a marked
enhancement in the dissolution rate and extent over the corresponding physical

mixture, unprocessed drug and coermal tablets.

120 -

100 -

Mean % drug releaseN SE

(0]
o
I

(2]
o
I

N
o
1

20 ~

0 20 40 60 80 100 120 140
Time (minutes)

——0% w/w —4—33%w/w —B—-50%w/w —>—80% w/w

Figure 3.23: Effect of different concentrations of tromethamine on the dissolution
profile of lyophilised glibenclamide (n=6).
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Figure 3.24: Dissolutionprofiles of lyophilised and physical mixtures of glibenclamide
with 50% w/w tromethamine (n=6).

Tsoe and Dy Of glibenclamide from different formulations are shown in Table 3.9.
The dissolution rate of glibenclamide could be ranked: lyophilised mixture >
commercial tablets > physical mixture or unprocessed drug. Moreover,3@fter
minutes, the percentage of glibenclamide dissolved from the lyophilised mixture,
was more than-fold those dissolved from the physical mixture, commercial tablets

and unprocessed drug.

Table 3.9: Dissolution properties of lyophilisedand physical mixures of glibenclamide
with 50% w/w tromethamine compared to unprocessed drug and commercial tablets.

Sample D3+ SE Tso0 (Minutes)
lyophilised mixture 86.3+1.3 14.2
Physical mixture 39.7+0.4 > 120
Commercial tablets 39.1+0.5 54.3
Unprocessedlibenclamide 35.5+1.2 > 120
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The enhanced dissolution of glibenclamide from its lyophilised mixture with
tromethamine may be attributed to formation of an amorphous form of the drug
during the lyophilisation process (see Section 4.4.1.5) and solid dispersion formation.
Another contiibuting factor is the increased wettability of the drug particles due to
the solubilising effect of tromethamine which acts as an alkalinizing agent that
increased the pH in the immediate diffusion layer surrounding glibenclamide
particles. This finding ign agreement with Abdelkader et al. (2007) who found that
the dissolution rate and analgesic effect of nimesulide, a poorly-saitdsle acidic
drug, were enhanced by formation of solid dispersion with tromethamine. Salt
formation through interaction beeen the acidic drug and basic excipient could be
another mechanism of dissolution enhancemémtGloughlin and Corrigar§1992)
investigated dissolution enhancement-f@@) of benzoic acid, a model acidic drug,

from its mixture with tromethamine duegalt formation.

3.4.2.7 Lyophilised spironolactone

Dissolution profile okained from the lyophilised spironolactone filled into hard
gelatin capsules is shown in Figure 3.26.contrast to glibenclamide, lyophilisation
process had a negative effect on the dissolution performance of spironolactone. It
was found that the dissolution rates of spironolactone commercial tablets and the
unprocessed powder were superior to thatheflyophilised drug alone during the

first 60 minutes. Statistical analysis showed significant differences between the
dissolution profiles of the commercial tablets or the unprocessed powder and that of
the lyophilised drug alone wit fvalues of 45 ath 32 respectively. The decrease of
the dissolution rate of the lyophilised spironolactoise attributable to poor
wettablity of the lyophilised powder.This poor wettability might be attributed to

the lyophilisation process whictvas visually observedd(ring weighing) to induce

an electrostatichargeon the spironolactone powdesuchthatit self-associated and
remained floating on the surfacé the dissolution medium for a prolongéidhe.
Similar results were obtained hgitinen et al. (2009) who found thduet lyophilised
perphanazine/PVPsolid dispersion remained floating on the surface o th

dissolution medium which subsequently é&ged the drug dissolution rate
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Figure 3.25: Effect of lyophilisation on thedissolution profile of spironolactone (n=6)

3.4.2.8 Lyophilised spironolactonegnannitol mixture

The effect of differentconcentrations of mannitol on the dissolution profile of
lyophilised spironolactone is illustrated in Figure 3.26. It was found that mannitol in
all concentrations enhanced the dissolution rate of spironolactone. Statistical
analysis showed significantifitrences between individual dissolution profiles of
lyophilised spironolactone with different concentrations of mannitol, and that of the
lyophilised drug aloneff= 42.8, 30.7, 29.1 for 50%, 67%, 80% w/w mannitol

respectively)

Physical mixtures of spnolactone with 67% w/w mannitol were tested for
dissolution behaviour and compared with the corresponding lyophilised mixture,
commercial tablets and unprocessed drug. Figure 3.27 showed marked increase in
the rate and extent of dissolution of spiroctd@e from the lyophilised mixture.
Statistical analysis showed significant differences between the dissolution profile of
the lyophilised spironolactonalone and those of commercial tablets, physical

mixture and the unprocessed drug wWithalues of 425, 36.6 and 37.3 respectively
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Also, it was found that the physical mixture had a superior dissolution rate over that
of the commercial tablets. Statistical analysis showed a significant difference
between their dissolution profiles£36).

The percentag) of spironolactone dissolved after 30 minutespg(Bnd thetime for
dissolution of 50% of the initial amount {};) were represented in Table 3.10.
Lyophilisation with mannitolwas found to decrease the initial dissolution afte
spironolactone relative to that of tpaysical mixtureandunprocessed drugAfter
30 minutes, the percentage of the drug dissolved from the lyophilised mixdisre
higher than those dissolved from tipdysical mixture, commercial tablets and

unprocesed drugsuggesting the absence of correlation between the dissolution rate
and extent of spironolactone.
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Figure 3.26: Effect of different concentrations of mannitol on thedissolution profile of
lyophilised spironolactone (n=6)
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Figure 3.27: Dissolution profiles of lyophilised and physical mixtures of spironolactone
with 67% w/w mannitol (n=6).

Table 3.10: Dissolution properties of Iyophilised and physical mixtures of
spironolactone with 67 % w/w mannitol compared to the unprocessed drug and
commercial tablets

Sample D3+ SE Ts09 (Minutes)
Lyophilised mixture 942+21 12.1
Physical mixture 895+14 4.4
Commercial tablets 74145 12.8
Unprocessed spironolactone 775+45 4.8

The exhibited dissolution enhancement by mannitol comparigid lyophilised
spironolactone alonenay be attributed to the formation of solid dispersion of
spironolactone with mannitol during lyophilisation proce$gpical mechanisms for
enhancement of dissolution properties of drugs by solid dispersions were discussed

in Section 3.4.2.2 Furthermore, the drug might transform to an amorphous form in
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the matrix of the lyophilised wateoluble excipient dee Section4.4.2.2). The
dissolution enhancement noticed for the spironolactone physical mixture might be
due to the close contact of the drug with the hydrophilic excipient during dry mixing
which resulted in increased wettability and dispersibility of spironafect@®n the

other hand, increasing of thegd,of the lyophilised mixture of spironolactone might

be attributable to floating of the powder that was noticed at the rorgirof the
dissolution period.This floating behaviour was due to poor wettabilitysad by the
lyophilisation process which could electrically charge the spironolactone povwder.

a similar study, Arias et al. (1994) investigated the enhancement of dissolution rate
and oral absorption of triamterene, a sparing potassium diuretic bytformof a

solid dispersion with mannitol.

3.4.2.9 Lyophilised spironolactonesLS mixture

The effect of different concentrations of SLS on the dissolution characteristics of
lyophilised spironolactone is illustrated in Figure 3.28. The lyophilisedun@g of
spironolactone with SLS exhibited marked enhancement in the the extent and rate of
drug dissolution.  Statistical analysis showed significant differences between
dissolution profiles of spironolactone lyophilised with 67% and 74% w/w SLS and

thatof the lyophilised drug alone with values of 22.5 and 19 respectively.

The dissolution behaviour of the physical mixture of spironolactone with 67% w/w
SLS was investigated. It can be observed from Figure 3.29 that the lyophilised
mixture of spironolactone was characterised by higher extent and rate of drug
dissolution. Stastical analysis showed significant differences between the

dissolution profiles of the lyophilised mixture of spironolactone and those of the
commercial tablets, physical mixture and unprocessed drug wigttues of 29, 49.5

and 40 respectively

Tsoeand Byo of spironolactone are represented in Table 3.11. The dissolution rate of
spironolactone from different formulations could be ranked: lyophilised mixture >
physical mixture > unprocessed drug > commercial tablets. The extent of dissolution

did notappear to correlate with dissolution rate.

95



120

100 +

Mean % deug releaset SE

O T T T T T T 1
0 20 40 60 80 100 120 140

Time (minutes)

——0% w/w —B—55%w/w —&—67%w/w —>—74% wiw

Figure 3.28: Effect of different concentrations of sodium lauryl sulfate on the
dissolution profile of lyophilised spironolactone (n=6).
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Figure 3.29: Dissolutionprofiles of lyophilised and physical mixtures of spironolactone
with 67% w/w sodium lauryl sulfate (n=6).
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Table 3.11: Dissolution properties of Iyophilised and physical mixtires of
spironolactone with 6®6 w/w sodium lauryl sulphate compared to the unprocessed
drug and commercial tablets.

Sample D3+ SE Ts09 (Minutes)
Lyophilised mixture 96.6+1.6 3.5
Physical mixture 853+1.2 3.6
Commercial tablets 74.1+45 12.8
Unprocessed spironolactone 77.5+45 4.8

The marked improvement in the dissolution properties of spironolactone from its
lyophilised mixtures with SLS may be attributed to formation of an amorphous state
of the drug in the lyophilised matrix of SLS (see Section 4.4.2.3). This is in
agreement with Dong et al. (2010) who reported that the amorphous form of
spironolactone coatned in a nanoparticle formulation had a role in the dissolution
rate enhancement of the drug. Other explanations for the mechanism of drug
dissolution rate enhancement by SLS were explained in Section33.4£Latel and
Joshi (2008) also reported th&L.S had a significant effect in enhancing the
dissolution rate of @clofenac a poorly watessoluble drug, whemmixed with
another surfactant from the alkyl polyglucoside clé¢€40APG, C12APG and
C12/14APG)

3.4.2.10 LyophilisedspironolactonePEG 6000 mixture

The effect of different concentrations of PEG 6000 on the dissolution characteristics
of lyophilised spironolactone is illustrated in Figure 3.30. The different
concentrations of the watepluble excipient had an obvioaahancing effect on the
dissolution properties of spironolactone. Statistical analysis showed significant
differences between the dissolution profile of the lyophilised spironolactone alone
and those of the lyophilised mixtures of the drug with 50%, 678l 80% w/w of

PEG 6000, withfvalues of 46, 34 and 35 respectively.
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Figure 3.30: Effect of different concentrations of polyethylene glycol 6000 on the
dissolution profile of lyophilised spironolactone(n=6).

The dissolution performance of the physiaaixture of spironolactone with 67%
w/w PEG 6000 was investigated and compared with the corresponding lyophilised
mixture, commercial tablets and unprocessed drug (Figure 3.31). The lyophilised
mixture of spironolactone exhibited slower dissolution raga tthat of the physical
mixture and similar dissolution rate to that of the commercial tablets during the first
twenty minutes. After that, the dissolution rate of the drug from the lyophilised
mixture exceeded that of the physical mixture and commetaiidéts. Moreover,

the dissolution profile of the physical mixture was significantly different from that of

the commercial tablets,f 44.7) showing higher dissolution rate.

Table 3.12 shows shy and D3o of spironolactone from different formulations.
Lyophilisation of the drug with PEG 600@sulted in an apparent increaseTiay,
suggestingslower dissolution rate of spironolactone from the lyophilised mixture
compared withthe physical mixture, commercial tableasmd unprocessed drug.

After 30 minutesthe percentage of the drug dissolved from the lyophilised mixture
was higher than those dissolved from the other formulations suggesting the absence

of correlation between the dissolution rate and extent of spironolactone.
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Figure 3.31:Dissolution profiles of lyophilised and physical mixtures of spironolactone
with 67% w/w polyethylene glycol 600Qn=6).

Table 3.12: Dissolution properties of lyophilised and physical mitures of
spironolactone with 6® w/w PEG 6000 compared to the unprocessed drugnd
commercial tablets.

Sample D30+ SE Ts00 (Minutes)
Lyophilised mixture 89+2.1 13.2
Physical mixture 87+3.1 7.2
Commercial tablets 741+ 45 128
Unprocessed spironolactone 775+45 48

The initial, slow dissolution rate of spironolactdinem its lyophilised mixture with

PEG 6000 and the increase igypf were attributed to the transient floating of the
lyophilised powder on the surface of the dissolution medium at the beginning of the
dissolution run due to the effect of the lyophilisatpmocess on spironolactone (see

Section 3.4.2.7). The possible mechanism for subsequent dissolution rate

99



enhancement may be the solubilisation effect of PEG 6000 in addition to the
formation of a solid solution of the drug with PEG 6000 during the lycgattibn
process that led to reduction of the drug particle size and/or improvement of its
wettability. Also, the formation of an amorphous state of spironolactone may play an
important role in the observed drug dissolution enhancement (see Section 4.4.2.4)
The improvemenin spironolactone dissolution rate from the physical mixture during
the first twenty minutes was attributed to the close contact of the drug with the
hydrophilic excipient during dry mixing which resulted in increased wettability and
dispersibility of spironolactoneln a similar study, the solubility ardissolution rate

of lamotriginewere reported to be enhanced by solid dispersion formation with PEG
6000 using solvent evaporation technique. Physical characterisation of the solid
dispersion revealed that the drug was converted to an amorphousShinaé¢ et al.,
2008) PEG 6000 has also been reported to enhance the dissolution rate of
carbamazepine either in the solid dispersion formulation or the corresponding

physical mixture withtie drug Zerrouk et al., 2001)

3.4.2.11 Lyophilised spironolactoneitric acid mixture

The effect of different concentrations of citric acid on the dissolution rate of
lyophilised spironolactone is shown in Figure 3.32. The excipient had a marked
retardation effect on the dissolution rate and extent of the drug from the lyophilised
mixtures. Furthermore, it was found that as the concentration of citric acid decreases,
the rate and extent of dissolution of spironolactone decreases. Statisticalsanalysi
showed significant difference in the extent and rate of dissolution between the
lyophilised formulations with fvalues <50. At the end of the dissolution period,

the amount of the drug dissolved from the lyophilised mixtures of the drug with 55%,
67% and 74% wi/w citric acid was 41%, 57% and 70% respectively while that of the

lyophilised drug alone was 92%.

The dissolutionperformance of the physical mixture of spironolactone with 55%
w/w citric acid was investigated. It is obvious from Figure 3.33 that the Iyophilised
mixture exhibited a markedly reduced extent and rate of dissolution than the

corresponding physical mixte, commercial tablets and unprocessed drug.
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Table 3.13shows Tsoy, and D3 of spironolactonefrom different formulations
Lyophilisation of the drug with citric acid increasedgy} to more than2 hours
relative tothe physical mixture and unprocessed dsuggesting massive decrease in
the dissolution rate of spironolactone from the lyophilised mixturerthermore,
after 30 minutes, thpercentagelrug dissolved from the lyophilised mixtunas less
than 20% while those dissolved from tpleysical mixture commercial tablets and
unprocessed drugere more than 70%.
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Figure 3.32:Effect of different concentrations of citric acid on thedissolution profile of
lyophilised spironolactone (n=6).
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Figure 3.33: Dissolutionprofiles of lyophilised and physical mixtures of spironolactone
with 55% wi/w citric acid (n=6).

Table 3.13: Dissolution properties of lyophilised and physical mixtures of
spironolactone with 5% w/w citric acid compared to unprocessed drug and
commercial tablets.

Sample D3+ SE Tso0 (Minutes)
lyophilised mixture 17.3+1.3 >120
Physical mixture 754+ 1.7 5.7
Commercial tablets 74.1+ 4.5 12.8

Unprocessed spironolactone 775+ 45 4.8

The retardation of spironolactone dissolution frissryophilised mixture with citric
acid may be attributable tdhe high hygroscopicity of citric acid that affected the
structural integrity of the lyophilised mixtureThis led to formation of aggregated
sticky particlesupon addition to aqueous dissolution mettiat were seen sinkires

a mas tothe bottom of the the@essel where they remained throughout. Similar
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findings have been reported by Hodges et al. (2006) who found that citric acid
hygroscopicityhad a negative effect orthe structural integrity of thdyophilised
spironolactonanannitol-SLS system.In the case of higher concentrations of citric
acid, the faster dissolution rate might be explained on the basis of improved
wettability by alteration of the chemical environmepH(and hydrogen bondihg

surrounding the drug particles

3.4.2.12 Lyophilised spironolactonéumaric acid mixture

The effect of different concentrations of fumaric acid on the dissolution rate of
lyophilised spironolactone is shown in Figure 3.34. The lyophilised mixtures of the
drug with high concentrains of fumaric acid (67%, 74% w/w) showed marked
improvement in the dissolution rate of spironolactone. There was a significant
difference between the dissolution profile of the Iyophilised mixture of
spironolactone with 74% w/w fumaric acid (superiossailution rate) and that of

lyophilised mixture of the drug with 67% fumaric acid w/w=%£f48.4).

Figure 3.35 shows the performance of the physical mixture of spironolactone with
74% w/w fumaric acid. Both the lyophilised and physical mixtevdsbited greater

rate and extent of drug dissolution compared with that of the commercial tablets and
the unprocessed drug with no significant difference between their dissolution profiles
(f, = 55.65).

The time for dissolution of 50% of the initial amouof spironolactone and the
percentage dissolved after 30 minutes al®wn in Table 3.14. Ming of
spironolactone with fumaric acid either in the lyophilised or physical mixture
decreased shy, compared with the commercial tabletsFurthermore, After G
minutes, theercentagelrug dissolved from the lyophiliset physical mixturevas
more than 85%wvhile those dissolved frorthe commercial tablets and unprocessed

drugwere less than 80%
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Figure 3.34:Effect of different concentrations of fumaric acid on thedissolution profile
of lyophilised spironolactone (n=6).
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Figure 3.35: Dissolutionprofiles of lyophilised and physical mixtures ofspironolactone
with 74% w/w fumaric acid (n=6).
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Table 3.14: Dissolution properties of lyophilised and physical mixtures of
spironolactone with 7460 w/w fumaric acid compared to unprocessed drug and
commercial tablets.

Sample D3+ SE Tso0 (Minutes)
lyophilised mixture 93.6+x03 7.6
Physical mixture 88.4+2.3 4.9
Commercial tablets 74.1+1.6 12.8
Unprocessed spironolactone 775+23 4.8

The enhanced dissolution of spironolactone from the lyophilised mixture with
fumaric acid may be attributed to solid dispersion formation during the process of
lyophilisation. Formation of an amorphous form gpfironolactone is another
possible explanation (see Section 4.4.2.6). In additieration of the chemical
environment surrounding spironolactone particles by fumaric acid might contribute
to the dissolution enhancement of the drug from the lyophilesed physical
mixtures. This is in agreement willran et al. (2010) who found that fumaric acid
greatly enhanced the dissolution radipinefrom its solid dispersion with PVP.

The enhancement was attributed to pH change of the drug microenvironment for
extended time and maintenance of the amorphous structure through intermolecular

interactions betweaethe drug and fumaric acid.

3.4.2.13 Lyophilised ketoconazole

Dissolution profile of the lyophilised ketoconazole filled into hard gelatin capsules is
shown inFigure 336. The lyophilised ketoconazole showed improvement in the
dissolution rate in the first 15 minutes compared with the commercial tablets and
unprocessed drug. A marked reduction in the rate and extent of ketoconazole
dissolution was observed from the lydmed formulation after the first 15 minutes

until the end of the dissolution experiment.
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Figure 3.36:Effect of lyophilisation on the dissolution profile of ketoconazole (n=6).

The initial improvement of ketoconazole dissolution rate compared to the
unprocessed drug and the commercial tablets may be due to formation of an
amorphous form of the drug during the lyophilisation process (see Section 3.4.3.1).
As the lyophilised ketoconazole was highly hygroscopic, it absorbed ambient
moisture during fillirg into gelatin capsules that led to formation of aggregated
sticky particles thaiverevery difficult to handle under norm&lboratoryconditions.
These aggregated sticky particles cl@ethpupon addition to dissolution media and
sank to the bottom of the flask This explains the lowemrate and extent of

ketoconazola@lissolution after the first 15 minutes.

3.4.2.14 Lyophilised ketoconazoimannitol mixture

The effect of different concentrations of mannitol on the dissolution eradif
lyophilised ketoconazole is illustrated in Figure 3.37. Statistical analysis showed no

significant differences between the dissolution profile of the Ilyophilised
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ketoconazole alone and those of the lyophilised drug with 11%, 20% and 33% w/w

mannitol(f,= 51.5, 54.8, 57.3 respectively).
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Figure 3.37: Effect of different concentrations of mannitol on thedissolution profile of
lyophilised ketoconazole(n=6).

Physical mixture of ketoconazole with 33% w/w mannitol was tested for dissolution
behaviour and compared with the corresponding lyophilised mixture, commercial
tablets and unprocessed drug (Figure 3.38). Statistical analysis showed no significant
difference between the dissolution profiles of the Iyophilised and physical mixtures
with an f, value of 51. On the other hand, there were significant differences between
the dissolution profile of the lyophilised mixture and those of the commercial tablets
and unprocessed drug € 29 and 40.1 respectively) as the lyophilised ketoconazole

mannitol mixture exhibited superior dissolution rate during the first 20 minutes.

Table 3.15 shows the percentage of ketoconazole dissolved after 15 mingjes (D
and thetime for dissolution of 50% of the initial amounts{d). Lyophilisation of

ketoconazole with mannitollecreased shy, Of the drugrelative to thephysical
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mixture, commercial tablets andnprocessed drugAfter 15 minutesthe percentage
of ketoconazole dissolved frotie lyophilised mixture exceeded those dissolved
from thethe other formulations.
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Figure 3.38: Dissolution profiles of lyophilised and physical mixtures of ketokonazole

with 33% w/w mannitol (n=6).

Table 3.15: Dissolution properties of lyophilised and physical rixtures of ketoconazole
with 33% w/w mannitol compared to the unprocessed drug and commercial tablets.

Sample Dis+ SE T 500 (Minutes)
Lyophilised mixture 92.5+0.6 3.6
Physical mixture 79.1+15 5.4
Commercial tablets 65.6 £2.1 12.2
Unprocessed ketoconazole 826+2.1 8
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The initial dissolution rate enhancemenibf ketoconazole from the lyophilised
mixture with mannitol (relative to the unprocessed drug and commercial tablets) is
attributed to tk formation of a solid dispersiasf the drug with the water soluble
excipient duringthe lyophilisatiom process. The mechanisms for enhancemet
dissolutionrate of a drug by solid dispersion were discussed in Section 3.4.2.2
Transformation of ketoconazole to an amorphous state during lyophilisation may be
another important contributing factor for tliBssolution rate enhancement (see
Section 4.4.3.2).

3.4.2.15 Lyophilised ketoconazolemannitol-SLS mixture

The effect of different concentrations of SiBannitol mixture on the dissolution
characteristics of the lyophilised ketoconazole is illustratedrigure 3.39. The
lyophilised mixtures containing high concentrations of SLS showed marked
improvement in ketoconazole dissolution rate compared the lyophilised drug alone
Statistical analysis revealed significant differences between the dissolutitiie pif

the lyophilised ketoconazole alone and those of the lyophilised mixture of the drug
with 14/28% and 19/27% w/w SESannitol with § values of 43.4 and 39.5

respectively.

The dissolution behaviour of the physical mixture of ketoconazole with 146 w/

SLS and 28% w/w mannitol was investigated. It can be observed from Figure 3.40
that the lyophilised mixture exhibited marked dissolution rate improvement in the
first 30 minutes of the dissolution period. Statistical analysis showed significant
differences between the dissolution profile of the lyophilised mixture and those of
the corresponding physical mixture, commercial tablets and unprocessed drug with f

values of 24.7, 24.3 and 35 respectively.

D15 and Tsge, Of ketoconazole from the lyophilised xture, commercial tablets,
physical mixture and raw drug are presentedable 3.16. The lyophilised mixture
of ketoconazole with 14% w/w SLS and 28% w/w manngbbwed the highest
dissolution rateand displayed the maximum percentage of drug dissaiied 15

minutes relative to the other formulations
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Figure 3.39: Effect of different concentrations of sodium lauryl sulfate and mannitol on
the dissolution profile of lyophilised ketocorazole(n=6).
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Figure 3.40: Dissolutionprofiles of lyophilised and physical nixtures of ketoconazole
with 14% w/w sodium lauryl sulfate and 286 w/w mannitol (n=6).
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The marked improvement in the dissolution rate of ketoconazole from the lyophilised
mixture may be attributed to transformationtleé crystalline form of ketoconazole

to an amorphous form during the lyophilisation process (see Section 4.4.3.3).
Furthermore, SLS surfactant activity and solid dispersion formation might have an

important role in the dissolution rate enhancement (seo8e3.4.23).

Table 3.16:Dissolution properties of lyophilised and physical rixtures of ketoconazole
with 14% w/w sodium lauryl sulphate and 286 w/w mannitol compared to the
unprocessed drug and commercial tablets.

Sample D5+ SE Ts00 (Minutes)
Lyophilised mixture 99.3+0.3 29
Physical mixture 58+ 0.6 12.1
Commercial tablets 64.2+ 2.1 12.2
Unprocessed ketoconazole 82.6+2.1 8

3.4.2.16 Lyophilised ketoconazolmannitol-PEG 6000 mixture

The effect of different concentrations of PEG000mannitol mixture on the
dissolution characteristics of lyophilised ketoconazole is illustrated in Figure 3.41.
The excipient mixtures had an enhancing effect on the dissolution rate of the drug.
Statistical analysis showed significant differencesvben the dissolution profile of

the lyophilised ketoconazole alone and those of the lyophilised mixture of the drug
with 40/20%, 25/2%%6 and 14/286 w/w PEG 6008mannitol giving $ values of 42.6

47.7 and 46.3 respectively.

The dissolution performance of ygdical mixture of ketoconazole with 14% w/w
PEG 6000 and 28% w/w mannitol was investigated and compared with the
corresponding lyophilised mixture, commercial tablets and unprocessed drug. Figure
3.42 shows that the lyophilised mixture exhibited the hsgdessolution rate relative

to the other formulations. Statistical analysis showed significant differences between

the dissolution profile of the lyophilised mixture and those of the physical mixture,
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commercial tablets anghprocessed ketoconazole withvalues of 41, 28.7 and 42.2

respectively.

Table 3.17 show®;s and Tsoy Of ketoconazole from different formulations. The
dissolution rate of the drug from these formulations could be ranked: lyophilised
mixture > physical mixture or unprocessed drugommercial tablets. Also, it can

be concluded from the table that the extent of spironolactone dissolution correlates

with its dissolution rate.
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Figure 3.41: Effect of different concentrations of polyethylene glycol and mannitol on
the dissolution profile of lyophilised ketocorazole(n=6).
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Figure 3.42: Dissolution profiles of lyophilised and physical mixtures of ketoconazole
with 14% w/w polyethylene glycol 6000 and 28% w/w mannitol (n=6).

Table 3.17: Dissolution properties of lyophilisedand physical mixtures of ketoconazole
with 14% w/w PEG 6000 and 286 w/w mannitol compared to the unprocessed drug
and commercial tablets.

Sample Dis+ SE Ts09 (Minutes)
lyophilised mixture 99.5+1.5 3.65
Physical mixture 82.2+3.1 8.1
Commercial tablets 64.2+2.1 12.2

Unprocessed ketoconazole 826+21 8

The increased dissolution rate of ketoconazole from the lyophilised mixture may be
due to the formation of an amorphous form of the drug in the solid dispersion post
lyophilisation (see Section 4.4.3.4). Also, the solubilisation effect of PEG 6000
might day an important role in the observed ketoconazole dissolution rate
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enhancement. It has been reported that the dissolution rate of ketoconazole was
enhanced from its solid dispersion with PEG 6000 containing various excipients of
self microemulsifying cug delivery systensuch as oils, fatty acids and surfactant
(Heo et al. 2005).

From dissolution studyresults, the lyophilised mixturesf ketoconazolewith

mannitol, mannitelSLS or mannitePEG 6000 provide extensive dissolution rate
enhancement. The time necessary for dissolution of 50% of ketoconazoledwas 3
minutes while 84% of drug dissolved in the first 5 minutes. It has been reported that

the dissolution rate of ketoconazole was improved dolid dispersion with
polyvinylpyrrolidone K25(Wuyts, as cited byvan den Mooteet al., 2001) and the

time necessary for dissolution of 50% of the drug was 10 minlisslusaDiaz et

al. (1996) has reported 80% ketoconazole dissolution at 5 minotesttie spray

dried compl ex of t he-cydlodaxtrin. \Whetetore the/resulte x y p r
of the present work are generally superior to previously reported formulation

approaches.

3.5 Summary of the intvitro dissolution results

Drug Results

1 Lyophilisation enhanced glibenclamide dissolution rate
extent compared to the unprocessed drug and comm
tablets.

1 Mannitol, SLS, PEG 6000 and tromethamine achig
further dissolution enhancement whenlypaphilised with
the drug.

glibenclamide 1 Colyophilisation of glibenclamide with high concentratio
of gelatin significantly retarded the drug dissolution rate.

1 Lyophilised mixtures of glibenclamide with 93% w/w SL
91% w/w mannitol, 80% w/w PEG 6000, 50% w/w gelg
or 50% w/w tromethamine exhtbd higher dissolution rat
than the corresponding physical mixtures, unprocessed

and commercial tablets.
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spironolactone

Lyophilisation retarded spironolactone dissolution 1
compared to the unprocessed drug and commercial tabl
Mannitol, SLS, PEG 6000 and fumaric acid achiev
dissolution rate enhancement for spironolactone when
lyophilised with the drug.

Citric acid retarded the dissolution rate and extent
spironolactone when egophilised with the drug.
Lyophilised mixtures oEpironolactone with 67% w/w SLY
67% w/w mannitol, 67% w/w PEG 6000, or 74% w
fumaric acid exhibited higher dissolution rate than
corresponding physical mixtures, unprocessed drug

commercial tablets.

ketoconazole

Compared to the unprocessedgland commercial tablet
lyophilisation enhanced the dissolution rate of ketocona|
in the first 15 minutes only while reduced the d
dissolution rate and extent after that.

Compared to the lyophilised drug alone, mannitol hag
enhancing effect onhe dissolution rate of ketoconazq
when calyophilised with the drug.

Co-lyophilisation of ketoconazole with mannitol and SLS
PEG 6000 enhanced the dissolution rate and extent @
drug compared to the lyophilised drug alone.
Lyophilised mixtures of ketoconazole with 28% wiy
mannitol and 14% w/w SLS or PEG 6000 exhibited hig
dissolution rate than the corresponding physical mixty

unprocessed drug and commercial tablets.

115



3.6 Conclusion
It can be concluded fromiis chapter that

1 Lyophilisation had variable effects on the dissolution rate of drug alone
depending on their physicochemical properties. Lyophilisagignificantly
enhanced the dissolution rate of glibenclamide compared to the commercia
tablets and unprocessed dru@n the other hand, it had a negative effect on
the dissolution rate of spironolacton&urthermore, lyophilisation enhanced
the initial dissolution rate of ketoconazobeit decreased th#tal extentof
drug dissolution

1 The different excipients used @ithe exception of citric acid) significantly
enhanced the dissolution rate of the drugs from their lyophilised mixtures
compared to the lyophilised drugs alone. Timay be attributable to the
formation of solid dispersiorsnd a change in the physictate of the drugs
after lyophilisation On the other handjtdc acid had a negative efft on
the dissolution rate dyophilised spironolactondue its hygroscopic nature

1 SLS exhibited the greatest enhancement ofthe dissolution rates of
glibenclamiek, gironolactone and ketoconazole.Thus, the lyophilised
mixtures of the model drugs with SLS wesebsequently employetbr
coating and stability studiesmdglibenclamidan-vivo study
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Chapter 4



4. Physicochemical characterisation of lyophilised and physical
mixtures of glibenclamide, spironolactone and ketoconazole with
water-soluble excipients

4.1 Introduction

Solid oral dosage forms are characterised by low production costs, ease of use and
handling and good physical and chemical stability. In solid dosage forms, active
pharmaceutical entities and excipients may be present in crystalline or aosrpho
forms. Depending upon the prevailing physical conditions experienced during
preparation of solid formulations, drug and/or excipients may undergo a number of
phase transitions including polymorphic, solvate, hydrate or amorphous formation.
Heating, stvent exposure, milling and drying processes such as lyophilisation and
spray drying can present suitable conditions for phase transformation during

pharmaceutical manufacturing.

Physicochemical characteristics of the solid state are influenced by plvas&dns

such as polymorphism or amorphous formation. The major characteristics
influenced are melting points, crystal shape, solid state reactions, hygroscopicity,
heat capacity, colour, solubility, dissolution rate and stability (Zhang et al., 2004).
Thus, properties of solid state drug substances and excipients should be identified in

order to guarantee reliable product performance.

Thermal analysis of drug substances and excipients is principally important for
investigation of the physical structuod a formulation and is regularly used as a
guality control procedure as well as in preformulation studies. Thermal analytical
techniques including differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and combined techniques such asiriértransform infrared
spectroscopy (FTR) and Xray powder diffraction (XRPD) support analysis of

substances in the solid state.
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4.2 Aims and objectives

The aim of this chapter is to employ a number of analytical techniques such as DSC,
FT-IR and XRPD to characterise lyophilised glibenclamide, spironolactone and
ketoconazole systems and their corresponding physical mixtures.

4.3 Methods

Analytical tehiniques and sample preparation are described in detail in Chapter 2.
Preparation of lyophilised and physical mixtures of the investigated drugs with
different watersoluble excipients is provided in Sections 3.3.2 and 3.3.3. All
mixtures were freshly preped and evaluated by DSC, TGA, R and XRPD.

4.4 Results and discussion
441 Glibenclamide
4.4.1.1 Lyophilised glibenclamide

Figure 4.1 shows the DSC thermograms of the unprocessed and lyophilised
glibenclamide. The unprocessed glibenclami@es characterised by a single sharp
endothermic peak at 175°C corresponding to the known melting point of the drug
crystals Panagopoulotaplani & Malamataris, 2000) In contrast, the thermogram

of the lyophilised drug lacked the drug melting endotherm, indicating the formation
of an amorphous form of glibenclamide during the Iyophilisation process.
Furthermore, the thermogram showed a shallow, broad endothermgsteatn 55°C

to 85°C followed by another small endotherm around 105°C corresponding to
removal of residual solvent. These broad endotherms might overlap the endotherm
corresponding to Jof the produced amorphous form of glibenclamide as it has been
repoted at 84.8°C (Chauhan et al., 2005). TGA results showed weight loss in the
temperature range 4005C supporting the above DSC results (Figure 4.2).
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Figure 4.1: DSC of unprocessed glibenclamide (a) and lyophilised glibenclamide (b)
powders.
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Figure 4.2: TGA of lyophilised glibenclamide powder.
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The corresponding XRPD patterns are compared in Figure 4.3. The unprocessed
drug exhibited high crystallinity as indicated by numerous sharp distinctive peaks as
previously reported (Hassanat, 1991; Chauhan et al., 2005). On the other hand,
the XRPD pattern of the lyophilised drug exhibited an extensive decrease in the
number and intensity of peaks suggesting that the majority of glibenclamide
converted to an amorphous form during the hibgation process. The
diffractogram also showed the appearance of new peaks at 13.5°, 16.5°, 17.2°, 20.3°
and 21.50 2d (highlighted by * in Figur e
glibenclamide. It has been previously reported that glibenciamngstallised into
pseudepolymorphic forms; pentanol and toluene solvates by slowly cooling the
solutions of the drug in these solvents (Suleiman & Najib, 1989).

2 theta-scale

Figure 4.3: XRPD of unprocessed glibenclamide (a) and lyophilised glibenclamide (b)
powders (* highlights new peaks).

The corresponding FIR spectra are shown in Figure 4.4. The unprocessed
glibenclamide showed the characteristic amide peaks at 3366, 3312, 3117 and
1713 cnt*, urea carbonyl stretching vibrations at 1615 and 1518 &®; stretching
vibrations at 1155 and 1340 &m Noticeable differences in FIR spectrum of the
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lyophilised glibenclamide were observed and these are summarised in Table 4.1.
These differences may be due to intermolecular hydrogen bonding and partial
transformation of glibenclamide from the keto enol form (Panagopoulegaplani

et al., 2000) provoked during the lyophilisation process.
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Figure 4.4: FT-IR of unprocessed glibenclamide (a) and lyophilised glibenclamide (b)
powders.

In general, the alosption peaks of the lyophilised drug seemed to be less sharp than
those of the unprocessed powder pointing to formation of an amorphous form of
glibenclamide during the lyophilisation process which was supported by the DSC
and XRPD results. Similar ressilhave been obtained by Laitinen et al. (2009) who
reported that the FIR spectrum of lyophilised perphenazine was less sharp
compared to the unprocessed drug due to formation of an amorphous form of the
drug during the lyophilisation process. SimilarGhauhan et al. (2005) studied the
FT-IR of an amorphous glibenclamide produced by spray drying process and the

results revealed the disappearance of two characteristic amide peaks of
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glibenclamide and the simultaneous shift of glibenclamide urea carbteithing

vibrations to higher frequencies due to intermolecular hydrogen bonding.

This alteration in the physical structure of glibenclamide explains the major
improvement in glibenclamide dissolution compared to the unprocessed drug and the

commerciatablet formulations (Section 3.4.2.1).

Table 4.1: Wave numbers of FTIR absorption bands where differences were detected
between unprocessed and lyophilised glibenclamide

Wave number | Corresponding bond or Spectral change inyophilised
(cm?) functional group glibenclamide
3366 Amide Disappeared
3312 Amide Disappeared
3117 Amide Disappeared
1713 Amide Decreased intensity
1615 urea carbonyl Shift to 1628 cr
1519 urea carbonyl Disappeared
1340 SO, Disappeared
1155 SO, Decreased intensityand shift to
1161 cnt'

4.4.1.2 Lyophilised glibenclamidenannitol mixture

The physical state of unprocessed glibenclamide, mannitol, and their physical and
lyophilised mixtures (91% w/w mannitol) were investigated by DSC and their
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thermograms arehown in Figure 4.5. The unprocessed glibenclamide exhibited a
sharp melting endotherm at PZ5whereas the unprocessed mannitol exhibited its
melting endotherm at 168 whi ch i s characteristic
(Izutsu et al., 2004).

showed the melting endotherm of mannitol while the melting endotherm of

Thenérmogram of the physical and lyophilised mixtures

glibenclamide disappeared. It is possible that glibenclamide may have dissolved in

the melt of mannitol during the DSC measureméetrdby abolishing its melting

point.
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Figure 4.5: DSC of unprocessed glibenclamide (a), unprocessed mannitol (b),
glibenclamide-mannitol physical mixture (c) and glibenclamidemannitol lyophilised
mixture (d).

The thermogram of thdyophilised mixture also exhibited different thermal
transitions: broad endotherm around®@Qendothermic peaks at %®4and 168C;

and an exothermic peak at P68 The broad endotherm around®®0nay represent
removal of residual moisture as confirmed the weight loss observed in TGA
starting from 48C (Figure 4.6). This broad endotherm may also represent

dehydration of mannitol hydrate that might be formed during lyophilisatlumés
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et al., 2004). The melting endotherm at¥54 r e pr esent s t he mel ti
polymorph ofmannitol that was produced during the lyophilisation process (lzutsu et

al.,, 2004). The exotherm at &8 represents meftecr yst al |l i sati on
pol ymorph to the more stable b and/or U
during the DSC analysiwhile the endotherm at 188 represents the melting point

of the produced b and/or U polymorph of

Weight loss

r : - T T T v T T r T . T T T T T T -
40 &0 0 100 120 140 180 150 00 =0 "z
Temperature

Figure 4.6: TGA of lyophilised glibenclamidemannitol mixture.

The corresponding XRPD patterns are showfigure 4.7. The diffractogram of the
unprocessed mannitol displayed several sharp peaks 4t1405 16.8, 18.8 and

23.22d that are characteristic for the b
2006) indicating the high crystallinity of the ex@pt. The diffractogram of the
physical mixture represented the addition pattern of unprocessed glibenclamide
(Section 4.4.1.1) and mannitol. Moreover, the intensity of the characteristic peaks of
glibenclamide was reduced due to dilution with excipiefihe lyophilised mixture

showed the disappearance of all the characteristic peaks of the drug suggesting that
glibenclamide could be dispersed in an amorphous form in the -satdyle

excipient. The diffractogram also showed the disappearance of thectehigta
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peaks of mannitol and the appearance of new crystal peaks®ané.20.4 2 d
(highlighted by * inFi gur e 4. 7). These peaks ar e
polymorphic form of mannitol (Hawe &riel3, 2006) which was supported by the

DSC results. These results are in agreement with Kim et al. (1998) who reported the
formation of the U0 polymorph of mannito
solution. The absence of the characteristic paa9. P2 d omi t s t he poss
presence of mannitol hydrate (Hawe & Friel3, 2006) as suggested by the DSC results.
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Figure 4.7: XRPD of unprocessed glibenclamide (a), unprocessed mannitol (b),
glibenclamide-mannitol physical mixture (c) and glibenclamide-mannitol lyophilised
mixture (d) (* highlights new peaks).

The corresponding FIR spectra are shown in Figure 4.8. The characteristic
absorption bands of glibenclamide were previously discussed (Table 4.1). The
mannitol spectrum igharacterised by OH stretching vibration peaks at 3392 and
3289 cnt and GO stretching vibration peaks at 1082 a@0cm™ (Juppoet al.,

2003). The spectrum of the physical mixture showed all the characteristic peaks of
mannitol and exhibited disappearance of the characteristic peaks of glibenclamide.
This might be attributed to high concentratafrthe excipient that swamped the drug

absorption peaks or drwexcipient interaction (hydrogen bonding) during
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preparation of the mixture. Similar observation has been reported by Chauhan et al.
(2005) who found that SCrharacteristic peaks of glibenclamide disappeared in the
spectrum of its physical mixture with Gelucire 50/13 or 44/14 and A&l due

to weak hydrogen bonding between the glibenclamide @@up and the silanol
groups of Aerosfl 200 during preparin of the physical mixture.
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Figure 4.8: FTIR of unprocessed glibenclamide (a), unprocessed mannitol (b),
glibenclamide-mannitol physical mixture (c) and glibenclamidemannitol lyophilised
mixture (d).

Noticeable changes in HR spectrum othe lyophilised mixture were observed and
these are summarised in Table.4.Phese changes suggest formation of hydrogen
bonding between carbonyl, amide and,$@ups of glibenclamide and OH groups

of mannitol. Generally, the spectrum of the lyophilisectture has fewer and less
sharp absorption bands compared to that of the physical mixture suggesting crystal
disturbance of glibenclamide and mannitol molecules during lyophilisation and
supporting the XRPD and DSC resulihus, it can be concluded thdrugexcipient
interactions and alterations in the physical structure of glibenclamide, in the
lyophilised mixture, are most likely the main mechanisms of glibenclamide

dissolution rate enhancement observed (Section 3.4.2.2). Similar results have been
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reported byJuppoet al. (2003) who reported that the interactions between 2, 6
dimethyl8-(2-ethyl-6-methylbenzylamineB-hydroxymethylimidaze1,2-a]pyridine
mesylate and mannitol and the changes in the drug crystalline structure enhanced the

dissolution rate of the drug from its solid dispersion with mannitol.

Table 4.2: Wave numbers of FTIR absorption bands where changes were detected in
lyophilised glibenclamidemannitol mixture, compared to unprocessed components

Wave number Corresponding bond or Spectral change in

(cm?) functional group lyophilised system
3366 Amide (glibenclamide) Disappeared
3312 Amide (glibenclamide) Disappeared
1713 Amide (glibenclamide) Disappeared
1615 urea carbony{glibenclamide) Disappeared
1519 urea carbony{glibenclamide) Disappeared
1340 SO (glibenclamide) Disappeared
1155 SO, (glibenclamide) Disappeared
3392 OH (mannitol) Disappeared
3289 OH (mannitol) Disappeared

4.4.1.3 Lyophilised glibenclamideSLS mixture

The thermal properties of unprocessed glibenclamide, SLS, their physical and
lyophilised mixtures (93% w/w SLS) are shown in Figure 4.9. SLS exhibited a sharp
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melting endotherm at 199 which is close to that reported by Waard et al. (2008). It
also showd another shallow endotherm around °@%rown et al., 1999) which
corresponds to evaporation of the water content typically present within SLS (2%

wiw).
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Figure 4.9: DSC of unprocessed glibenclamide (a), unprocessed SLS (b),

glibenclamide-SLS physical mixture (c) and glibenclamideSLS lyophilised mixture (d).

The thermogram of the physical mixture showed the disappearance of the
glibenclamide melting endotherm that might be attributed to high concentration of
SLS relativeto glibenclamide which swamped the drug melting peak. It also
displayed both endotherms of SLS with decreased intensity of the melting endotherm
at 199C due to disturbance in the crystalline structure of SLS in the physical
mixture. A similar behaviouwas observed in the case of the Ilyophilised mixture
along with a shift of the SLS endotherms t6®@@nd 192C, suggesting formation of

solid dispersion and interactions between glibenclamide and SLS. Waard et al.
(2008) has reported the incidence of ratdions between SLS and each of inulin and
diazepam in their solid dispersion leading to enhancement of the dissolution rate of

diazepam.
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The corresponding XRPD patterns are shown in Figure 4.10. In addition to the high
crystallinity of the drug, SLS ab, is characterised by obvious crystallinity. The

XRPD pattern of the physical mixture showed the characteristic peaks of SLS while
the characteristic peaks of glibenclamide disappeared due to lower concentration of

the drug relative to the excipienttime physical mixture.
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Figure 4.10: XRPD of unprocessed glibenclamide (a), unprocessed SLS (b),
glibenclamide-SLS physical mixture (c) and glibenclamideSLS lyophilised mixture (d).

The lyophilised mixture showed the disappearance of all the characteristic peaks of
glibenclamide. This finding suggests that glibenclamide was dispersed as an
amorphous form in the SLS matrix. Moreover, some of the distinctive SLS peaks
disappeared whiléhe intensity of the other peaks extensively decreased, suggesting
partial transformation of SLS to an amorphous form. This mechanism explains the
dissolution rate enhancement of glibenclamide from its lyophilised mixture with SLS
(Section 3.4.2.3). Siilar results have been reported by Fukushima et al. (2007) who
found that the HIV protease inhibitor, atazanavir, could be dispersed homogenously

in an amorphous form in its solid dispersion with SLS.
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The corresponding FIR spectra are shown in Figureld. The SLS spectrum
showed peaks at 2915 and 2849 cassigned to the € stretching vibrations of

long chain fatty alkyl group of surfactants (Patel & Joshi, 2008). It also, showed
C-H bending, GO stretching, and S=0O stretching vibrations at 146216 and

1080 cnt respectively. The spectrum of the physical mixture showed all the
characteristic peaks of SLS while the drug peaks disappeared due to the high
concentration of the excipient relative to the drug.
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Figure 4.11: FT-IR of unprocessed glibenclamide (a), unprocessed SLS (b),
glibenclamide-SLS physical mixture (c) and glibenclamideSLS lyophilised mixture (d).

Noticeable changes in HR spectrum of the lyophilised mixture were observed and
these are summarised in Table 4.3.e3dn changes suggest the incidence of
drug-excipient interactions and support the DSC results. Possible interactions could
be hydrogen bonding between th&éHNgroups of the drug and the SQ@Boup of

SLS (Patel & Joshi, 2008) or between £8 of SLSand SQ or carbonyl group of

glibenclamide

130



Table 4.3: Wave numbers of FTIR absorption bands where changes were detected in
lyophilised glibenclamideSLS mixture, compared to unprocessed components

Wave number Corresponding bond or Spectral change in
(cm™) functional group lyophilised system
3366 Amide (glibenclamide) Disappeared
3312 Amide (glibenclamide) Disappeared
1713 Amide (glibenclamide) Disappeared
1615 urea carbonyfglibenclamide) Shift to 1628 crm
1519 urea carbonylglibenclamide) Disappeared
1340 SO (glibenclamide) Disappeared
1155 SO, (glibenclamide) Disappeared
2915 Long chain alkyl group(SLS) Decreased intensity
2849 Long chain alkyl group(SLS) Decreased intensity
1467 C-H (SLS) Decreased intensity
1216 C-O(SLS) Increas&saﬁ(;ﬂ'ltggfity of the
1080 S=0(SLS) Shift to 1083 cril

4.4.1.4 Lyophilised glibenclamidd?’EG 6000 mixture

The DSC thermograms of unprocessed glibenclamide, PEG 6000, their physical and
lyophilised mixtures (80% w/w PEG 6000) are illustrated in Figure 4.12. While the
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endotherm Heat flow (VWWq)

glibenclamide melting endotherm appeared at °@75the endothermic peak
corresponding to theE% 6000 melting temperature appeared &6which is close
to that previously reported by Yamashita et al. (2003).
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Figure 4.12: DSC of unprocessed glibenclamide (a), unprocessed PEG 6000 (b),
glibenclamidePEG 6000 physical mixture (¢) andylibenclamide-PEG 6000 lyophilised
mixture (d).

No apparent differences were detected between DSC thermograms of the physical
and lyophilised mixtures. Both thermograms exhibited disappearance of the melting
endotherm of glibenclamide and appearancenef endotherm at 88 corresponding

to the fusion temperature of PEG 6000. This absolute disappearance of the drug
melting peak was attributed to dissolution of glibenclamide in the melt of PEG 6000
before reaching its melting temperature during DSC amaly This finding is in
agreement with Asyarie and Rashmawati (2007) who found that the melting
endotherms of gliclazide disappeared in the DSC thermograms of both the physical

mixtures and solid dispersions of the drug with PEG 6000. Similar resutéblean
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reported for the solid dispersion of tacrolimus with PEG 60f@mashita et al.,
2003).

The corresponding XRPD patterns are shown in Figure 4.13. PEG 6000 diffraction
pattern showed two high, distinctive peaks &tatl 232 d ( Asyari ei, & Ras
2007) indicating the senarystalline nature of the polymer (Wang et al., 2004, Zhu

et al., 2010). The diffraction pattern of the physical mixture is equivalent to the
addition pattern of the drug and the polymer with decreased intensity of

glibenclamde peaks due to dilution from the presence of excipient.
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Figure 4.13: XRPD of unprocessed glibenclamide (a), unprocessed PEG 6000 (b),
glibenclamidePEG 6000 physical mixture (¢) and glibenclamidé€?EG 6000 lyophilised
mixture (d).

The diffradogram of the lyophilised mixture showed the characteristic peaks of PEG
6000 with the disappearance of glibenclamide peaks. This finding suggests that PEG
6000 maintained its physical state in the lyophilised mixture while the drug dispersed
as an amorptus form in the polymer matrix. Similar results have been reported for

perphenazine as the XRPD pattern of its solid dispersion with PEG 8000 exhibited
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disappearance of the drug peaks with maintenance of the polymer peaks (Laitinen et
al., 2009).

The coresponding FAIR spectra are shown in Figure 4.14. The spectrum of PEG
6000 showed characteristic absorption bands at 3400, 2880, and 1095 cm
representing OH, €1, and GO stretching vibrations respectively. The spectrum of
the physical mixture displayg the addition spectra of the drug and the polymer.
Noticeable changes in HR spectrum of the lyophilised mixture were observed and
these are summarised in Table .4.4These changes suggest the incidence of
drug-excipient interactions such as dmggen bonding in the produced solid
dispersion.The possible interaction could take place between the amide hydrogen of
glibenclamide and the loan pairs of oxygen atoms of PEG 6000 or between amide
group, SO2, or carbonyl group of the drug and OH grodPEG 6000.
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Figure 4.14: FT-IR of unprocessed glibenclamide (a), unprocessed PEG 6000 (b),
glibenclamidePEG 6000 physical mixture (¢) and glibenclamidé€®EG 6000 lyophilised
mixture (d).
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Table 4.4: Wave numbers of FHIR absorption bandswhere changes were detected in
lyophilised glibenclamidePEG 6000 mixture, compared to unprocessed components

Wave number Corresponding bond or Spectral change in
(cm™) functional group lyophilised system
3366 Amide (glibenclamide) Disappeared
3312 Amide (glibenclamide) Disappeared
1713 Amide (glibenclamide) Disappeared
1615 urea carbonyfglibenclamide) Shift to 1627 cri
1519 urea carbonyfglibenclamide) Shift to 1540 cri
1340 SO, (glibenclamide) Disappeared
1155 SO, (glibenclamide) Disappeared
3400 OH (PEG 6000) Disappeared
2880 C-H (PEG 6000) Shift to 2883 crif
1095 C-O (PEG 6000) Shift to 1100 crit

4.4.1.5 Lyophilised glibenclamidgromethamine mixture

The DSC thermograms of unprocessed glibenclamide, tromethaminethaind
physical and lyophilised mixtures with 50% w/w tromethamine are illustrated in
Figure 4.15. Unprocessed tromethamine displayed one endotherm ‘gt 4139
another endotherm at 12 It has been reported that the former endotherm

corresponds to sakhsolid transition of the metastable polymorph of tromethamine
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while the later endotherm corresponds to the melting temperature of tromethamine
crystals (Abdelkader et al., 2007). The thermograms of the physical and lyophilised
mixtures showed the disappance of the characteristic melting endotherm of
glibenclamide and the appearance of a single endotherm &C 1&8%d 133C
respectively. These endotherms most probably represent eutectic peaks suggesting
complexation between the drug and the excipiedtfarmation of eutectic system.
Verma and Garg (2005) and Abdelkader et al. (2007) have reported similar results
for the mixtures of glipizideromethamine and nimesulidemethamine

respectively.
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Figure 4.15: DSC of unprocessed glibenclamide (a)nprocessed tromethamine (b),
glibenclamide-tromethamine physical mixture (c) and glibenclamidetromethamine
lyophilised mixture (d).

The corresponding XRPD patterns are compared in Figure 4.16. The tromethamine
diffraction pattern showed seveéwdistinctive peaks. The diffraction pattern of the

physical mixture showed the characteristic peaks of both drug and excipient with
decreased intensity as a result of dilution effects in the mixture. On the other hand,

the diffraction pattern of the dphilised mixture exhibited disappearance of all the
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characteristic peaks of glibenclamide. This indicates the transformation of the drug
into an amorphous form in its solid dispersion with the excipient. In addition, the
intensities of the characteristipeaks of tromethamine were strongly decreased

suggesting the transformation of the majority of the excipient into an amorphous

form in the lyophilised mixture.
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Figure 4.16: XRPD of unprocessed glibenclamide (a), unprocessed tromethamine (b),
glibenclamide-tromethamine physical mixture (c) and glibenclamidetromethamine
lyophilised mixture (d).

The corresponding FIR spectra are shown in Figure 4.17. The spectrum of
tromethamine showed absorption bands at 3346 and 328 p@senting NH and

O-H stretching vibrations respectively. It also showed two absorption bands at 1585
and 1019 cni that are characteristic to-N bending and @\ stretching vibrations
respectively. The spectrum of the physical mixture displayed all the characteristic
absorption bands of glibenclamide and tromethamMeticeable changes in HR
spectrum of the lyophilised mixture were observed and these are summarised in
Table 4.5 Generally, the spectrum of the lyophilised mixture showed significant

changes in thepeak appearance There is strong evidence of intermolecular
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hydrogen bonding between the proton donor; glibenclamide (acidic drug) and the
proton acceptor; tromethamine (basic excipient) which might result in salt formation.
Tromethamine has been reportedform a salt with Benzoic acid aswodel acidic

drug (McGloughlin and Corrigan,1992).
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Figure 4.17: FT-IR of unprocessed glibenclamide (a), unprocessed tromethamine (b),
glibenclamide-tromethamine physical mixture (c) and glibenclamidetromethamine
lyophilised mixture (d).
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Table 4.5: Wave numbers of FTIR absorption bands where changes were detected in
lyophilised glibenclamidetromethamine mixture, compared to unprocessed
components

Wave number Corresponding bond or Spectral change in
(cm?) functional group lyophilised system
3366 Amide (glibenclamide) Disappeared
1713 Amide (glibenclamide) Disappeared
1615 urea carbonyfglibenclamide) Shift to 1646 crm
1340 SO, (glibenclamide) Disappeared
1155 SO, (glibenclamide) Decreased intensity and sh
to 1166 crit
1585 N-H (tromethamine) Shift to 1576 crif

From the above discussion, it can be concluded that the main factor contributing to
the dissolution rate enhancement of glibenclamide from its lyophilised mixture with
tromethamine (Section 3.4.2.6) is the dispersion of the drug in an amorphous form in
the excipient matrix. Also, drugxcipient interactions that might lead to salt
formation could be another possible explanation.

4.4.1.6 Lyophilised glibenclamidegelatin mixture

The thermal behaviours of the unprocessed glibenclamide, gelatin, anohtyscal

and lyophilised mixtures (50% w/w gelatin) are presented in Figure 4.18. The
thermogram of gelatin displayed no melting endotherm indicating the amorphous
nature of the excipient (Chono et al., 2008). The thermogram of the physical mixture
showed that the melting endotherm of glibenclamappeared less sharp and less

intense, with an enthalpy of fusion 146.16 mJ compared to that of the unprocessed
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drug with an enthalpy of fusion 227 mJ. This could be attributed to decreased
concentration othe drug in the mixture or to disturbance of the crystalline structure
of glibenclamide in its physical mixture with the amorphous excipient. On the other
hand, the thermogram of the lyophilised mixture showed complete disappearance of
glibenclamide meltig endotherm. This finding suggests that the drug was dispersed
as an amorphous form in the matrix of the amorphous excipient. This result explains
the drastic enhancement in the dissolution rate of glibenclamide observed from its
lyophilised mixture wih gelatin (Section 3.4.2.5). In a similar study, it was found
that tablets containing lyophilised ketoprofen with suitable excipients including
gelatin, exhibited enhanced drug dissolution as a result of formation of an amorphous
form of the drug in itsaid dispersion with the excipients (Ahmed & Nafadi, 2006).
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Figure 4.18: DSC of unprocessed glibenclamide (a), unprocessed gelatin (b),

glibenclamide-gelatin physical mixture (c) and glibenclamidegelatin lyophilised
mixture (d).
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The corresponding XRPD patterns are compared in Figure 4.19. The gelatin
diffraction pattern showed hump pattern that is characteristic for amorphous
substances The diffraction pattern of the physical mixture showed the characteristic
peaks of the diy with apparent decrease in their intensity as a result of dilution
effect of the drug by the amorphous excipient. On the other hand, the diffraction
pattern of the lyophilised mixture exhibited disappearance of all the characteristic
peaks of glibenclande and displayed a hump pattern suggesting dispersion of the
drug in an amorphous form in the matrix of the amorphous excipient. This
observation was supported by the disappearance of the drug melting endotherm in

the DSC thermogram of glibenclamidelatn lyophilised mixture.
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Figure 4.19: XRPD of unprocessed glibenclamide (a), unprocessed gelatin (b),
glibenclamide-gelatin physical mixture (c) and glibenclamidegelatin lyophilised
mixture (d).
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The corresponding FIR spectra areshown in Figure 4.20. The spectrum of gelatin
showed absorption bands at 1630 and 1517 assigned to C=0O and-N bending
vibrations respectivelyMi, 2005. The spectrum of the physical mixture displayed

all the characteristic absorption bands of glibenclamide at the same wave numbers.
Noticeable differences in FIR spectrum of the lyophilised muxte were observed

and these are summarised in Table 4 lBese observed changes may be attributable

to the incidence of intermolecular hydrogen bonding between glibenclamide and
gelatin in the solid dispersion produced during the lyophilisation proddsseover,

the change in the appearance of the peaks and the decrease in their number and
sharpness compared to the spectrum of the physical mixture support the DSC and
XRPD results suggesting the dispersion of glibenclamide in an amorphous form in

gelatinmatrix.
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Figure 4.20: FT-IR of unprocessed glibenclamide (a), unprocessed gelatin (b),
glibenclamide-gelatin physical mixture (c) and glibenclamidegelatin lyophilised
mixture (d).
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Table 4.6: Wave numbers of FTIR absorption bands where changesvere detected in
lyophilised glibenclamidegelatin mixture, compared to unprocessed components

Wave number Corresponding bond or Spectral change in
(cm?) functional group lyophilised system
3366 Amide (glibenclamide) Disappeared
3312 Amide (glibenclamide) Disappeared
1713 Amide (glibenclamide) Disappeared
1615 urea carbonylglibenclamide) Disappeared
1519 urea carbonyiglibenclamide) | Shift to 1532 cnt  and
broadening
1340 SO (glibenclamide) Decreased intensity and sh
to 1338 crit
1155 SO (glibenclamide Decreased intensity and sh
(© ) to 1160 crit
1630 C=0(gelatin) Shift to 1645 crit
1517 N-H (gelatin) Shift to 1532 crit

4.4.2 Spironolactone
4.4.2.1 Lyophilised spironolactone

The physical states of the unprocessed duphilised spironolactone were
investigated by DSC and their thermograms are illustrated in Figure 4.21. The
unprocessed spironolactone exhibited a sharp melting endotherm®@t \2bigh is

in accordance with that reported in the literature (Dong e2809). This melting

temperature seems to be in agreement more closely with that of the polymorphic
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form Il (21(°C) of spironolactone than form | (285 reported by Agafonov et al.
(1991). On the other hand, the thermogram of the lyophilised drug dhawe
exothermic recrystallisation peak at 2@T3followed by melting endotherm at
208C. This finding points to the amorphous nature of the lyophilised spironolactone
that recrystallised during the application of heat during the DSC analysis tantiee s
crystalline structure of the unprocessed drug powdirhas been reported that
spironolactone molecules can urgieistructural rearrangement by the application of
heat (Neville et al., 1994; Beakstead et al., 1993; Berbenni et al., 1Sdjlar
thermogram have been obtained by Hodges et al. (2006) who reported dissolution
enhancement of spironolactone by lyophilisation due to transformation of the drug to

an amorphous form.
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Figure 4.21: DSC of unprocessed spironolactone (a) and lyophilissgironolactone (b)
powders.

The corresponding XRPD patterns are shown in Figure 4.22. The diffractogram of
the unprocessed spironolactone contained numerous sharp peaks indicating high
crystallinity of the drug which has been reported by Dong et al.0)20In contrast,

the diffractogram of the Ilyophilised drug showed the disappearance of its

characteristic peaks and the appearance of a hump pattern. These data revealed that
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spironolactone was transformed to an amorphous form by the lyophilisaticesproc

which was supported by the DSC results.
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Figure 4.22: XRPD of unprocessed spironolactone (a) and lyophilised spironolactone
(b) powders.

The corresponding FIR spectra are shown in Figure 4.23. The spectrum of the
unprocessed spironolactomevealed the existence of four characteristic bands at
1764, 1689, 1672 and 1616 ¢rorresponding to C=0 stretching of the lactone ring;
C=0 stretching of the thioacetyl group; C=0 stretching of their@; and C=C
stretching respectively (Rajabi et,&008). The changes in FIR spectrum of the
lyophilised spironolactone are summarised in Table 4énerally,the absorption
peaks of the lyophilised drug appeared to be far less sharp than those of the
unprocessed drug. These changes could be wtdbto changes in the physical
structure of spironolactone during lyophilisation process and formation of an
amorphous form of the drug which was in accordance with the DSC and XRPD

results.
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Figure 4.23: FTIR of unprocessed spironolactone (a) angiophilised spironolactone (b)
powders.

Table 4.7: Wave numbers of FTIR absorption bands where differences were detected
between unprocessed and lyophilised spironolactone

Wave number | Corresponding bond or Spectral change inyophilised
(em™) functional group spironolactone
1764 C=0 of lactone ring Decreased intensity and insignifical

shift to 1765cm*

Decreased intensity and insignifica

1689 C=0 of thioacetyl grou
VIO shift to 1694 cr
1672 C=0 of G-ring Decreased intensity anidisignificant
shift to 1676 cri
1616 c=C Decreased intensity and insignificg

shift to 1619 cni
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4.4.2.2 Lyophilised spironolactonenannitol mixture

The physical state of unprocessed spironolactone, mannitol, and their physical and
lyophilised mixtures (67% w/w mannitol) were investigated by DSC and their

thermograms are shown in Figure 4.24. Spironolactone showed a sharp melting
endotherm at 208 whereas unprocessed mannitol exhibited a melting endotherm at

168C, whichischaraetr i sti ¢ for the b polymorph of
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Figure 4.24:. DSC of unprocessed spironolactone (a), unprocessed mannitol (b),
spironolactonemannitol physical mixture (c) lyophilised mannitol (d) and
spironolactonemannitol lyophilised mixture (e).

The thermogram of the physical mixture showed a shift of the spironolactone melting
endotherm to 2C°C, while the melting endotherm of mannitol was maintained at
168C. In addition, the intensity of both melting endotherms was decreased. The
shift in the drug melting endotherm could be due to the mixing process that decreases
the purity of the drug in the mixture and may not necessarily suggest drug/excipient
interaction. The reduction in the intensity of the peaks might be attributed to
disturbance in the crystalline structures of both the drug and excipient or due to the

decrease in their concentrations in the physical mixture. The thermogram of the
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lyophilised mxture demonstrated broadening and severe reduction in the intensity of
the spironolactone melting endotherm suggesting transformation of the majority of
the drug to an amorphous form. The melting endotherms of spironolactone and
mannitol shifted to 20C and 170C respectively suggesting dregcipient
interactions. The shift in the melting endotherm of spironolactone may also suggest
transformation of spironolactone to another polymorphic form (form I, see Section
4.4.2.1). The thermogram also showed endotherm at 136, followed by
exotherm at 15%€ corresponding to mannitol thermal transition that has been
discussed in Section 4.4.1.2. A broad, shallow endotherm was observed in the
temperature range 5BPC representing removal of residual moistaredehydration

of mannitol hydrate that might be produced during lyophilisatidonéset al.,

2004) This finding is supported by the appearance of the same endotherm in the

thermogram of the lyophilised mannitol.

The corresponding XRPD patterns are compared in Figure 4.25. The diffractograms
of unprocessed drug and excipient revealed their crysgtatiature as evidenced by

numerous diffraction peaks.
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Figure 4.25: XRPD of unprocessed spironolactone (a), unprocessed mannitol (b),
spironolactonemannitol physical mixture (c) and spironolactonemannitol lyophilised
mixture (d) (* highlights new peaks).
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The diffractogram of the physical mixture displayed the characteristic peaks of both
spironolactone and mannitol with decreased intensity due to dilution effect upon
mixing. The diffractogram of the lyophilised mixture showed the disappeacdnce

the characteristic peaks of spironolactone. Supporting the DSC results, this was
attributed to transformation of the drug to an amorphous form. Also, new diffraction
peaks were observed (highlighted by * in Figure 4.25) & 90.P and 25.22 d .

The peak at 9.7U0 2d has been reported t
mannitol (Hawe & Friel3, 2006) while the others may present another spironolactone
polymorphic form. The absence of the characteristic peak a® 29d7 o mi t s t h
possibility of presence of mannitol hydrate (Hawe & Friel3, 2006) as suggested by

the DSC results.

The corresponding FIR spectra are illustrated in Figure 4.26. The characteristic
absorption bands of unprocessed mannitol and spironolactone were previously
discussedn Sections 4.4.1.2 and 4.4.2.1.
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Figure 4.26: FT-IR of unprocessed spironolactone (a), unprocessed mannitol (b),
spironolactonemannitol physical mixture (c) and spironolactonemannitol lyophilised
mixture (d) (* highlights new peaks).
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The spetrum of the physical mixture seemed to be equivalent to the addition spectra
of spironolactone and mannitdNoticeable differences in FIR spectrum of the
lyophilised mixture were observed and these are summarised in Tabk Hdr8ad
absorption band &s observed in the range 368600 cm® (OH stretching vibrations

of water) highlighting interaction with water which was supported by the appearance
of a broad endothermic peak in the DSC thermogram in the temperature range
58-80°C representing a dwgdration step. These observed changaggest the
incidence of intermolecular hydrogen bonding between the drug and the excipient as
supported by the DSC results. The possible interaction could occur between carbonyl
groups of the drug and hydroxyl groupkthe excipient. Similar interactions have
been reported between mannitol and a model of poorly wgateble drug, 2, 6
dimethy}8-(2-ethyt6-methylbenzylamineB-hydroxymethylimidazg1, 2-a] pyridi

nemesylate, in the solid dispersion of the drug amnitol (Juppo et al., 2003).

Table 4.8: Wave numbers of FTIR absorption bands where changes were detected in
lyophilised spironolactonemannitol mixture, compared to unprocessed components

Wave number | Corresponding bond or Spectral change in lyophilised

(cm?) functional group system

1764 C=Ooflactone ring | pecreased intensity , broadening 4
(spironolactone) shift to 1770cm™

1689 C=0 of thioacetyl group | pecreased intensity , broadening 4
(spironolactone) shift to 1686 cril

1672 C=0 of G-ring Disappeared or merged with the pe
(spironolactone) at 1686 crit

1616 C=C (spironolactone) Disappeared

1082 C-O (mannitol) Split and insignificant shift to 108

-1
cm
1020 C-O (mannitol) Insignificant shift to1022 cril
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4.4.2.3 Lyophilised spironolactonéLS mixture

The thermal behaviour of unprocessed spironolactone, SLS, and their physical and
lyophilised mixtures (67% w/w SLS) are shown in Figure 4.27. The melting
endotherms of spironolactone and Shk&re observed at 208 and 199C
respectively. The thermogram of the physical mixture demonstrated broadening and
shift in both spironolactone and SLS melting endotherms teQG@hd 193C
respectively. This shift suggests the presence of-stdi@ inéraction between the

drug and the excipient. On the other hand, the decreased intensity and sharpness of
peaks might be attributed to disturbance in the crystalline structures of both the drug

and excipient in the physical mixture or due to dilution effect

exotherm

endotherm Heat flow (W/g)
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Figure 4.27: DSC of unprocessed spironolactone (a), unprocessed SLS (b),
spironolactoneSLS physical mixture (c) and spironolactoneSLS Iyophilised
mixture (d).

The thermogram of the lyophilised mixture exhibited similar behaviothabof the
physical mixture. The spironolactone and SLS melting endotherms shifted®® 204
and 192C respectively. This is explained on the basis of @mxgpient interactions.

Similar interaction between SLS and diazepam in their solid dispersi®rbéen
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reported by Waard et al. (2008). Furthermore, the endothermic shift was
accompanied with a decrease in the intensity and broadening of the melting
endotherms of spironolactone and SLS. This might be attributable to partial
transformation of spimolactone and SLS to amorphous forms in their solid
dispersion. The maintenance of the melting endotherm of spironolactone in the DSC
thermogram of the lyophilised mixture contradicted the following XRPD results that
showed the disappearance of all tharelsteristic peaks of spironolactone. This
finding suggests that the heat introduced during DSC analysis may initiate molecular
rearrangement of the drug molecules and recrystallisation of its amorphous form (see
Sections 3.4.2.2 and 4.4.2.1).

The correspnding XRPD patterns are illustrated in Figure 4.28. The diffractograms
of unprocessed spironolactone and SLS displayed the high crystalline nature of the
drug and the excipient as indicated by numerous distinctive peaks. The
diffractogram of the physad mixture showed dramatic reduction in the intensity of
the characteristic peaks of spironolactone and SLS as a result of dilution effect in the

mixture.
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Figure 4.28: XRPD of unprocessed spironolactone (a), unprocessed SLS (b),
spironolactoneSLS physical mixture (c) and spironolactoneéSLS Ilyophilised
mixture (d).
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The diffractogram of the lyophilised mixture showed the disappearance of most of
the characteristic peaks of SLS suggesting partial transformation to an amorphous
form. In addtion, the diffractogram lacked all the characteristic peaks of
spironolactone suggesting the formation of an amorphous form of the drug in the
SLS matrix. This finding is most probably the main factor of the dissolution rate
enhancement observed for gmiolactone from its lyophilised mixture with SLS
(Section 3.4.2.9).

The corresponding FIR spectra are shown in Figure 4.29. The absorption bands of
unprocessed spironolactone and SLS were previously discussed in Sections 4.4.2.1
and 4.4.2.3. The speatn of the physical mixture displayed all the characteristic
peaks of spironolactone and SLS with apparent reduction in the intensity as a result

of dilution effect.
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Figure 4.29: FT-IR of unprocessed spironolactone (a), unprocessed SLS (b),
spironolactone-SLS physical mixture (c) and spironolactoneSLS Iyophilised
mixture (d).
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Noticeable differences in FIR spectrum of the Iyophilised mixture were observed
and these are summarised in Table. 48Bhese changes suggest incidence of
interadions between spironolactone and SLS. The possible interactions are
hydrogen bonding between the proton acceptors; carbonyl groups of the drug and
CH>-O group of SLS.

Table 4.9: Wave numbers of FFIR absorption bands where changes were detected in
lyophilised spironolactoneSLS mixture, compared to unprocessed components

Wave number | Corresponding bond or Spectral change in lyophilised
(em™) functional group system
1764 C=0 of lactone ring | pecreased intensity , broadening a
(spironolactone) shift to 1767 cm’™
1689 C=0 of thioacetyl group | pisappeared or merged with the pe
(spironolactone) at 1672 crit
1672 C=0 of G-ring Decreased intensity , broadening 3
(spironolactone) shift to 1674 crl
1616 C=C (spironolactone) Decreased intensity
1216 C-O (SLS) Shift to 1204 criand icreased
intensity of the shoulder
1080 S=0(SLS) shift to 1078 cril

4.4.2.4 Lyophilised spironolactond’EG 6000 mixture

The DSC thermograms of unprocessedonolactone, PEG 6000, and their physical
and lyophilised mixtures (67% w/w PEG 6000) are shown in Figure 4.30. While
spironolactone exhibited its melting endotherm at°20&he endothermic peak
corresponding to the PEG 6000 melting point appearéd’@t The thermograms of

the physical and lyophilised mixtures exhibited disappearance of the spironolactone

melting endotherm. This may be attributed to dissolution of spironolactone in the
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PEG 6000 melt during the DSC analysis before reaching itsngemperature.

This finding is in agreement with Asyarie and Rashmawati (2007) and Yamashita et
al. (2003). The thermogram of the physical mixture showed one endotherfCat 64
corresponding to the fusion temperature of PEG 6000. On the other hand, the
melting temperature of PEG was displayed atC561 the case of the lyophilised
mixture. This can be explained on the basis of transformation of the polymer to a
different crystal form during lyophilisation process. Depression of the melting
temperature fothe polymer as a result of solid dispersion formation with the drug
during the lyophilisation process is another possible explanation. Similar results
have been reported by Wang et al. (2004) who found that the migltmzerature of

PEG 6000 in its sal dispersion with 80% w/w itraconazole was not around 63°C,
but at 58°C.

d

£

™=

-]

£ c
1@ L

o f

o \

=

= b
3

o

=

-

[+]

L)

I a
£ ™
T e 1

@ 1

= |l

=]

s |

=

5 |

@

T T T T T T T T T T T T T T T T T T T T ¥
£ 5 20 100 120 120 150 150 200 20 T
Temperature

Figure 4.30: DSC of unprocessed spironolactone (a), unprocessed PEG 6000 (b),
spironolactonePEG 6000 physical mixture (c) and spironolactonr®EG 6000
lyophilised mixture (d).

The corresponding XRPD patterns are compared in Figure 4.31. The diffractogram

of unprocessed spironolactone and PEG 6000 reflected their crystalline nature (see
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Sections 4.4.2.1 and 4.4.1.4). The diffractogram of the physical mixture is
equivdent to the addition pattern of the drug and the polymer with decreased
intensity of their characteristic peaks due to decreased concentration of the drug and
excipient in the mixture. On the other hand, the diffractogram of the lyophilised
mixture exhibied complete disappearance of all spironolactone XRPD peaks and
severe reduction in the intensity of the characteristic diffraction peaks of PEG 6000.
This finding suggests the transformation of the drug and the majority of the polymer

to an amorphous fornm the solid dispersion produced during the lyophilisation

process.
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Figure 4.31: XRPD of unprocessed spironolactone (a), unprocessed PEG 6000 (b),
spironolactonePEG 6000 physical mixture (c) and spironolactonr®EG 6000
lyophilised mixture (d).

The corresponding FIR spectra are shown in Figure 4.32. The absorption bands

of unprocessed spironolactone and PEG 6000 were discussed in Sections 4.4.2.1 and
4.4.1.4. The spectrum of the physical mixture displayed all the characteristic peaks
of the drug and the polymer.Noticeable differences in FIR spectrum of the

lyophilised mixture were observed and these are summarised in Table 4.10. These
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changes suggest the incidencestifong interactions between spironolactone and
PEG 6000 in the pduced solid dispersion. The possible interactions are
intermolecular hydrogen bonding betweearbonyl groups of spironolactone and
hydroxyl groups of PEG 6000. This finding is in a good agreement with Waghmare
et al. (2008) who reported incidence ofeireictions between PEG 6000 and zaleplon
in their solid dispersion. However, it is obvious that the spectrum of the lyophilised
mixture is smoothened highlighting formation of an amorphous form of
spironolactone which supports the XRPD results.
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Figure 4.32: FT-IR of unprocessed spironolactone (a), unprocessed PEG 6000 (b),

spironolactonePEG 6000 physical mixture (c) and spironolactonr®EG 6000
lyophilised mixture (d).
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Table 4.10: Wave numbers of FTIR absorption bands where change were detected in
lyophilised spironolactonePEG 6000 mixture, compared to unprocessed components

Wave number | Corresponding bond or Spectral change in lyophilised

(cm?) functional group system

C=0 of lactone ring

1764 '
(spironolactone) Disappeared

C=0 of thioacetyl group

1689 '
(spironolactone) Disappeared

1672 C=0 of G-ring _
(spironolactone) Disappeared
1616 C=C (spironolactone) Disappeared
3400 OH (PEG 6000) Disappeared
2880 C-H (PEG 6000) Disappeared
1095 C-O (PEG 6000) Shift to 1106 cr

4.4.2.5 Lyophilised spironolactoneitric acid mixture

The DSC thermograms of unprocessed spironolactone, citric acid, and their physical
and lyophilised mixtures (55% wi/w citric acid) are shown in Figure 4.33. Citric acid
exhibited a sharp endothermlb”C corresponding to its melting temperature. The
thermogram of the physical mixture exhibited disappearance of spironolactone
melting peak. This is most likely due to dissolution of the drug crystals in the melt

of the excipient before reaching fission temperature. On the other hand, the citric

acid melting endotherm was maintained in the thermogram although it was broader,
less sharp and less intense compared to that of the unprocessed powder. This may be
attributed to disturbance of the ex@pt crystalline structure during preparation of

the physical mixture. Similarly, the thermogram of the Iyophilised mixture lacked

the melting endotherm of spironolactone whilst it displayed that of citric acid which
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was dramatically reduced in intensibypadened and shifted to P& These results
suggest transformation of the mixture components to amorphous forms in the
produced solid dispersion as well as possible -@vugpient interactions. Kadoya et
al. (2008) have reported similar results for lyaphilised binary system of citric acid
and 1,3diaminc2-hydroxy-propane as it showed amorphous component and strong

interactions between the drug and citric acid.

exotherm

endotherm Heat flow (Wq)

Temperature

Figure 4.33: DSC of unprocessed spironolactone (a), unprocessed citric acid (b),
spironolactonecitric acid physical mixture (c) and spironolactonecitric acid
lyophilised mixture (d)

The corresponding XRPD patterns are compared in Figure 4134 diffratogrames

of unprocessed spironolactone and citric acid reflected their crystalline nature as
indicated by numerous distinctive peaks. The diffractogram of the physical mixture
showed traces of spironolactone peaks in the XRPD pattern bud latkest all the
XRPD peaks of citric acid. This might be attributed to dilution effect and decreased
crystallinity of the components in the physical mixture. On the other hand, the
diffraction pattern of the lyophilised mixture exhibited complete disapgnce of all

spironolactone and citric acid XRPD peaks and the appearance of a halo pattern that
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is characteristic for amorphous state. This finding confirms the complete

transformation of spironolactone and citric acid to an amorphous form in the solid
dispersion produced during the lyophilisation process which was supported by the
DSC results.
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Figure 4.34: XRPD of unprocessed spironolactone (a), unprocessed citric acid (b),
spironolactonecitric acid physical mixture (c) and spironolactonecitric acid
lyophilised mixture (d)

The corresponding FIR spectra are shown in Figure 4.35The absorption bands

of unprocessed spironolactone were discussed in Section 4.4.2.1. The spectrum of
citric acid showed characteristic absorption bands #1 €tretching vibrations of
carboxylic acid at 3492 and 3282 ¢rand C=O stretching vibrationg 4740 and

1690 cni (Hoppu et al., 2007 The spectrum of the physical mixture showed all the
characteristic peaks of spironolactone whilst it exhibited disappearance of the
characteristic peaks of citric acid at 3492 and 3282.cmin addition, the
characteristic peak of citric acid at 1740 tmanished and that at 1690 ¢m
disappeared or overlapped spironolactone absorption bands at 1689Ttis may

be attributable to drugxcipient interactions such as hydrogen bonding during
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preparationof the physical mixture. Othe other handnoticeable differences in
FT-IR spectrum of the lyophilised mixture were observed and these are summarised
in Table 4.11.
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Figure 4.35: FT-IR of unprocessed spironolactone (a), unprocessed citric acid (b),
spironolactonecitric acid physical mixture (c) and spironolactonecitric acid
lyophilised mixture (d).

The spectrum of the lyophilised mixture showed that the absorption bands in the
range 16161764 cm *merged into a broad band at 1713 dwith no obvious

peaks. Similar performance was observed at the band region around 1260 cm
where all the peaks had merged into a single broad forked band. These changes
suggest strong drugxcipient interactions in the solid dispersion produced duhag t
lyophilisation process and support the DSC and XRPD results. These changes in the
spectrum of the lyophilised mixture are in agreement with the changes in e FT
spectrum of the meljuenched blend of paracetamol and citric acid investigated by
Hoppu et al. (2007). The possible interactions could be intermolecular hydrogen

bonding between the cantyg groups of spironolactone and OH or COOH groups of
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citric acid. In addition, the spectrum of the lyophilised mixture showed a very broad
peak in the region 2408700 cmi ! This peak points to high residual water and it is
typical for amorphous solidand considered as evidence of interaction with water
which suggests the high hygroscopicity of the amorphous solid dispersion formed
during the lyophilisation process. Similar absorption band has been obtained by
Laitinen et al. (2009) in the FIR spectum of the amorphous form of perphenazine
produced by lyophilisation process. Similarly, it has been reported that the
lyophilised binary system of citriacid and 1,3liamine2-hydroxy-propane had a

relatively high residual water (Kadoya et al., 2008).

Table 4.11: Wave numbers of FIIR absorption bands where changes were detected in
lyophilised spironolactonecitric acid mixture, compared to unprocessed components

Wave number | Corresponding bond or Spectral change in lyophilised
(em™) functional group system
1764 C=O oflactone ring | \jerged with other peaks in th
(spironolactone) vicinity
1689 C=0 of thioacetyl group | perged with other peaks in th
(spironolactone) vicinity
1672 C=0 of G-ring Merged with other peaks in t
(spironolactone) vicinity
1616 C=C (spironolactone) Mgrged with other peaks in th
vicinity
3492 O-H (citric acid) Disappeared
3282 O-H ( citric acid ) Disappeared
1740 C=0( citric acid ) Merged with other peaks in tk
vicinity
1690 C=0( citric acid Merged with other peaksn the
vicinity

162



From the above results that confirmed the formation of an amorphous solid
dispersion of spironolactone and citric acid, it was expected that the dissolution rate
of the drug from this solid dispersion is enhanced. In contrasspinenolactone
dissolution exhibited marked retardation compared to that of the physical mixture,
unprocessed drug, and commercial tablets. As discussed in Section 3.4.2.11 and
supported by the above discussion, this was attributed to the high hygragaoipic

the lyophilised system that absorbed water and consequently transformed into a
clump that sank to the bottom of the dissolution flask where it remained intact over

the experimental period.

4.4.2.6 Lyophilised spironolactondumaric acid mixture

The DSC thermograms of unprocessed spironolactone, fumaric acid, and their
physical and lyophilised mixtures (74% w/w fumaric acid) are shown in Figure 4.36.
Thethermogram of fumaric acid displayed an endotherm at@@trresponding to

its melting tenperature. It also showed another small endotherm a®C205
corresponding to transformation of prismatic fumaric acid to monoclinic fumaric
acid, after which fumaric acid starts to sublime (Temesvari et al., 1971). The thermal
behaviour of the physical xture demonstrated shift of the melting endotherms of
spironolactone and fumaric acid to $83and 273C respectively as well as
reduction in their intensities. The observed shift could be attributed to the mixing
process or it may suggest intensive sghigte interactions between the drug and the
excipient in the the physical mixture. The observed reduction in the intensity of the
melting endotherms might be due to disturbance in the crystalline structure of the
drug and the excipient during preparatafrthe physical mixture. The thermogram

of the lyophilised mixture showed similar performance to that of the physical
mixture with further shift of the spironolactone and fumaric acid melting endotherms
to 18PC and 269C respectively suggesting stromgaractions between the drug and
the excipient. Also, the intensity of the spironolactone melting peak was
dramatically reduced compared to its corresponding peak in the physical mixture.
This finding suggests the transformation of the majority of thg th an amorphous

form during the lyophilisation process.
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Figure 4.36: DSC of unprocessed spironolactone (a), unprocessed fumaric acid (b),
spironolactonefumaric acid physical mixture (c) and spironolactonefumaric acid
lyophilised mixture (d).

The corresponding XRPD patterns are compared in FigGie 4The diffratograms

of unprocessed spironolactone and fumaric acid reflected their crystalline nature as
indicated by numerous distinctive peak3he diffraction pattern of the physical
mixture presented the addition pattern of the drug and the ertipith apparent
reduction in the intensity of the peaks due to dilution effect in the physical mixture.
On the other hand, the diffraction pattern of the lyophilised mixture exhibited
disappearance of all spironolactone XRPD peaks and most @xthgient peaks.

This finding suggests the transformation of spironolactone and the majority of
fumaric acid to amorphous forms in the solid dispersion produced during the

lyophilisation process which was supported by the DSC results.
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Figure 4.37: XRPD of unprocessed spironolactone (a), unprocessed fumaric acid (b),
spironolactonefumaric acid physical mixture (c) and spironolactonefumaric acid
lyophilised mixture (d).

The corresponding FIR spectra are shown in Figure 4.38. The spectrunief
unprocessed spironolactone was previously discussed in Section 4.4.2.1. The
spectrum of fumaric acid showed characteristic (@Hrboxylic acid)streching
vibrations around 3000 chmand C=0 stretching vibrations at 1653 tm The
spectrum of the physal mixture showed all the characteristic absorption bands of
spironolactone whilst it exhibited disappearance of the characteristic peak of fumaric
acid at 1653 ci which might be overlapped with the drug peaks. On the other
hand noticeable differences in FIR spectrum of the lyophilised mixture were
observed and these are summarised in Table A h2se changes may be attributed

to intensive drugexcipient interactions such as intermolecular hydrogen bonding
which were supporteby the DSC and XRPD results.

165



af a
e T AT YL TT Lak
76— | it
1689 b fie— 1672
U i F i i I i i A i [ ! A i h I A i It F I i I i i ! i A i i | A i b
4000 3500 3000 2500 2000 1800 1000 &40

Wavenumber [crm-1]

Figure 4.38: FT-IR of unprocessed spironolactone (a), unprocessed fumaric acid (b),
spironolactonefumaric acid physical mixture (c) and spironolactonefumaric acid
lyophilised mixture (d).

Table 4.12: Wavenumbers of FT-IR absorption bands where changes were detected in
lyophilised spironolactonefumaric acid mixture, compared to unprocessed components

Wave number | Corresponding bond or Spectral change in lyophilised

(em™) functional group system

1764 C=Oof lactonering | pecreased intensity, broadening a
(spironolactone) shift to 1769 crit

1689 C=0 of thioacetyl group | perged with other peaks in tH
(spironolactone) vicinity

1672 C=0 of Gring Merged with other peaks in tH
(spironolactone) vicinity

1616 C=C (spironolactone) Merged with other peaks in th

vicinity
3000 OH (fumaric acid) Disappeared
1653 C=0 (fumaric acid) Shift to 1663 crit
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4.4.3 Ketoconazole

4.4.3.1 Lyophilised ketoconazole

The physical states of unprocesdeztoconazole and its lyophilised powder were
investigated by DSC and their thermograms are shown in Figure 4.39. The
unprocessed ketoconazole exhibited a sharp melting endothernP@tvibigh is in
accordance with published literature (Taneri et al., 2200 In contrast, the
thermogram of the lyophilised drug showed the disappearance of the melting peak of
ketoconazole and appearance of a broad endotherm in the temperature range 33 to
85°C. This result suggests the formation of an amorphous form otdwedzole
during the lyophilisation process he broad endotherm deemed to be attributable to
the removal of residual moisture as confirmed by the weight loss observed in TGA in
the same temperature range (Figure 4.40). This broad endotherm might dwerlap
endotherm corresponding tg ®f the produced amorphous form of ketoconazole as

it has been reported at 44.5°C (Van den Mooter et al., 2001).
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Figure 4.39: DSC of unprocessed ketoconazole (a) and lyophilised ketoconazole (b)
powders.
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Figure 4.40: TGA of lyophilised ketoconazole powder.

The corresponding XRPD patterns are shown in Figure 4.41. The thermogram of the
unprocessed ketoconazole showed numerous sharp peaks highlighting the crystalline
nature of the drug (Viseras et al.,98). In contrast, the diffractogram of the
lyophilised drug exhibited disappearance of all the characteristic peaks of the drug
and appearance of a hump pattern that is characteristic for amorphous state. This
finding revealed that ketoconazole transfedninto an amorphous form by

lyophilisation which was supported by the DSC results.

The corresponding FIR spectra are shown in Figure 4.42. The unprocessed
ketoconazole showed characteristic absorption bands at 1645, 1510, 1258, 1243, and
1222 cm' corresponding to C=0 stretch of amide, C=C stretch of aromatic rikty, C
stretch of alkyl, aromatic ©, and GN respectively. The spectrum also showed
dioxalan ring stretch at 1208 &mmethylene rock coupled to deformation of
dichlorophenyl GH bondsat 1130 crit and immidazole ring stretch at 1016 tm
(Dunmire et al., 2005) Noticeable differences in FIR spectrum of the lyophilised

ketoconazole were observed and these are summarised in Table 4.13
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Figure 4.41: XRPD of unprocessed ketoconalm(a) and lyophilised ketoconazole (b)
powders.
100
/ b
ill]
B0
'_
#
0
—m..,,_.ﬁ_.—_v____‘“ﬂ'_‘f_ SRR —..p.-—-.-l'-—'—"""""“"llI PN a
I M ]( | 7
- M Th
7 v B ol mnjl \
™
0.~ = al
G E:/ E Nﬁ =
|:| PR T S T T SO TR T T N TR SR PR B |l L Hr |ﬂ.- L= E-—I |5:: 1 i
4000 3800 3000 28M 2000 150 1000 E50

Wavanurmber [cm-1]

Figure 4.42: FT-IR of unprocessed ketoconazole (a) and lyophilised ketoconazole (b)

powders.
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The FTFIR spectrum of the Iyophilised ketoconazole exhibapgearance of a large
broad absorption band ithe region 320@600 cm. This band is typical for
amorphous solidsand points tointeraction with water suggesting the high
hygroscopicity of the amorphous ketoconazole produced during the lyophilisation
process. Thus, these changes in the spectrunfirroo the transformation of
ketoconazole to an amorphous form during the lyophilisation process and support the
DSC and XRPD results.

Table 4.13: Wave numbers of FHIR absorption bands where differences were detected
between unprocessed and lyophiliseketoconazole.

Wave number Corresponding bond or Spectral change in lyophilised
(cm?) functional group ketoconazole
1645 C=0 of amide Shift to 1634 crii
1258 C-H of alkyl Disappeared
1243 Aromatic GO Disappeared
1222 C-N Shift to 1228 crii
1208 Dioxalan ring Disappeared
1130 C-H bonds Disappeared
1016 Imidazole ring Shift to 998 crit
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4.4.3.2 Lyophilised ketoconazotenannitol mixture

The physical state of unprocessed ketoconazole, mannitol, and their physical and
lyophilised mixtures(33% w/w mannitol) were investigated by DSC and their
thermograms are shown in Figure 4.43. The unprocessed ketoconazole powder
exhibited a sharp melting endotherm at A5Qvhereas the unprocessed mannitol
exhibited a melting endotherm at 2688whichis@tar act er i sti c f or

of mannitol (Izutsu et al., 2004).
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Figure 4.43: DSC of unprocessed ketoconazole (a), unprocessed mannitol (b),
ketoconazolemannitol physical mixture (c) and ketoconazoleanannitol lyophilised
mixture (d).

The thermogram of the physical mixture showed both melting endotherms of the
drug and excipient with an obvious decrease in their intensity. This may be
attributed to disturbance in the crystalline structure of the drug and the excipient in
the physical mixire or due to decreased concentration of the drug and excipient in
the mixture. The thermogram of the lyophilised mixture exhibited disappearance of
the mannitol melting endotherm and a dramatic decrease in the intensity of

ketoconazole melting endotheradlong with shift to 138. This presumably is
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attributed to transformation of the mixture components to amorphous forms. The
shift in the ketoconazole melting endotherm suggests the incidence efxdnpgent
interactions in the solid dispersion proddakiring the lyophilisation process.

The corresponding XRPD patterns are compared in Figure 4.44. The diffratograms
of unprocessed ketoconazole and mannitol reflected their high crystalline nature as
indicated by numerous distinctive peaks. The diftrgcam of the physical mixture
showed all the characteristic peaks of ketoconazole with reduced intensities as a
result of dilution with mannitol in the mixture. Furthermore, the characteristic
XRPD peaks of mannitol almost vanished. This is attributeditdolower
concentration relative to ketoconazole in the mixture. On the other hand, the
diffractogram of the lyophilised mixture exhibited disappearance of almost all XRPD
peaks of the drug and the excipient suggesting the transformation of the mixture
components to amorphous forms during the lyophilisation process which was

supported by the DSC results.

4 10 20 30
2 theta-scales

Figure 4.44. XRPD of unprocessed ketoconazole (a), unprocessed mannitol (b),
ketoconazolemannitol physical mixture (c) and ketoconazolemannitol lyophilised
mixture (d).
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The corresponding FIR spectra are illustrated in Figure 4.45. The characteristic
absorption bands of ketoconazole and mannitol were previously discussed in
Sections 4.4.3.1 and.4.1.2. The spectrum of thghysical mixture seemed to be
equivalent to the addition spectrum of ketoconazole and mannitol. On the other
hand, mticeable differences in FIR spectrum of the lyophilised mixture were
observed and these are summarised in Table 4.14. In adt@spectrum of the
lyophilised mixture showed a broad band at 38800 cmi* which is typical for
amorphous solids and points to interaction with water. These observed changes
suggest the incidence of ketoconam@nnitol interactions such as intermolecular

hydrogen bonding between carbonyl group of ketoconazole and hydroxyl groups of

mannitol.
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Figure 4.45: FT-IR of unprocessed ketoconazole (a), unprocessed mannitol (b),
ketoconazolemannitol physical mixture (c) and ketoconazolenannitol lyophilised
mixture (d).
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Table 4.14: Wave numbers of FHIR absorption bands where differences were detected
in lyophilised ketoconazolemannitol mixture, compared to unprocessed components

Wave number Corresponding bond or Spectralchange in lyophilised
(em™) functional group system
_ . Decreased intensity, broadeni
1645 C=0 of amide (ketoconazole) and Shift to 1636 cih
1258 C-H of alkyl (ketoconazole) Dlsappeared' or Mgrged wi
other peaks in the vicinity
1243 Aromatic GO (ketoconazole) Dlsappeareq or Mgrggd with
other peaks in the vicinity
1222 C-N (ketoconazole) Dlsappeareq or Mgrged wi
other peaks in the vicinity
1208 Dioxalan ring (ketoconazole) Dlsappeareq or I\/I'e.rg'ed wil
other peaks in the vicinity
1130 C-H (ketoconazole) Disappeared

4.4.3.3 Lyophilised ketoconazoteannitol-SLS mixture

The thermal behaviours of unprocessed ketoconazole, mannitol, SLS, and their
physical and lyophilised mixtures (28% w/w mannitol and 14% w/w SLS) were
investigated by DSC and their thermograms are shown in Figure 4.46. Unprocessed
ketoconazole, SLS and mannitol exhibited sharp melting endotherms at {0
199€C and 168°C respectively. The thermogram of the physical mixture displayed

the melting endotherms of ketoconazole and mannitol with broadening and decreased
intensities which might be due to distunica in their crystalline structures or the
dilution of both components in the physical mixture. Furthermore, the thermogram

lacked the melting endotherm of SLS which might be due to dissolution of the
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excipient in the melt of ketoconazole or mannitol befaeaching its fusion
temperature. In contrast, the thermogram of the lyophilised mixture exhibited
disappearance of mannitol and SLS melting endotherms and appearance of the
ketoconazole melting endotherm as a very small, broad peak. These reswd&t sugg
the transformation of the mixture components to amorphous forms in the solid
dispersion produced during the lyophilisation process. In addition, the ketoconazole
melting endotherm shifted to lower temperature (144°C) suggesting the possibility of

drug-excipient interactions.

exotherm
n

endotherm Heat flow Wq)

T T T T
120 12 150 200

Temperature

T
100

20 T

Figure 4.46: DSC of unprocessed ketoconazole (a),
unprocessed mannitol (c), ketoconazolmannitol physical
ketoconazolemannitol lyophilised mixture (e).

unprocessed SLS (b),
mixture (d) and

The corresponding XRPD patns are compared in Figure 4.47. The diffratograms

of ketoconazole, mannitol, and SLS displayed their crystalline nature as indicated by
numerous distinctive peaks. The diffractogram of the physical mixture demonstrated
appearance of most of the chaeaistic XRPD peaks of ketoconazole, mannitol and
SLS. Disappearance or decreased intensity of some peaks in the thermogram of the
physical mixture was noticeable and might be attributed to dilution of the

components in the mixture. On the other hana dhiffraction pattern of the
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lyophilised mixture exhibited disappearance of all the XRPD peaks and appearance
of a halo pattern suggesting the complete transformation of the mixture components
to amorphous state during the Iyophilisation process whichswpported by the

DSC results.
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Figure 4.47: XRPD of unprocessed ketoconazole (a), unprocessed mannitol (b),
unprocessed SLS (c), ketoconazeleannitol physical mixture (d) and ketoconazole
mannitol lyophilised mixture (e).

The correspondop FT-IR spectra are illustrated in Figure 4.48. The characteristic
absorption bands of the drug and excipients were discussed in Sections 4.4.3.1,
4.4.1.2 and 4.4.1.3. The spectrum of the physical mixture showed all the
characteristic peaks of the drudneveas it lacked all the characteristic peaks of SLS

as well as the mannitol characteristic peaks at 3392 and 3289 @imis finding

might be due to low SLS and mannitol concentrations in the physical mixture relative
to thedrug On the other hand,oticeable differences in FIR spectrum of the
lyophilised mixture were observed and these are summarised in Table 4.15. In the
spectrum of the lyophilised mixtur@ll ketoconazole characteristic peaks around

1200 cm' merged into a broad peak at 1228 tmThe spectrum also showed the
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appearance of a large broad peak in the region-3600 cni which is typical for
amorphous solids.These observed changes suggest the incidence of intermolecular
hydrogen bonding between the components of the amorphaligs dispersion
produced during the lyophilisation proces&ccording to the DSC, XRPD and FT

IR results, it can be concluded that the major dissolution rate enhancement observed
from the lyophilised mixture of ketoconazole with mannitol and SLS (Section
3.4.2.15)was primarily attributed to formation of an amorphous solid dispersion of

the drug in the amorphous lyophilised matrix of the excipients.
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Figure 4.48: FT-IR of unprocessed ketoconazole (a), unprocessed mannitol (b),
unprocessed SLSf), ketoconazolemannitol physical mixture (d) and ketoconazole
mannitol lyophilised mixture (e).
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Table 4.15: Wave numbers of FHIR absorption bands where differences were detected

in lyophilised ketoconazolemannitol-SLS mixture, compared to unprocessed
components
Wave number Corresponding bond or Spectral change in lyophilised
(cm™) functional group system
_ , Decreased intensity, broadeni
1645 C=0 of amide (ketoconazole) and Shift to 1634 cih
1258 C-H of alkyl (ketoconazole) Mgrgedwﬂh other peaks in th
vicinity
1243 Aromatic GO (ketoconazole) Merggq with other peaks |
the vicinity
1222 C-N (ketoconazole) Mgrged with other peaks in tf
vicinity
1208 Dioxalan ring (ketoconazole) Mgrged with other peaks in tf
vicinity
1130 C-H bonds (ketoconazole) Disappeared
3392 OH (mannitol) Disappeared
3289 OH (mannitol) Disappeared
Long chain alkyl group
2915 i i
(SLS) Decreased intensity
2849 Long chain alkyl group
4 . .
(SLS) Decreased intensity
1467 C-H (SLS) Broadening and shift t
1449 cnt
1216 C-O(SLS) Mgrged with other peaks in th
vicinity
1080 S=0(SLS) Shift to 1083 cril
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4.4.3.4 Lyophilised ketoconazotenannitol-PEG 6000 mixture

The physical states of unprocessed ketoconazole, mannitol, PEG 6000, and their
physical and lyophilised mixtures (28% w/w mannitol and 14% w/w PEG 6000)
were investigated by DSC and their thermograms are shown in Figure 4.49.
Unprocessed ketoconazole, maal and PEG 6000exhibited sharp melting
endotherms at 150°C, 168°C and 64°C respectivdig thermogram of the physical
mixture displayed all three melting endotherms of the drug and excipients with
apparent decrease in their intensities due to dismupf the crystalline structure of

the components of the physical mixture during preparation or due to dilution effect.
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Figure 4.49: DSC of unprocessed ketoconazole (a), unprocessed PEG 6000 (b),
unprocessed mannitol (c), ketoconazolmannitol-PEG 6000 physical mixture (d) and
ketoconazolemannitol-PEG 6000 lyophilised mixture (e).

The thermogram of the lyophilised mixture exhibited complete disappearance of both
ketoconazole and mannitol melting endotherms. In addition, PEG 6000 melting
endotherm shifted to 58°C C and its intensity was obviously redutks. finding

suggests that both ketoconazole and mannitol were completely transformed into
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amorphous state while PEG 6000 partially transformed to an amorphous form in the
produced solidlispersion. The observed shift of the PEG 6000 melting endotherm
may be due to transformation of the polymer to a different crystal form during the
lyophilisation process or due to depression of the melting temperature of the polymer
as a result of solidispersion formation. Similar results have been reported by Wang
et al. (2004) who found that the melting temperature of PEG 6000 in its solid
dispersion with 80% w/w itraconazole shifted58C.

The corresponding XRPD patterns are compared in Figbfe 4The diffratograms

of unprocessed ketoconazole, mannitol, and PEG 6000 reflected their crystalline
nature as indicated by numerous distinctive peaks. The diffractogram of the physical
mixture showed appearance of some peaks indicating the crystadlinee of the

mixture. Disappearance of some peaks in the thermogram of the physical mixture
and decreased intensities of others were obvious and might be attributed to a dilution
effect in the mixture. On the other hand, the diffractogram of the liye@thimixture

exhibited disappearance of all peaks of the drug and mannitol while it showed traces
of PEG 6000 peaks suggesting the transformation of the mixture components to
amorphous state during the lyophilisation process which was supported by the DSC

results.

The corresponding FIR spectra are illustrated in Figure 4.51. The characteristic
absorption bands of the drug and the excipients were discussed in Sections 4.4.3.1,
4.4.1.2 and 4.4.1.4. The spectrum of the physical mixture showed all the
charcteristic peaks of the drug whereas it exhibited disappearance of some of the
characteristic peaks of PEG 6000 and mannitol due to their low concentrations in the
mixture. On the other hand, noticeable differences inlRETspectrum of the
lyophilised mixure were observed and these are summarised in Table #&6.
spectrum of the lyophilised mixture also exhibited appearance of a large broad peak
in the region 3003500 cm* (explained previously). All ketoconazole characteristic
peaks around 1200 chwere found merged into a broad peak at around 1228 cm
These changes suggest intensive intermolecular hydrogen bonding between the
components of the amorphous solid dispersion produced during the lyophilisation

process.
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Figure 4.50: XRPD of unprocess# ketoconazole (a), unprocessed mannitol (b)

unprocessed PEG 6000 (c), ketoconazeateannitol-PEG 6000 physical mixture (d) and
ketoconazolemannitol-PEG 6000 lyophilised mixture (e)
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Figure 4.51: FT-IR of unprocessed ketoconazole (a), unprocgsd mannitol (b)
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unprocessed PEG 6000(c), ketoconazeteannitol-PEG 6000 physical mixture (d) and

ketoconazolemannitol-PEG 6000 lyophilised mixture (e)
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Table 4.16: Wave numbers of FHIR absorption bands where differences were detected
in lyophilised ketoconazolanannitol-PEG 6000 mixture, compared to unprocessed
components

Wave number Corresponding bond or Spectral change in lyophilised
(cm?) functional group system
_ . Decreased intensity, broadeni
1645 C=0 of amide (ketoconazole) and Shiftto 1639 crfl
1258 C-H of alkyl (ketoconazole) Mgrged with other peaks in tf
vicinity
1243 Aromatic GO (ketoconazole) Merggq with other peaks |
the vicinity
1222 C-N (ketoconazole) Mgrged with other peaks in t
vicinity
1208 Dioxalan ring(ketoconazole) Mgrged with other peaks in tf
vicinity
1130 C-H bonds (ketoconazole) Disappeared
2880 C-H (PEG 6000) Shift to 2868 crit
1466 C-H (PEG 6000) Decreased intensity,broadeni
and shift to 1447 cth
1095 C-O (PEG 6000) Shift to 1081 crit
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45 Conclusion

It can be concluded from this chapter that:

1 Lyophilisation of glibenclamide, spironolactone or ketoconazole alone or with
different excipients resulted in transformation of the drugs to an amorphous
state. This finding explains the dissolution enhancement observed for these
drugs from their solid idpersions with the excipients (Chapter 3). -IRT
spectra of the lyophilised mixtures suggest the incidence of intermolecular
hydrogen bonding between the drugs and the excipients.

1 In the case of spironolactone, some XRPD patterns contradicted the
correponding DSC thermograms as the former displayed the amorphous
nature of spironolactone in the lyophilised system while the later showed the
melting endothermic peak of the drug. This could be due to the flexibility of
spironolactone molecules that cantgmugh molecular rearrangement by the
application of heat experienced during the DSC analysis.

1 The appearance of new XRPD peaks in the case of the lyophilised mixture of
spironolactone with mannitol may suggest formation of a new polymorphic
form of thedrug during the lyophilisation process.

1 Citric acid is not a good excipient in lyophilisation process asythghilised
mixture of spironolactone with citric acid was characterised by high
hygroscopicity as evident fronthe FTIR results. This explainshé
transformation of the lyophilised product to a clump that sank to the bottom
of the dissolution flask where it remained intact over the experimental period
leading to retardation of the dissolution rate of spironolactone (Chapter 3).

1 The lyophilised sstems of ketoconazole were highly hygroscopic in nature
as indicated by the appearance of a broad absorption band in the range
30003500 cn'* (characteristic for OH of water molecules) in thEW-IR

specta.
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Chapter 5



5. Spray coating of lyophilised glibenclamide, spironolactoneand
ketoconazole capsule formulations

5.1 Introduction

It is well known thatthe amorphou$orm has higherfree energy, free volumand
molecular mobility compared tihe crystallineform, leading tophysical instability,
greaterchemicalreactivity, and water vapour absorpti¢Growley & Zografi, 2002)

The temperature at which the amorphous form transforms from glass to rubber (glass
transition temperature, ¢J is considered a critical property of the amorphous
material. Major changesn viscosity and molecular mobility occat Tg. Chemical
reactivity and crystalliation rates increasat temperatureabove and directlpelow

T4 (Guo et al., 2000).Stability of the amorphouf®rm of drugsis the main obstacle

in the successfuéxploitation and realisatioof its advantageus physicochemical
properties. The stability of the amorphous soligs further challengedby different
stressessuch as temperature, gases, and liquid vapours (Gupta & Bansal, 2005).
Moreover, moisture has a plasticization effect on the amorphous material which
increases the molear mobility and decreaseg fiesulting in increased tendency for
transformation to the crystalline fornstfydomet al., 2009; Ambike et al., 2004;
Andronis & Zografi, 1998; Andronis et al., 1997)Therefore, drugs dispersed in
amorphous forms are liable to recrystallisatioto different polymorphic forms

upon storage, especially when they are subjected to high temperature and humidity.

Capsules, as pharmateal dosage forsirepresent many advantages compared to
othe traditional oral dosage formsCapsulesre easily formulated archn befilled

with powders granules liquids orsemtsolids(Marques et al., 2009)Capsulesalso

havea number of patierddvantagesncluding ease of swallowing anohasking of

active pharmaceutical ingredient or excipient taste and odour (Jones, 2004). The
percentage of moisture in the shell of hard gelatin capsule ranges between 13% and
16% w/w (Chang et al., 1998). Thisoisture content acts as a plasticizer to provide
flexibility to the capsule shell. During storage, variation in moisture content of the
shell can result in undesirable physical properties such as shell fragility or stickiness.

Moisture can move from theapsule contents to the shell leading to softening
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problems. On the other hand, moisture can transfer from the shell to the capsule
contents during storage (Chang et al., 1998)e &xchangef moisture between the
capsule sheland thecapsulecontentsis considered a disadvantage of hard gelatin
capsules. When the filled capsuleare kept in a closed container, the moisture
redistributesuntil equilibrium isachieved Thehigh permeability of theapsuleshell

to water vapouis therefore aother limtation of gelatin capsulesWhen capsules
are stored in aropen atmosphere, tihecontentshave the potential to capture
moisture from theenvironmentuntil equilibrium is reached. This can have a
detrimental effect on both the capsule and its contenke transfer of moisture to
the capsule contents caasult inagglomeration or chemical degradatwith a loss

in function, biological activity, and change in toxicity of the active ingredients
(Yoshioka & Stella, 2000)

Many drugs are unstable undédreteffect of air, light, heat or moisture. Thus,
pharmaceutical dosage forms are commonly provided with polymeric coatings to
extend their shelf life (Petereit & Weisbord, 1999). Furthermore, the destructive
effect of the gastric acid and enzymes on dragn be avoided by enteric coating
which also prevents stomach irritation induced by some divaygy & Chen 2009)
Enteric coatings are selected to control tleeation of the drug release the
gastrointestinal tract. The majority of drug absorptiotakes place in the small
intestine (seeSection 1.2.1.8 Thus, the enteric coating which resists acidic
environment of the stomach addruptsin the small intestinea higher pH) would

be useful to ensure maintenance of a high drug concentratiom with absorptio

point before dispersion. Thugjteric coating has both the advantages of controlling
the site of drugdelivery whilst potentially protecting drug from the environment
during storage of the dosage formEnteric coating is used fqorotecting many
drugs such as omeprazole (He et al., 2009), flubiprofen (Hashmat et al., 2007),
acetylsalicylic acid, theophyllinggaracetamol, propranolol hydrochloride, isoniazid,
ranitidine hydrochloride and procainamiagdrochloride(Pina et al., 1997)
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5.2 Ainmsand objectives

The present chapter aims to investigate the application of film coatings to various
drug formulations; nownteric film coating (glibenclamide, spironolactone and
ketoconazole) or enteric film coating (glibenclamide), to haed gelatin capsules
containing the selected lyophilised formulations to overcome the disadvantages of
moisture permeability of hard gelatin capsules. Before the coating process, the effect
of certain process parameters such as the type of solvent sybtemolume of
solvent and drying time on the physicochemical stability of the drug formulations

contained in the hard gelatin capsules were investigated.

5.3 Methods

The effect of two types of solvent systems on the physicochemical properties of the
lyophilisedformulationscontained in hard gelatin capsulgas investigated.These
solvent systems werecetone/isopropylalcohol (50% v/v) and ethanol/water
(90/10% v/v).

5.3.1 Acetone/isopropyl alcohol solvent system

This system is a non aqueousvent system that can be used for ethyl cellulose
coating (see Section 1.5.1.1). It consisted of 50% v/v acetone and isopropyl alcohol.
It was used for spraying capsules containing lyophilised formulations of either
glibenclamide (93% w/w SLS); spironalane (67% w/w SLS) or ketoconazole
(14% w/w SLS and 28% w/w mannitol). The solvent system was applied to the

capsules by a bendbp minicoater, Caleva using the parameters listed in Table 5.1.

5.3.1.1 Effect of application of different volumes of t solvent system

8 capsuls were sprayed witi6, 32 or 64 ml (2, 4, or 8 ml per capsul®f 50%v/v
acetone/isopropyl alcohol system using thriooater parameters listed irable 5.1
The resultant capsules had their dissolution performance evaluaetib(S2.4.1)

and the contents removed for physical characterisation by DSC, XRPD dfRd FT
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Table 5.1: Minicoater experimental parameters for Acetone/isopropyl alcohol solvent
system

Parameter Value
Cone agitator speed (H) 17.5
Air flow temperature (°C) 30
Drying temperature (°C) 30
Atomising air pressure (bar) 1
Inlet air flow (m/s) 7
Speed of the pump (r/m) 3
Height of spray head (mm) 150
Drying time (mins) 10

5.3.1.2 Effect of process drying time

8 capsuls were sprayed with32 ml (4 ml per capsule)of the 50% v/v
acetone/isopropyl alcohol system using thiriooater parameters listed irafle 5.1
Capsules were allowed to dry for varying times gpaying (10, 25, 40 and 60
minutes). The resultant capsule contents were phisichhracterised by DSC,
XRPD and FTIR.

5.3.2 Ethanol/water solvent system

This solvent system was employed in the present thesis as a solvent system for the
enteric or norenteric coating systems. It consisted of 90% v/v ethanol and 10% v/v
water. It was used for spraying the selected capsule formulations (see Section 5.3.1).
The solvent system was sprayed by a bdnphminicoater, Caleva applying the

parameters listed in Table 5.2.
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5.3.2.1 Effect of application of different volumes of the solné system

8 capsuls were sprayed witid6, 32 and64 ml (2, 4, or 8 ml per capsulef the

solvent system 0f90% v/v ethanol and 10% v/v watersing the minicoate
parameters listed in Table 5.2. The resultant capsules were tested for dissolution and
the contents were physically characterised by DSC, XRPD anriiRET

5.3.2.2 Effect of process drying time

8 capsulse were sprayed witls4 ml (8 ml per capsuledf the solvent system &0%
v/v ethanol and 10% v/v watessing the minicoateparameters listeth Table 5.2.
Capsules were allowed to dry for 20, 60 or 90 minutes. The resultant capsule

contents were physically characterised by DSC, XRPD anrtRFT

Table 5.2: Minicoater experimental parameters for ethanol/water solvent system

Parameter Value
Cone agitator speed (H) 17.5
Air flow temperature (°C) 40
Drying temperature (°C) 40
Atomising air pressure (bar) 1
Inlet air flow (m/s) 7
Speed of the pump (r/m) 3
Height of spray head (mm) 150
Drying time (mins) 20
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5.3.3 Application of coating systems
5.3.3.1 Norenteric coating system

Opadrywas usedas anon-enteric coating system It consists ofhydroxylpropyl
cellulose (HPC), hydroxylpropyl methyl cellulose (HPMC) as polymers and titanium
dioxide as a colouring age Opadrycoating dispersion b w/v) was preparedyb
mixing the desired amount of Opadppwder with a solvent system consisting of
90% v/v absolute ethanol and %0v/v distilled water.The following mixing

procedures were followed for optimum preparatof the coating system:

1. The required amount of the Opadry coating system was weighed.

2. The required volume of the solvent system was measured into a mixing
vessel.

3. The solvent system was stirred using a propeller (1000 rpm) in the centre and
as close totte bottom of the mixing vessel as possible to form a vortex.

4. Opadry powder was gradually but quickly added to the vortex avoiding
floating on the solvent surface.

5. After addition of the entire amount of powder, the mixer speed was reduced
(500 rpm) to remow the vortex and then the system was mixed for 45
minutes prior to use for coating the selected formulations of glibenclamide,

spironolactone or ketoconazole formulations (see Section 5.3.1).

5.3.3.2 Enteric coating system

Opadry enteric was use@s anenteric coating system It consists ofpolyvinyl
acetate phthalate as a polymstearic acigd triethyl citrate as plasticizers and
titanium dioxide as a colouring agenOpadryenteric coating dispersion systems
(10% w/v) were prepared using theamesolvent system and mixing proceduras
those employed in the case of Opadry #eoteric coating system and used for

coating glibenclamide formulations.

8 capsules were sprayed with 16 ml (2 ml per capsule) of the dispersion of the
coating system (either ggric or nonenteric) using a benelop minicoater, Caleva.

The applied minicoater experimental parameters for enterimanéntericcoatng
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are listed in Table 5.3. Capsules were weighed before and after coating and the
percentage weight gain was cabkedd. The weight gain in the case of +eeric
coating was % while in the case of enteric coating, the weight gain wWhk2%8 .

Table 5.3: Minicoater experimental parameters for non-enteric and enteric coating

Parameter Non-enteric coat Enteric coat

Cone agitator speed (H) 17.5 17.5
Air flow temperature (°C) 40 25
Drying temperature (°C) 40 25
Atomising air pressure (bar) 1 1
Inlet air flow (m/s) 7 7
Speed of the pump (r/m) 3 15

Height of spray head (mm) 150 150
Drying time (mins) 20 20
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5.4 Results and discussion
5.4.1 Acetone/isopropyl alcohol (50/50% wi/w) solvent system

5.4.1.1 Effect of application of different volumes of solvent on dissolution
profiles of lyophilised glibenclamide, spironolactone and ketoconazole

formulations

The dissolution profiles of glibenclamide, spironolactone and ketoconazole capsule
formulations after spraymq with different volumes ob0% v/v acetone/isopropyl
alcohol solvent system are illustrated in Figures-5.2 respectively.For all three
drugs, there were no significant differences between the dissolution profiles of the
systems(f, > 50). This finding suggests the stability of the solid dispersion

formulations of the drugs after application of the solvent system.
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Figure 5.1: Effect of sprayingdifferent volumes of acetone/isopropyl alcohol (50/5%
viv) solvent system on the dissolution prafts of Iyophilised glibenclamideSLS
formulations (n=6).
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Figure 5.2: Effect of sprayingdifferent volumes of aetone/isopropyl alcohol (50/5%
v/v) solvent system on the dissolution profiles of Iyophilised spironolactoril S
formulations (n=6).
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Figure 5.3 Effect of spraying different volumes of aetone/isopropyl alcohol (50/5%

v/v) solvent system on the dissolution profiles of lyophilised ketoconazeteannitol-SLS
formulations (n=6).
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5.4.1.2 Physical characterisation of lyophilisedglibenclamide, spironolactone

and ketoconazole formulations that received different volumes of

acetone/isopropyl alcohol (50/50% v/v) solvent system

The DSC thermograms ofglibenclamide, spironolactone and ketoconazole
formulations after spraying otapsuls with different volumes of50% v/v
acetone/isopropyhlcohol solvent syste are illustrated in Figures 5%6. The
thermograms of the sprayed glibenclamide formulations were identical. There were
no difference between the thermograms of theygordormulations and that of the
nonsprayed samples except for the appearance of a very small, shallow endotherm at
57°C representing solvent evaporatiofor spironolactone and ketoconazole, the
thermograms of the sprayed formulations were also simailaach other and to those

of the corresponding nesprayed formulations.

exotherm

endotherm Heat flow W/}

T
200

T T
120 140

Temperature

Figure 5.4: DSC of lyophilised glibenclamide-SLS formulations sprayed with different
volumes of aetone/isopropyl alcohol (50/5% v/v) solvent systemO ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 5.5 DSC oflyophilised spironolactoneSLS formulations sprayed with different
volumes of aetone/isopropyl alcohol (50/5% v/v) solvent system Oml (a); 2 ml (b); 4
ml (c); or 8 ml (d).
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Figure 5.6: DSCof lyophilised ketoconazolemannitol-SLS formulations sprayed with

different volumes of aetone/isopropyl alcohol (50/5% v/v) solvent system Oml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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The corresponding XRPD patterns of the systems are represented in BigtH&s

The diffractograms of the sprayed formulations of glibenclamide and ketoconazole
were identical to those of the corresponding -sprayed samples supporting the
DSC results and suggesting the stability of the amorphous forms of both drugs in
their solid dispersions on being sprayed with different volumes of the solvent system.
The diffractograms of the sprayed formulations of spironolactone showed
recrystallisation peaks (Figure 5.8)This may be attributed to exposure of the
formulations to thedvent vapour during the coating proceggisorption of solvent
molecules on the surface of the amorphous formulations may lead to an increase in
the mobility of the drug molecules leading to their reorganisation and
recrystallisation. Brinkmann et al. 1997) have reported that the exposure of an
amorphous phthalocyanine film to the vapour of acetone induced significant
alteration in the morphology and crystalline structure of the fillowever, the
absence of changes in the DSC thermograms or dissolptiofiles of sprayed
formulations of spironolactone compared to those of the correspondirgpreyed

samples suggests that the observed recrystallisateminimal.
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Figure 5.7: XRPD of lyophilised glibenclamide-SLS formulations sprayed with
differ ent volumes of @etone/isopropyl alcohol (50/5% v/v) solvent systemO ml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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Figure 5.8: XRPD of lyophilised spironolactoneSLS formulations sprayed with
different volumes of aetone/isopropyl alcohol (50/5% v/v) solventsystemO ml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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Figure 5.9: XRPD of lyophilised ketoconazolemannitol-SLS formulations sprayed with
different volumes of acetone/isopropyl alcohol (50/5% v/v) solvent systemO ml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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Figures 5.166.12 show the corresponding R spectra of the systems. For all
three drugs, the absorption spectra of the sprayed formulations were identical to
those of the corresponding neprayed samples with no differescdéetween
different volumes of the solvent system observed. This finding confirms that
spraying with different volumes of the solvent system did not affect the stability of
the solid dispersions of the drugs with the excipients supporting the DSC results.
This stability explains the maintenance of dissolution rate of glibenclamide,

spironolactone and ketoconazole formulations after the spraying process.
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Figure 5.10: FT-IR of lyophilised glibenclamide-SLS formulations sprayed with
different volumes of aetone/isopropyl alcohol (50/5% v/v) solvent system Oml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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Figure 5.11: FT-IR of lyophilised spironolactoneSLS formulations sprayed with
different volumes of aetone/isopropyl alcohol (50/5% v/v) solvent system Oml (a); 2
ml (b); 4 ml (c); or 8 ml (d).
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Figure 5.12: FT-IR of lyophilised ketoconazolemannitol-SLS formulations sprayed
with different volumes of acetone/isopropyl alcohol (50/5% v/v) solvent system0 ml
(a); 2ml (b); 4 ml (c); or 8 ml (d).
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5.4.1.3 Effect of process drying time on physical characteristics of lyophilised
glibenclamide, spironolactone and ketoconazole capsule formulations sprayed
with 50% v/v acetone/isopropyl alcohol solvent system

The DSC thermograms ofglibenclamide, spironolactone and ketoconazole
formulations after spraying ofapsule with 4 ml (per each capsule) of 50% v/v
acetone/isopropyhlcohol solvent syste and drying for 10, 25, 40 and 60 minutes
are illustrated in Figures 5.4815 For all three drugs, the thermograms of the
formulations dried for different times are identical to those of the corresponding non
sprayed samples. This finding suggests the stability of all three drug solid

dispersions on being dried for different tisrnafter spraying of the solvent system.
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Figure 5.13: DSC of lyophilised glibenclamide-SLS formulations sprayed with 4 ml of

acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for different times
non-sprayed (a); 10 (©); 25 (c); 40 (d); 60 (e) minutes.
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Figure 5.14:DSC of lyophilised spironolactoneSLS formulations sprayed with 4 ml of
acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for different times
non-sprayed (a);10 (); 25 (c); 40 (d); 60 (e) minutes.
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Figure 5.15:DSC of lyophilised ketoconazolemannitol-SLS formulations sprayed with
4 ml of acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for different
times non-sprayed (a);10 (b); 25 (c); 40 (d); 60 (e) minutes.
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The corresponding XRPD patterns of the systems are represented in Figures 5.16
5.18. The diffractograms of glibenclamide and ketoconazole formulations dried for
different times were similar to those of the correspondingspoayed formulations
supportinghe DSC results. This finding confirmed that drying time had no effect on
the amorphous forms of both glibenclamide and ketoconazole included in their solid
dispersions with the excipientd-or spironolactone, it was found that drying time
had no effecbn the extent of spironolactone recrystallisation induced by the solvent

system.

The corresponding FIR spectra are shown in Figures 53.21. The absorption
spectra of the sprayed formulations for all three drugs were identical to those of the
correponding nomsprayed samples with no effect for the drying time observed.
This finding confirmed that drying time did not affect the stability of the solid

dispersions of the drugs with the excipients.

._‘“‘_ Iy e
— . . e e R
d
M“‘M .__./M\-ﬁ\.__h_______ ) c
fi
f"‘LM‘M"JHIMm‘__'_n_‘_\.uu_'__w__‘_"_”_‘_._'_._,-.__-_,_,_.JMII\‘JI':‘.,._._ b

20
2 theta-scale

Figure 5.16: XRPDof lyophilised glibenclamide-SLS formulations sprayed with 4 ml of
acetone/isopopyl alcohol (50/5®6 v/v) solvent system and dried for different times
non-sprayed (a);10 ([); 25 (c); 40 (d); 60 (e) minutes.
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Figure 5.17: XRPD of lyophilised spironolactoneSLS formulations sprayedwith 4 ml
of acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for different times
non-sprayed (a); 10 [©); 25 (c); 40 (d); 60 (e) minutes.
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Figure 5.18: XRPD of lyophilised ketoconazolemannitol-SLS formulations sprayed
with 4 ml of acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for
different times non-sprayed (a);10 ([©); 25 (c); 40 (d); 60 (€) minutes.
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Figure 5.19: FT-IR of lyophilised glibenclamide-SLS formulations sprayed with 4 ml of
acetone/isopropyl alcohol(50/50% v/v) solvent system and dried for different times
non-sprayed (a);10 (); 25 (c); 40 (d); 60 (e) minutes.
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Figure 5.20: FT-IR of lyophilised spironolactoneSLS formulations sprayed with 4 ml

of acetone/isopropyl alcohol (50/5% v/v) solvent system and dried for different times
non-sprayed (a);10 (); 25 (c); 40 (d); 60 () minutes.
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Figure 5.21: FT-IR of lyophilised ketoconazolemannitol-SLS formulations sprayed

with 4 ml of acetone/isopropyl alcohol (50/5% v/v) solvent system and dried fo
different times non-sprayed (a);10 (); 25 (c); 40 (d); 60 (€) minutes.

5.4.2 Ethanol/water (90/1% v/v)

5.4.2.1 Effect of application of different volumes of solvent on dissolution
profiles of lyophilised glibenclamide, spironolactone and ketoconazole

formulations

The dissolution profiles of glibenclamide, spironolactone and ketoconazole capsule
formulations after spraym with different volumes of taanol/water (90/1% v/v)
solvent systm are illustrated in Figures 5.2224 respectively. For all three drugs,

the dissolution profiles were almost superimposeithdse of thecorresponding non
sprayedformulations with $ values > 50 This finding suggests the stability of their

solid dispersions on being sprayed with this solvent system.
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Figure 5.22: Effect of sprayingdifferent volumes of ethanol/water (90/1086 v/v) solvent
system on the dissolution profiles olfyophilised glibenclamide SLS formulations (n=6).
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Figure 5.23: Effect of spraying different volumes of ethanol/water (90/10% v/v) solvent
system on the dissolution profiles of lyophilised spironolactor8LS formulations (n=6).
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Figure 5.24: Effect of praying different volumes of ethanol/water (90/106 v/v) solvent
system on the dissolution profiles of Iyophilised ketoconazolemannitol-SLS
formulations (n=6).

5.4.2.2 Physicalcharacterisation of lyophilised glibenclamide, spironolactone
and ketoconazole formulations that received different volumes of ethanol/water

(90/10% v/v) solvent system

The DSC thermograms oflyophilised glibenclamide, spironolactoneand
ketoconazoldormulations after spraying of thmapsule with different volumes of
ethanol/water (90/¥® v/v) solvent systm are illustrated in Figures 5.2Z527
respectively. There were no differences observed between the thermograms of the
sprayed formulations of gdenclamide and those of the corresponding-smmayed
samples. This finding suggests the stability of glibenclasBid® solid dispersion.

The thermograms of the sprayed formulations of spironolactone displayed the
appearance of a small shoulder for thegdmelting endotherm (208) which was

more prominent in the case of spraying with 8 ml of the solvent syst€his
shoulder may represent the initiation of transformation to another polymorphic form

of spironolactone as a result of exposure to the sblvapour during the coating
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process (see Section 5.4.1.%) has been reported that spironolactone molecules can
go through polymorphic transformation when crystallised from different solvents
such as ethanol, acetone, ethyl acetate, methanol or agkto@igafonove et al,
1991, Neville et al., 1994; Beakstead et al., 1993; Berbenni et al., 1@®9}he

other hand, the thermograms of the sprayed ketoconazole formulations exhibited a
shift in the melting endotherm at @ towards the original meltinggmperature of
ketoconazole crystals at %0 This shift might be attributed to disturbance in the
hydrogen bonding between the drug and the excipients in the solid dispersion
formulations due to adsorption of the solvent system (especially waterydhan
spraying processlt has been reported that sorbed water had a drastic effect on the
hydrogen bonding between felodipine and polyvinyl pyrrolidone leading to changes
in the physical structures of their solid dispersion (Marsac et al., 2HO\eve,

these changes had no effect on the dissolution rates of spironolactone or
ketoconazole compared to the corresponding-spyayed formulations (Section
5.4.2.1).
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Figure 5.25: DSC of lyophilised glibenclamide-SLS formulations sprayed with different
volumes ofethanol/water (90/10% v/v) solvent systemO ml (a); 2 ml (b); 4 ml (c); or
8 ml (d).
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Figure 526: DSC of lyophilised spironolactoneSLS formulations sprayed with
different volumes of ethanol/water (90/1@%6 v/v) solvent system0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 5.27: DSC of lyophilised ketoconazolemannitol-SLS formulations sprayed with
different volumes of ethanol/water (90/10%6 v/v) solvent system 0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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The corresponding XRPD patterns of the systems are represented in Figures 5.28
5.30. The diffractograms of the sprayed formulations of glibenclamide were
identical to those of the nesprayedsamples with slightnicrease in the intensity of

SLS peaks that may be attributed to low incidence of SLS recrystallisafibrs
finding supports the DSC results and suggests the stability of the amorphous form of
glibenclamide in its solid dispersion with SLS upon sprayeggardless the initial
volume of the sprayed solvent system. The diffractograms of spironolactone
formulations sprayed with 2 or 4 ml of the solvent system were similar to those of
the corresponding nesprayed samples showing no incidence of recrysasitis.

This finding suggests the stability of spironolactone amorphous form in its solid
dispersion with SLS upon being sprayed with small volumes of the solvent system.
In contrast, the formulations sprayed with 8 ml of the solvent system displayed
recrygallisation of spironolactone, highlighting the instability of the formulation
after exposure to high volume of the solvent system. This finding supports the DSC
results and is attributed to the effect of solvent vapour during the spraying process as
explained in the DSC results. Yonemochi et al. (1999) has reported the
recrystallisation of the amorphous (ground sample) form of deoxycholic acid on
being heated or exposed to ethanol vapoiihe diffractograms of the sprayed
ketoconazole formulations werdentical to those of the corresponding +spmayed
samples except for the appearance of few low intensity peaks suggesting a low
incidence of recrystallisationThis finding confirmed the stability of the amorphous
formulations of ketoconazole on beingayed with different volumes of the solvent
system. Van den Mooter et al. (2001) reported the stability of amorphous
ketoconazole (glass) as it did not recrystallise even on being heated to 435 K at 5

K/min during DSC analysis.
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Figure 5.28: XRPD of lyophilised glibenclamide-SLS formulations sprayed with
different volumes of ethanol/water (90/1@%6 v/v) solvent system0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 529: XRPD of lyophilised spironolactoneSLS formulations sprayed with
different volumes of ethanol/water (90/10%6 v/v) solvent system 0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 530: XRPD of lyophilised ketoconazolemannitol-SLS formulations sprayed
with different volumes of ethanol/water (90/10%6 v/v) solventsystemO ml (a); 2 ml (b);
4 ml (c); or 8ml (d).

Figures 5.315.33 show the corresponding ¥ spectra. The absorption spectra of

the sprayed formulations of glibenclamide were identical to that of the corresponding
nonsprayed samples with no differences between different volumes of the solvent
systemapplied. This finding supports the DSC and XRPD results indicating that
spraying with different volumes of the solvent system did not affect the stability of
the solid dispersion of glibenclamide with SLOn the other hand, FIR spectra of
spironolactae formulations sprayed with 2 or 4 ml of the solvent system displayed a
shift of the characteristic O stretching vibrations of SLS from 1204 ¢no

1216 cm' (its original wave number in the spectrum of raw SLS) as well as an
obvious decrease ié intensity of its shoulderfFurthermore, the spectrum showed

the appearance of a broad peak around 350bhighlighting water absorptionin
addition to the above changes, the absorption spectrum of the formulations sprayed
with 8 ml of the solventsystem displayed the appearance of spironolactone
characteristic peak at 1689 ¢neorresponding to C=0 stretching of the thioacetyl
group and increase in the sharpness and intensity of spironolactone characteristic
peak at 1672 cthcorresponding to C=Otretching of the @ring. These changes

may be attributed to the effect of the solvent vapour (during coating process) that
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resulted in changes in the hydrogen bonding between spironolactone and SLS in the
solid dispersion. This finding supports the DS@nd XRPD results suggesting the
instability of the spironolactor8LS solid dispersion during spraying especially with

8 ml of the solvent systemFor sprayed ketoconazole formulations, the absorption
spectra were identical to those of the correspondotgsprayed samples with no
differences between the different volumes of the solvent system applied. This
finding suggests that spraying with different solvent volumes did not affect the

stability of the solid dispersion of ketoconazole with SLS.

Yoaf 1 d
N L [ I|I ™ M
af / v

I L TR S S T T T T | i i L i 1 L i i I L o i 1 L L i L Lo

0
4000 3500 3000 2500 2000 1500 1000 B50
Wavenurber [cm-1])

Figure 531: FT-IR of lyophilised glibenclamide-SLS formulations sprayed with
different volumes of ethanol/water (90/1@%6 v/v) solvent system0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 532: FT-IR of lyophilised spironolactoneSLS formulations sprayed with
different volumes of ethanol/water (90/10%6 v/v) solvent system0 ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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Figure 5.33: FT-IR of lyophilised ketoconazolemannitol-SLS formulations sprayed
with different volumes of ethanol/water (90/1®%6 v/v) solventsystemO ml (a); 2 ml (b);
4 ml (c); or 8ml (d).
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5.4.2.3 Effect of process drying time on physical characteristics of lyophilised
glibenclamide, spironolactone and ketoconazole capsule formulations sprayed
with ethanol/water (90/10% v/v) solvent system

The DSC thermograms oflyophilised glibenclamide, spironolactone n@
ketoconazoleformulations after sprayingapsule with 8 ml of ethanol/water
(90/10% viv) solvent syste and drying for either 20, 60 or 90 minutes are illustrated
in Figures 5.346.36 There were no differences between the thermograms of the
glibenclanide formulations dried for different times and those of the corresponding
nonsprayed samples. This finding confirms the stability of the glibencla8iide

solid dispersion.For spironolactone, the formulations dried for 20 minutes displayed
the appearace of a shoulder for the drug melting endotherm {@P4vhile the
formulations dried for 60 minutes exhibited dramatic decrease in the intensity of this
shoulder (almost disappeared). This may be because longer time for drying facilitates
evaporation oftie majority of the solvent system decreasing its effect in initiating
transformation of spironolactone to another polymorphic fofthe reappearance of

the shoulder in the thermograms of the formulations dried for 90 minutes may be
attributed to prolongedxposure to the drying heat that reinitiate the transformation
of spironolactone to another polymorphic forifhese results are in accordance with
what reported in literatures about the molecular flexibility of spironolactone and the
ability of the drugto recrystallise in different polymorphic forms from different
solvents and to go through structural rearrangement by the effect of heat (Neville et
al., 1994; Beakstead et al., 1993; Berbenni et al., 1909).the other hand, it was
found that the thernggams of ketoconazole formulations dried for different times
were identical. These thermograms showed a shift in the ketoconazole melting
endotherm to 1488 compared to the nesprayed formulationésee Section 5.4.2.2).
This finding indicates that prolongation of the drying time does not counteract the
effect of solvent vapour inducing changes in the hydrogen bonding in ketoconazol

SLS solid dispersion.
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Figure 5.34: DSC of lyophilised glibenclamide-SLS formulations sprayed with 8 ml of
ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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Figure 5.35:DSC of lyophilised spironolactoneSLS formulations sprayed with8 ml of

ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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Figure 5.36: DSC of lyophilised ketoconazolemannitol-SLS formulations sprayed with
8 ml of ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.

The corresponding XRPD patterns of the systems are represented in Figdres 5.3
5.39. For all three drug¢he diffractograms of the sprayed formulations dried for
different times were identicalTherefore, increasing of the drying time did not affect
the stability of glibenclamide solid dispersion or counteract spironolactone or
ketoconazole recrystallisation induced by the effect of higher volume (8 ml) of the

solvent system.

The above results are supported by the correspondifi@ Bpectra (Figures. 5.40
5.42). For all three drugs, it was found that the absorption bands &brtimeilations

dried for different time periods were almost identicélowever, increasing in the
drying time did not prevent the changes in the spectrum of spironolactone
formulations induced by spraying with high volume of the solvent system (8 ml).
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Figure 5.37: XRPDof lyophilised glibenclamide-SLS formulations sprayed with8 ml of
ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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Figure 5.38: XRPD of lyophilised spironolactoneSLS formulations sprayed with 8 ml
of ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60 (c); 90 (d) minutes.
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Figure 5.39: XRPD of lyophilised ketoconazolemannitol-SLS formulations sprayed
with 8 ml of ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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Figure 5.40: FT-IR of lyophilised glibenclamide-SLS formulations sprayed with8 ml of
ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60 (c); 90 (d) minutes.
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Figure 5.41: FT-IR of lyophilised spironolactoneSLS formulations sprayed with 8 ml
of ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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Figure 5.42: FT-IR of lyophilised ketoconazolemannitol-SLS formulations spgrayed
with 8 ml of ethanolwater (90/10% v/v) solvent systen and dried for different times
non-sprayed (a); D (b); 60(c); 90 (d) minutes.
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5.4.3 Nonenteric coating

5.4.3.1 Effect of application of non-enteric coating system on dissgution
profiles of lyophilised glibenclamide, spironolactone and ketoconazole capsule

formulations

The dissolution profiles of lyophilised glibenclamide, spironolactone and
ketoconazole formulations afteoating with Opadry system are illustrated=igures
5.435.45. Statistical analysis showed no significant differences between the
dissolution profiles of the coated formulations of all three drugs and those of the
corresponding noeroated formulations £f> 50). Maintenance of the dissolution
rates of the drugs after coating with Opadry coating system suggests the stability of
their solid dispersions with the excipients.
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Figure 5.43: Dissolution profile of Opadry spray coated glibenclamide capsule
formulation s compared tothe corresponding non-coatedformulations (n=6).
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Figure 5.44: Dissolution profile of Opadry spray coated spironolactone capsule
formulation s compared tothe corresponding non-coatedformulations (n=6).
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Figure 5.45: Dissolution profile of Opadry spray coated ketoconazole capsule
formulations compared to the corresponding norcoated formulations (n=6).
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5.4.3.2 Physical characterisation of lyophilised glibenclamide, spironolactone
and ketoconazole formulations spraycoated with nonenteric Opadry coating
sysem

The DSC thermograms ofglibenclamide, spironolactone and ketoconazole
formulations after coating with Opadry system are illustrated in Figures55486

The thermograms of the coated glibenclamide or ketoconazole formulations were
similar to those othe corresponding necoated samples. This finding supports that
the solid dispersion formulations of both drugs were stable on being coated with this
system and explains the maintenance of the dissolution rate of glibenclamide and
ketoconazole after theoating process (Section 5.4.3.1The thermogram of the
coated formulations of spironolactone displayed a severe decrease in the intensity of
the melting endotherm of spironolanat 204C as it appeared as a shoulder for
another endotherm at 288 This endotherm is close to that previously reported by
Agafonove et al. (1991) and corresponds to the melting temperature of another
polymorphic form of the drug (form IlI). This finding suggests the initiation of
spironolactone transformian and supportthe instability of the spironolactorSLS

solid dispersions on being coated with Opadry coating system. This was attributed to
the effect of solvent vapour, during coating process, on the physical structure of the
amorphous spironolactondt has been morted that spironolactone molecules can

go through polymorphic transformation when crystallised from different solvents
such as ethanol, acetone, ethyl acetate, methanol or acetonitrile (Agafonove et al,
1991; Neville et al., 1994; Beakstead et al.,, 198&rbenni et al., 1999).
Furthermore, the thermogram of the coated formulations showed a small
endothermic peak at 182 which needs further investigations for interpretation.
Similar endotherms has been reported by Agafonove et al. (1991) at 132°C
correspnding to desolvation of the spironolactone solvates that were produced
during crystallisation of the drug from different solvents. Neville et al. (1994) have
reported desolvation temperatures of some spironolactone solvat&328aC,
1363°C, 926°C ard 1510°C.
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Figure 5.46: DSC of lyophilised glibenclamide-SLS formulations spray coatedwith
non-enteric Opadry coating system (a) compared with the nenoated formulations (b).
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Figure 5.47: DSC of lyophilised spironolactoneSLS formulations spray coated with
non-enteric Opadry coating system (a) compared with the nenoated formulations (b).
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Figure 5.48: DSC of lyophilised ketoconazolemannitol-SLS formulations spray coated
with non-enteric Opadry coating system (a) compared with thenon-coated
formulations (b).

The corresponding XRPD patterns are shown in Figures -5%519 The
diffractograms of the coated glibenclamide or ketoconazole formulations were
similar to those of the corresponding ropated samples. This result suppadhis

DSC results and suggests the stability of the amorphous form of glibenclamide and
ketoconazole in their solid dispersion formulations upon application of Opadry
norrenteric coating system. On the other hand, the diffractogram of the coated
spironoblctone formulations showed a low incidence of recrystallisation which had

no effect on the dissolution rate of spironolactone (Section 5.4.3.1).
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Figure 5.49: XRPD of lyophilised glibenclamide-SLS formulations spray coatedwith
non-enteric Opadry coating system (a) compared with the nowcoated formulations (b).
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Figure 5.50: XRPD of lyophilised spironolactoneSLS formulations spray coatedwith
non-enteric Opadry coating system (a) compared with the nenoated formulations (b).
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Figure 5.51: XRPD of lyophilised ketoconazolemannitol-SLS formulations spray
coated with non-enteric Opadry coating system (a) compared with the nopoated
formulations (b).

Figures 5.5%5.54 show the corresponding #® spectra. The spectrum of the
coated formulabns of glibenclamide was identical to that of the corresponding
noncoated samples except for the appearance of a broad endotherm around
3500 cm™* suggestingvater absorption This finding supports the DSC and XRPD
results suggesting the statyliof the amorphous form of glibenclamide in its solid
dispersion with SLS on being coated with Opadry coating syst@m.the other

hand, the FAIR spectrum of the coated spironolactone formulations displayed a shift
in the characteristic © stretching ibrations of SLS from 1204 cfto 1216 crit

(its original wave number in the spectrof raw SLS, Section 4.4.2.3urthermore,

the spectrum showed the appearance of a broad peak around 35b@glaighting

water absorption.This finding supports thBSC and XRPD results suggesting that

the amorphous form of spironolactone in its solid dispersion with SLS was
physically changed as a result of the coating process in addition to disturbance in the
drug/excipient interactiong-or the coated ketoconazdtemulations, the absorption
spectrum was identical to those of the correspondingcoated samples supporting

the stability of the the ketoconazole/SLS solid dispersion.
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Figure 5.52: FT-IR of lyophilised glibenclamide-SLS formulations spray coatedwith
non-enteric Opadry coating system (a) compared with the nenoated formulations (b).

120

e \W “M_"“—"“%”W\ ﬁ[ﬁ w/-qm

D i L I 1 | i 1 L i | I i I i 1 L L I I | I i I | 1 L L I | 1 I L

4000 E-L 2000 2500 200 1500 1000 650
Wavenumber [cm ]

Figure 5.53: FT-IR of lyophilised spironolactoneSLS formulations spray coatedwith
non-enteric Opadry coating system (a) compared with the neooated formulations ).
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Figure 5.54: FT-IR of lyophilised ketoconazolemannitol-SLS formulations spray
coated with nonenteric Opadry coating system (a) compared with the nceooated
formulations (b).

5.4.4 Enteric coating
5.4.4.1 Gastreresistance study

The entericcoated glibenclamide capsule formulationsibitéd good resistance to
0.IN HCL for 2 hours (Section 2.4.1) as indicated by the absence of any signs of
disintegration, cracking, or diffusion of the blage includedin the formulation

(visually observed).

5.4.4.2 Effect of application of enteric coating system on dissolution profile of

lyophilised glibenclamide capsule formulations

The dissolution profileof glibenclamide capsule formulations aftevating with
Opadry enteric system is illustrated figure 5.55. The dissolution profile of the
coated formulations was found superimposable to that of thewomed samples.

Statistical analysis showed no significant differences between both profiles wijth an f
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value of 67.5. Maintenance of the dissmintrate of glibenclamide suggests the
stability of the amorphous form of glibenclamide in its solid dispersion with SLS

after coating with Opadry enteric coating system.
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Figure 5.55: Dissolution profile of Opadry enteric spray coatedglibenclamide capsule
formulations compared to the corresponding non-coated formulations in phosphate
buffer solution, pH 7.4 (n=6).

5.4.4.3 Physical characterisation of lyophilised glibenclamide formulations

spray coated with Opadry enteric coating system

The DSC thermogramsf glibenclamide formulations before and after coating with
Opadry enteric system are illustrated in Figure 5.56e thermogram of the coated
formulations was similar to that of the corresponding-ocoated samples. This
finding suggests the stability of the solid dispersion formulations of glibenclamide
with SLS after coating with Opadry enteric system.

The corresponidg XRPD patterns are represented in Figures 5.57. The

diffractogram of the coated glibenclamide formulations was similar to that of the
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noncoated samples. It showed the absence of all the characteristic peaks of
glibenclamide except a very leintensity peak at 21.4°. This finding supports the
DSC results suggesting the stability of the amorphous form of glibenclamide in its
solid dispersion with SLS upon coating with the Opadry enteric system. This result
explains the maintenance of the dissolutiote raf glibenclamide after the coating

process (Section 5.4.4.1).

Figure 5.58 shows the correspondingIRTspectra. The absorption spectrum of the
coated glibenclamide formulations was identical to the spectrum of theaated
samples except for a shigdecrease in the shoulder intensity of the absorption band
corresponding to © stretching vibrations of SLS at 1216 €mThis confirms that

the process of coating with Opadry enteric system did not affect the stability of the

solid dispersion of glibenclamide with SLS.
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Figure 5.56: DSC of lyophilised glibenclamide-SLS formulations spray coatedwith
Opadry enteric coding system (a) compared with the norcoated formulations (b).
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Figure 5.57 XRPD of lyophilised glibenclamideSLS formulations spray coated with
Opadry enteric coating system (a) compared with the neooated formulations (b).
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Figure 5.58: FT-IR of lyophilised glibenclamide-SLS formulations spray coatedwith
Opadry enteric coating system (a) compared with the neooated formulations (b).
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5.5 Conclusion

It can be concluded from this chapter that

T

The amorphous form of glibenclamide in its pyolised mixture with SLS
showed good stability during the coating process regardietise type or
volume of the coating system or the drying time applied.

The ketoconazole formulations sprayed wéthanol/water (90/10% v/v)
solvent system showed a f&hin the endothermic peaks in the DSC
thermograms and a very low incidence of recrystallisation in the XRPD
patterns comparei the norsprayed formulations althougio changes were
detected in theorrespondind-T-IR spectra or the dissolution profile3his
supports the stability of the amorphous form of the drug in its solid dispersion
with the excipientdollowing spray coating with this solvent systenThe
same formulations presented a good stability on being sprayed with 50% v/v
acetone/isopropylcohol or coated with Opadry coating system.

Higher volumes of solvent systems should be avoided for coating the
lyophilised formulations of spironolactone as the solvent vapour may induce
recrystallisation of the amorphous form of the drimgaddition, it is better to
apply a short drying time as prolongation of the drying time after the coating
process may initiate the polymorphic transformation of spironolactone.
Although recrystallisation of the amorphous form of spironolacappeared

to take place during the coating process,highlighted by the appearance of
low intensity peaks in the XRPD diffractogradissolution rate of the drug
was notundulyaffected supporting that recrystallisation was minimal.
Generally, the changes obsetven some of the sprayed or coated
formulations could not be detected by all techniques appliédse changes
had no effect on the dissolution profiles of the drugs which supports that
these changes were minimalhus, the coating process had no detnitak

effects on the lyophilised formulations @il threedrugs.
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Chapter 6



6. Stability studies of lyophilised systems of glibenclamide,
spironolactoneand ketoconazole

6.1 Introduction

Amorphous solids are systems in whittere isno longrange order or repeating
pattern in the positions @tomsor molecules Theyarethermodynamically unstable
due to the presence of excess free energy relative to crystalline (&itidgra &
Pikal, 2008). This free energy is responsible for solubility and dissolution
enhancement of amorphous forms, which consequently improve bioavailability
especially if dissolution is the ratdimiting step (Hancock& Parks, 2000).
Amorphous drug solid have a higer tendency to absorb moisturtban their
crystalline equivalents. Moisturecan affect their physical and chemical
characteristics causing plast@i®n and thus increasesthe opportunity for
recrystalligtion (Surana et al., 2004) Temperature also @neases their molecular
mobility and could influence crystal transformatio®trydom et al., 2009).
Consequently,his may result in a marketdiecrease in thiesubsequentissolution
rate. Thus,during prolonged storagenany changes in th@operties of amorphous
systemsmay occur. These changes inclucleemical reactionsphysical ageing,
crystallizationand proteindestabilizatiorresulting inloss of efficacy and/oquality

of the system (Guo et al., 2000, Abdrdttah et al., 2007)Enhancedrystallisation

has beenpreviously reported for amorphous forms of many drugs such as
indomethacin(Wu and Yu, 2008) nifedipine (Zhu et al., 2008 and Celecoxib
(Gupta &Bansal, 2005)

6.2 Aimsand objectives

The aim of this chapter is to investigate the effect of storage conditions on the
stability of amorphous drug formulatiorefter applying coating systems to the

capsule.
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6.3 Methods
6.3.1 Application ofcoating systems

The lyophilised formulations that exhibited a high dissolution rate enhancement
(Sections 3.4.2.3, 3.4.2.9, 3.4.2.15) were coated withenteric (glibenclamide,

spironolactone, ketoconazole) or enteric (glibenclamide) coating systems. These
formulationsare summarised in Table 6.1. Preparation of coating suspensions and

spray coating details were provided in Section 5.3.3.

Table 6.1 Composition of the lyophilised formulations selected for coating

Drug Excipient content in the formulation
Glibenclamide 93% wi/w SLS
Spironolactone 67% w/w SLS

Ketoconazole 28% w/w mannitol and 14% w/w SLS

6.3.2 Stability studies

The effect ofstorage at differertemperature and humidigonditionson thein-vitro
dissolution and physical characteristics of twated capsule formulations of the

lyophilised systemwere studied.

6.3.2.1 Effect of humidity

Saturated solutions of sodium nitrite or sodium chloride were prepared to obtain 65%
and 75% relative humidity (RH)N 199Q.pect i\
These saturated solutions were filled into the bottom of air tight desiccators. The
formulations were kept in open jars on a perforated surface over the saturated
solution (Figure 6.1). The desiccators were kept in a room maintained at antonsta
temperature of Z&. The nonenteric coated formulations of glibenclamide and
spironolactone werghysically characterised (DSC, HR and XRPD, Sections

2.4.4, 2.4.5 and 2.4.8nd tested for dissolution immediatébllowing coating and
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after storagefor 15, 30, 60 and 90 days. The enteric coated formulations of
glibenclamide were tested for dissolution and physically characterised immediately
following coating and after 30 and 60 days storagee effect of humidity orthe
coated formulations of keconazole was determined by visual observation. The
stored formulations of ketoconazole were photographed by a digital camera to follow

the colour change in the formulation during storage.

Perforated surface 4+—— Saturated solution

Figure 6.1 Diagram of air tight desiccators in whichsamples stored over saturated salt
solutions

6.3.2.2 Effect of temperature

The coated formulations were put in air tight vials which placediintight
desiccatorgontaining moisture absorbing material (silica gdihe desiccatorgere
stored in constant temperature rooms at 25°C, 37°C or 50°C. Tiemteoic coated
formulations of glibenclamide and spironolactone wenaluated for physical
propertiesand tested for dissoluticafter 15, 30, 60 or 90 days storage. The enteric
coated formulations of glibenclamide were tested for dissolution and physically
characterised after 30 and 60 days storafjee changes of the coated formulations

of ketoconazole were determined as described in Section 6.3.2.1.
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6.4 Results anddiscussion
6.4.1 Glibenclamide

6.4.1.1 Effect of storageat 25°C/0% RH on the physicochemicalcharacteristics
of lyophilised glibenclamide-SLS formulations in non-enteric coated capsules

Figure 6.2 shows the dissolution profiles of the lyophilised mixturesof
glibenclamide with93% w/w SLS after storaget 2%C/0% RH for up to3 months.
Statistical analysis showed no significant differences betwestlissolution profiles
of the freshly coated formulations and those of the samfdesdsfor 15, 30, 60, and
90 days (fvalues > 50).
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Figure 6.2: Effect of storageat 25°C/0% RH on the dissolution profile of glibenclamide
from non-enteric coated capsule of the lyophilisedformulations (n=6).

The correspondindSC thermograms areresented in Figure 6.3. The SLS
endotherm at ¥ and its melting endotherm at X82were slightly shifted to higher
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temperatures over timeThis may be due to insignificant changes in
glibenclamide/SLS hydrogen bondimg the solid dispersion duringtorage under
these conditions All thermograms exhibitethe disappearancef the glibenclamide
melting endotherm at 1Y6 suggesting the stability of the amorphous form of
glibenclamide inits lyophilised mixture with SLSIp to90 days when stored under

these conditions.
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Figure 6.3: DSC of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/0%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

The fact that the amorphous form of glibenclamide was maintained in the solid
dispersion during storage was confirmed by XRPD andRE{Figures. 6.4 and 6.5)
as the diffractograms and spectra of the stored samples show no difference from

those of the frady prepared formulations.
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Figure 6.4: XRPD of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 26/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.5: FT-IR of glibenclamide-SLS Iyophilised mixture (nonenteric coated
capsules) stored at 28/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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6.4.1.2 Effect of storage at 23°C/65% RH on the physicochemical
characteristics of lyophilised glibenclamide-SLS formulations in non-enteric

coated capsules

Figure 6.6showsdissolutionprofiles of the Iyophilised mixture®f glibenclamide
with 93% w/w SLS after storageat 25°C/6%%6 RH up to3 months. Statistical
analysis showed no significant differences betwtendissolution profiles of the
formulations stored for 0, 15, 30, 60, and 90 days wiilfies > 50.
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Figure 6.6: Effect of storage at 28C/65% RH on the dissolution profile of
glibenclamide from nonenteric coated capsulgof the lyophilisedformulations (n=6).

The correspondinddpSC themograms are shown in Figure 63light difference
betweenthe thermograms of differestimplesverenoted In addition to the slight
shift in the SLS endotherms (see Section 6.4.1.1), a wide l@pddthermin the
temperature range 30°C was obviously detectable irthe thermograms of the
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samples stored. This endotherm could corresporelaporatiorof wateradsorbed
during storage. Furtheore, all thermogrameeveaéd the absence ahe melting
endothermof glibenclamide at 17&. This finding suggests the stability of the

amorphous form oflibenclamide irits solid dispersions with SL8p t090 days.
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Figure 6.7: DSC of glibenclamideSLS Iyophilised mixture (nonenteric coated
capsules) stored at 25°C/65%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

The above results were supported by XRPD (Figure 6.8) as the diffractoghany

the absence of all the characteristic peaks of glibenclamide except for a very small
peak at 21.92d. Drugexcipient interactions (investigated in Section 4.4.1.3) could
be the factor responsible for the observed stability of glibenclamide asaplous

form in its solid dispersion with SLS during storage under these conditions.
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Figure 6.8: XRPD of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/65%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

The corresponding FIR spectra (Figure 6.9) did not display any significant
difference except the appearance of a broad absorption band around 3500 cm
highlighting the presence of water. This finding confirms #wt 6f the stability of
glibenclamide/SLS solid dispersion and maintenance of the drug amorphous form
during storage which supports the DSC and XRPD results. It has been reported that
the amorphous form of glibenclamide was maintained in its solid dispergth
Gelucire and silicon dioxide during ageing study3&C/65% RH for 3 months
(Chauhan et al., 2005). Similarly, the amorphous statebekartan(used in the
treatment of hypertension) was maintained under accelerated stability conditions of
25°C/75% RHor 40°C/75% RH(Chawla& Bansa) 2009)
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Figure 6.9 FT-IR of glibenclamide-SLS Iyophilised mixture (nonenteric coated
capsules) stored at 2%2/65% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.4.1.3 Effect of storage at 25°C/75% RH on the physicochemical
characteristics of lyophilised glibenclamide-SLS formulations in non-enteric

coated capsules

Figures 6.165.13 show dissolution profiles DSC, XRPD and FIR of the
lyophilised mixtures of glibenclamide with 93% w/w SLS after storage at
25°C/7%% RH up to3 months. The data show no differences from those obtained
from the samples stored &5°C/65% RH. Thus, the amorphous form of
glibenclamide in its solid dispersion wiBLS (in norenteric coated capsules) was
stable during storage at 5965% or 75% RH up to 3 months without any tendency

to recrystallisation.
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Figure 6.10: Effect of storage at 25°C/75% RH on the dissolution profile of
glibenclamide from nonenteric coated capsule of the lyophilisedformulations (n=6).
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Figure 6.11: DSC of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 2%°/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 day§.
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Figure 6.12 XRPD of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 2%5/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.13: FT-IR of glibenclamide-SLS lyophilised mixture (non-enteric coated
capsules) stored at 2%°/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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6.4.1.4 Effect of storageat 37°C/0% RH on the physicochemicalcharacteristics
of lyophili sedglibenclamide-SLS formulations in non-enteric coated capsules

Figures 6.14.17 show dissolution profiles DSC, XRPD and FIR of the
lyophilisedglibenclamideSLS mixturesstoredat 3PC/0% RHup to3 months. The

data show no differences from those obtained from the formulations stored at
25°C/0% RH (Section 6.4.1.1). Thus, the amorphous form of glibenclamide in its
solid dispersions with SLS in neenteric coated capsules was stable on being stored
at 25°C or 37PC up to 3 months without any tendency to recrystallisation.
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Figure 6.14 Effect of storage at 3YC/0% RH on the dissolution profile of
glibenclamide from nonenteric coated capsules of the lyophilised formulations (n=6).
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Figure 6.15: DSC of glibenclamideSLS lyophilised mixture (nonenteric coated
capsules) stored at 37°C/0%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.16: XRPD of glibenclamideSLS lyophilised mixture (non-enteric coated
capsules) stored at 3C/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.17: FT-IR of glibenclamide-SLS lyophilised mixture (nontenteric coated
capsules) stored at 37°C/0%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.4.1.5 Effect of storageat 50°C/0% RH on the physicochemicalcharacteristics

of lyophilised glibenclamide-SLS formulations in non-enteric coated capsules

The esults obtained from the -witro dissolution studies and physicochemical
characterisation of the samples store8@EC/0% RHwere similar to those obtained
from the formulations stored atZ50% RH (6.4.1.1). This finding suggests the
stability of the amorphous form of glibenclamide in its solid dispersion with SLS up

to 3 months on being stored under these conditions (Figures6 @18
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at 50°C/0 RH on the dissolution profile of
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Figure 6.19: DSC of glibenclamideSLS lyophilised mixture (nonenteric coated

capsules) stored at 5®C/0% RH;
days (d), 60 days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30
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Figure 6.20: XRPD of glibenclamideSLS lyophilised mixture (nonenteric coated

capsules) stored at 5®C/0% RH;
days (d), ® days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30
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Figure 6.21: FT-IR of glibenclamideSLS lyophilised mixture (nonenteric coated

capsules) stored at 5C/0% RH;
days (d), 60 days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30
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6.4.1.6 Effect of storageat 25°C/0% RH on the physicochemicalcharacteristics

of lyophilised glibenclamide-SLS formulations in enteric coated capsules

Figures 6.226.25 presentdissolutionprofiles DSC thermograms, XRPD patterns,
and FFIR spectraof of the lyophilised mituresof glibenclamide with93% w/w
SLS after storagat 22C/0% RH up to2 months. The enteric coated formulations
exhibited similar behaviours to the nrenteric coated formulations stored under the
same conditions (see Section 6.4.1.1). This findinggests that the amorphous
form of glibenclamidewhen lyophilised with SLS is stable at day 60 when stored

under these conditions (in enteric coated capsules).
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Figure 6.22: Effect of storage at 25°C/0% RH on the dissolution profile of
glibenclamidefrom enteric coated capsulgof the lyophilisedformulations (n=6).
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Figure 6.23:DSC of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.24: XRPD of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.25: FT-IR of glibenclamide-SLS lyophilised mixture (enteric coated capsugs)
stored at 2%9C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)

6.41.7 Effect of storage at 25°C/65% RH on the physicochemical
characteristics of lyophilised glibenclamide-SLS formulations in enteric coated

capsules

Figures 6.265.29 presentdissolutionprofiles DSC thermograms, XRPD patterns,

and FFIR spectraof of the lyophilised mixture®f glibenclamide with93% w/w

SLS after storagat 2%C/63%6 RH up to2 months. The enteric coated formulations
exhibitedsimilar behaviours to the nesmteric coated formulations stored under the
same conditions (see Section 6.4.1.2). This finding suggests the stability of the
amorphous form aflibenclamide irts lyophilised mixture with SLS at d&80 when

stored under thse conditions (in enteric coated capsules). The appearance of a small
shoulder for the SLS melting endotherm and the decrease in its sharpness observed in
the the thermograms of the stored formulations may reflect slight disruption in the

crystalline stucture of the excipient during storage.

252



140 -

120 -

Mean % drug releaseN SE
(]
o

100 +

[e2]
o
1

N
o
1

20

0 N T T T T T T 1
0 20 40 60 80 100 120 140
Time (minutes)

—e—non coated —#—coated 30days —<—60 days

Figure 6.26: Effect of storage at 25°C/65% RH on the dissolution profile of
glibenclamide from enteric coated capsulgof the lyophilisedformulations (n=6).
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Figure 6.27: DSC of glibenclamde-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/65% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.28: XRPDof glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/65% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.29: FT-IR of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/65% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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6.41.8 Effect of storage at 25°C/75% RH on the physicochemical
characteristics of lyophilised glibenclamide-SLS formulations in enteric coated
capsules

Figures 6.386.33 show dissolution profiles DSC, XRPD and FIR of the
lyophilised mixtures ofglibenclamidewith SLS storedat 25°C/7%% RH up to two
months. The data was similar to that obtained in Section 6.4.1Rence, the
amorphous form of glibenclamide in its lyophilised formulations (enteric coated
capsules) was stable on being stored under these conditions without any tendency to

recrystallisation.
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Figure 6.30: Effect of storage at 25°C/75% RH on the dissolution profile of
glibenclamide from enteric coated capsulgof the lyophilisedformulations (n=6).
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Figure 6.31:DSC of glibenclamde-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/75% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.32: XRPDof glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/75% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.33: FTIR of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 2%C/75% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)

6.4.1.9 Effect of storageat 37°C/0% RH on the physicochemicalcharacteristics
of lyophilised glibenclamide-SLS formulations in enteric coated capsules

Figures 6.345.37 show dissolution profiles DSC, XRPD and FIR of the
lyophilised mixtures ofglibenclamidewith SLS storedat 3”C/0% RH up to two
months. The data was similar to that obtained in Section 6.4.1Hence, the
amorphous form of glibenclamide in its lyophilised formulations (enteric coated
capsules) was stable on being stored at under these conditions without any tendency

for recrystallisation
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Figure 6.34: Effect of storage at 37°C/@ RH on the dissolution profile of
glibenclamide from enteric coated capsulgof the lyophilisedformulations (n=6).
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Figure 6.35: DSC of glibenclamde-SLS lyophilised mixture (enteric coated capsules)
stored at 3PC/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.36: XRPD of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 3PC/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.37: FT-IR of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 3PC/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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6.41.10 Effect of storage at 50°C/0% RH on the physicochemical
characteristics of lyophilised glibenclamide-SLS formulations in enteric coated

capsules

Figures 6.3%.41 show dissolution profiles DSC, XRPD and FIR of the
lyophilised mixtures ofglibenclamidewith SLS storedat 5C/0% RH up to two
months. The data was similar to that obtained in Section 6.4sufportingthe
stability of the amorphous form of glibenclamide in its lyophilised formulations

(enteric coated capsules) after storage under these conditions.
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Figure 6.38 Effect of storage at 50C/0% RH on the dissolution profile of
glibenclamide from enteric coated capsules of the lyophilised formulations (n=6).
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Figure 6.39: DSC of glibenclamde-SLS lyophilised mixture (enteric coated capsules)
stored at 50C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.40: XRPD of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 50C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)
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Figure 6.41: FT-IR of glibenclamide-SLS lyophilised mixture (enteric coated capsules)
stored at 50C/0% RH; non-coated(a), freshly coated (b)30days (c),60 days (d)

The stability of the amorphous form of glibenclamide in its lyophilised mixture with
SLS under differentonditions is not mainly attributed to the barrier effect of the
coating system. This is because the absorption of moisture from the environment
was evident in the DSC thermograms of the formulations stored in humid conditions.
As the rerystallisationrate of the amorphous solid increasggemperatureabove

and directlybelow Ty (Guo et al., 2000)the high T of glibenclamide;848°C
(Chauhan et al., 200%)ad a significant role in the high stability of the amorphous
form of glibenclamide during stage under different conditions. In addition, the
decrease in the mobility of the drug molecules in the solid dispersion due to strong
hydrogen bonding between glibenclamide and SLS may be another contributing
factor. Sertsouet al. (2003) have reported the stability of the amorphous form of
GWX, an analgesic drug, in its solid solution witiidroxypropyl methylcellulose
phthalatevhen stored at 28/75% RH or 48C/75 % RH due to decreased molecular
mobility of the drug in themorphous solid solution compared with the amorphous
drug alone. Similarly, the amorphous form of indomethacin in its solid dispersion

with polyvinyl pyrrolidone (PVP) remained stable on being stored for seven months
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at 75% RH and25°C or 4°C (Lim et al, 2010) due to the effect of PVP that
prevented the recrystallisation of the drug through restricting the mobility of the drug

molecules

6.4.2 Spironolactone

6.42.1 Effect of storageat 25°C/0% RH on the physicochemicalcharacteristics

of lyophilised spironolactoneSLS formulations in non-enteric coated capsules

Figure 6.42 shows the dissolution profiles of the lyophilised mixturesof
spironolactonewith 67% w/w SLS after storageat 2%C/0% RH up to3 months.
Statistical analysis showed no significant differences betwesttissolution profiles

of the formulations stored for different times and that of the freshly coated samples

with f,values > 50.

The correspondindSC thermograms are shown in &ig 6.43. The thermograms

of the formulations stored up to 60 days displayed no differences from that of the
freshly coated samples (see Section 5.4.3).the other hand, the thermograms of

the samples stored for 90 days showed a shift in the me#thdptherm of
spironolactone to 20€ and almost complete disappearance of the shoulder pointing
to presence of one polymorphic form of spironolactone (original crystal$e
melting point of this polymorph is close to that previously reported by Agafehov

al. (1991) corresponding to form I polymorph of spironolactoriéhis could be
attributed to the loss of the solvent molecules that were adsorbed on the surface of
the formulation during the coating process and initiated the polymorphic

transformatiorof the drug.
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Figure 6.43: DSC of spironolactoneSLS lyophilised mixture (nonenteric coated

capsules) stored at 25°C/0%RH;
days (d), 60 days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30

264



The corresponding XRPD patterns are represented in Figure 6.44. The
diffractograms of the stored formulations showeddifterences from that of the
freshly coated samples suggesting maintenance of amorphous state of spironolactone
on being stored under these conditions. These results explain the maintenance of the
dissolution rate of the stored sdeg These XRPD diffratograms contradict the
previous DSC thermograms showing the melting endotherm of the drug due to the
fact that spironolactone molecules are flexible and can go through structural
rearrangement by heating (see Sections 3.4.2.2 and 4dugirdig DSC analsis.
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Figure 6.44: XRPD of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/0 %RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

The corresponding FIR spectra showed theppearance of spironolactone
characteristic peak at 1689 ¢neorresponding t&€C=0 stretching ofthe thioacetyl
group (Fig. 6.45). This finding may suggest disturbance in the hydrogen bonding
between this group of spironolactone and SLS in their solidedison during
storage. However, the changes had no effect on the dissolution rate of

spironolactone from the lyophilised formulations.
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Figure 6.45: FT-IR of spironolactone-SLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/0%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.42.2 Effect of storage at 25°C/65%

characteristics of lyophilised spironolactoneSLS formulations in non-enteric

RH on the physicochemical

coated capsules

Figure 6.46 shows the dissolution profiles of the lyophilised mixture of
spironolactonewith 67% w/w SLS after storageat 2%C/65% RH up to3 months.
Statistical analysis revealedo significant differences between the different

dissolution profilesvith f, values > 50.

The correspondingDSC thermograms arepresented in Figure 6.47. The
thermograms of the stored samples were similar to that of the freshly coated samples
(Section 5.4.3.2) except for the appearance of a shallow endotherm in the
temperature range 400°C representing removal of water that was absorbed during

storage at these conditions.
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Figure 6.47: DSC of spironolactoneSLS lyophilised mixture (nonenteric coated

capsules) stored at 25°C/65%RH;
days (d), 60 days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30
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The corresponding XRPD patterns are represeintédgure 6.8. Compared with

the diffractogram of the freshly coated formulations (Section 5.4.3.2), those of the
stored samples represent slight increase in the number and intensity coystad
peaks. This finding suggests the instability of the @iphous form of spironolactone

in its solid dispersion with SLS when stored under these conditidings is in a
good agreememwith that previously reported in the literature about the plasticisation
effect of moistureon the amorphous solids asntreases the molecular mobility and
decreases glresulting in increased tendency for transformation to the crystalline
form (Strydom et al.,, 2009; Ambike et al., 2004; AndroilisZografi, 1998;
Andronis et al., 1997).

20
2 theta-scale

Figure 6.48: XRPD of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/65%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

Thecorresponding FIR spectra are shown in Figure 6.49. The results were similar
to those obtained in Section 6.4.2.1 supporting the fact of the change of hydrogen
bonding between spironolactone and SLS in their solid dispersion after storage under
these caditions. Marsac et al. (2010) have reported that the hydrogen bonding

between felodopine and polyvinyl pyrrolidone in their solid dispersion were
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weakened or less numerous when stored at different relative humidity (33, 43, 58,
75, 84 % RH) with more atious effect in the case of 75% RH or higher leading to

phase separation.
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Figure 6.49: FT-IR of spironolactone-SLS lyophilised mixture (nonenteric coated
capsules) stored at 25°C/65%RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.42.3 Effect of storage at 25°C/75% RH on the physicochemical
characteristics of lyophilised spironolactoneSLS formulations in non-enteric

coated capsules

Figures 6.566.53 showdissolutionprofiles, DSC thermograms, XRPpatterns and
FT-IR spectreof the lyophilised mixtures of spironolactone with SLS after stoedge
25°C/79%% RH up to3 months. Statistical analysis revealed similarity between the
dissolution profiles of the stored formulations and that of the frestdyed sample

with f, values > 50.
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Figure 6.50: Effect of storage at 25°C/75% RH on the dissolution profile of
spironolactone from nonenteric coated capsulg of the lyophilisedformulations (n=6).

The corresponding DSC, XRPD and-K show similar results to those obtained
from the formulations stored 6°C/65% RH (6.4.2.2) supportinghe incidence of
physical changes in the lyophilised formulations of spironolactone during storage.
This finding suggests the instability of the amorphous form of spironolactone in its
solid dispersion with SLS when stored under these conditiodswever,these
changes had no impact on the dissolution profiles of the stored samplesntrast

to these resultsSoliman et al. (1997) have reported the stability of the amorphous
form of spironolactone in its complex with hydroxyprogytyclodextrin for two
months at storage conditions 6€°C/75% RH. As an example for the effect of
relative humidity on the amorphous solidassen®t al. (2008) have reported the
recrystallisation of the amorphous form of itraconazole in its ternary solid dispersion
with PEG 6000 andhydroxypropyl methylcellulose on leing stored at 25°C/52%
RH.
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Figure 6.51: DSC of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 2/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.52: XRPD of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 26/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.53: FT-IR of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 2/75% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.42.4 Effect of storageat 37°C/0% RH on the physicochemicalcharacteristics

of lyophilised spironolactoneSLS formulations in non-enteric coated capsules

The dissolution profiles adhe formulationstored at 3%C/0% RHup to 3 monthsire
represented irFigure 6.54. There were no significant differences between th
dissolution profiles of the stored formulations and that of the freshly coated samples
with f, > 50.

RepresentativdDSC thermograms are shown in Fig&5. Compared to the
thermograms of the freshly coated formulations, those of the stored samples
displayed a shift in the spironolactone melting endotherm &C2(8elting point of

form II polymorph of spironolactone, section 5.4.3.2) to°@0dorrespading to the
melting point of form | polymorph of the drug. It also shows gradual decrease in the
intensity of the endothermic shoulder till it disappeared in the thermogram of the
samples stored for 90 days indicating the presence of only one polym&ophic

This is attributed to the effect of temperature in inducing structural rearrangement of

spironolactone molecule (Neville et al., 1994; Berbenni et al., 1989)ddition,
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storage under this temperature might lead to loss of the solvent moledsitebeal
on the surface of the amorphous formulations during the coating process as the
solvent was the initiating factor for polymorphic transformation of the drug.

The corresponding XRPD patterns are represented in Figure 6.56. Compared to the
diffractogam of the freshly coated formulations, those of the stored formulations
showed less intense recrystallisation peaks that disappear in the diffractogram of the
samples stored for 90 days. This finding supports the DSC results suggesting that
storage undethis temperature resulted in the removal of the residual solvent that
induced polymorphic transformation of spironolactone during the coating process.
Thus, the amorphous form of spironolactone was maintained during storage under
37°C/0% RHup to 3 months
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Figure 6.54 Effect of storage at 3YC/0% RH on the dissolution profile of
spironolactone from nonenteric coated capsules of the lyophilised formulations (n=6).
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Figure 6.55: DSC of spironolactoneSLS lyophilised mixture (nonenteric coated

capsules) stored at 3C/0% RH;
days (d), 60 days (e), 90 days (f).
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Figure 6.56: XRPD of spironolactoneSLS lyophilised mixture (nonenteric coated

capsules) stored at 3C/0% RH;
days (d), 60 days (e), 90 days (f).

non-coated (a), freshly coated (b), 15 days (c), 30
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The corresponding FIR spectra were similar to that of the freshly coated samples
supporting the fact of the stability of the coated samples on being stB&LCHXo
RH (Fig. 6.57).
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Figure 6.57: FT-IR of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 3C/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

6.42.5 Effect of storageat 50°C/0% RH on the physicochemicalcharacteristics

of lyophilised spironolactoneSLS formulations in non-enteric coated capsules

Figures 6.58.61 show dissolution profiles DSC, XRPD and FIR of the
lyophilised spironolactor&LS mixture storedat 50C/0% RHup to3 montls. The

data show no differences from those obtained from the formulations stored at
37°C/0% RH (Section 6.4.2.4) Thus, the amorphous form of spironolactone in its
solid dispersions with SLS in neenteric coated capsules was stable on beingdto

at 50C/0% RHup to 3 months without any tendency for recrystallisation.
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Figure 6.58: Effect of storage at 50°C/@ RH on the dissolution profile of
spironolactone from nonenteric coated capsulg of the lyophilisedformulations (n=6).

&
endotherm Heatflow (W/g) exotherm

40 &0 =0 100 120 140 160 120 200

Temperature

Figure 6.59: DSC of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 5®C/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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Figure 6.60: XRPD of spironolactoneSLS lyophilised mixture (non-enteric coated
capsules) stored at 5®C/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).

1] I L 1 1 L 1 L 1 | L L L 1 | 1 1 I 1 ] 1 I 1 1 | 1 L l I 1 I 1 1

4000 3500 3000 00 2000 1500 1000 BS0
Wavenurnber [crm-1]

Figure 6.61: FT-IR of spironolactoneSLS lyophilised mixture (nonenteric coated
capsules) stored at 5®C/0% RH; non-coated (a), freshly coated (b), 15 days (c), 30
days (d), 60 days (e), 90 days (f).
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As the amorphous form of spironolactone recrystallised on being stored in a humid
environment while it was stable when stored at high temperatures, it can be
concluded that humidity had a more influence on the amorphous formulations of
spironolactone (noenteric coated capsules) than did temperature. This is in
accordance t&@ertsouet al. (2003) who reported that high relative humidity (75%)
had higher destabilising effect on the amorphous forl3\WX, an analgesic drug,

than that of a higher temperatu#0C). The stability of the amorphous form of
spironolactone at high temperatures may be attributed to hydrogen bonding between
the drug and SLS which decreases the mobility of the drug molecules in the solid

dispersion.

6.4.3 Ketoconazole

The photogaphic images of ketoconazole formulatignen-enteric coated capsules)
stored at different conditionare presented in Figures 6:657. These images
showed a change in the colour of the formulations from white (freshly prepared and
coated formulatios) to red (stored formulations). It has been reported that the
transformation of ketoconazole to the red colour is an indication for degradation of
the drug (Staul. Bergold, 2004)

Figure 6.62: Photographic images of freshly preparedketoconazole formulations (a)
and freshly nonrenteric coated formulations (b).
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Figure 6.63: Photographic images of ketoconazole formulations stored at
25°C/0% for 14 days (a), 30 days (b), 60 days (c), 90 days (d).

Figure 6.64: Photographic images of ketoconazole formulations stored at
37C/0% RH for 14 days (a), 30 days (b), 60 days (c), 90 days (d).
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Figure 6.65: Photographic images of ketoconazole formulations stored at
50°C/0% RH for 14 days (a), 30 days (b), 60 days (c), 90 days (d).

Figure 6.66: Photographic images of ketoconazole formulation stored at
25°C/65% RH for 14 days (a), 30 days (b), 60 days (c), 90yda(d).
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Figure 6.67: Photographic images of ketoconazole formulation stored at
25°C/75% RH for 14 days (a), 30 days (b), 60 days (c), 90 days (d).

From the above images, it can be noticed that storage ofemenic coated
lyophilised ketoconazole formulations in different temperatures resulted in formation
of clumps that turned into red colour over time and as the temperature increased. In
addition, the formulations stored at high temperatures showed separation into two
discrete phases; a dark red mass and light red powder. On the other hand, the
formulations stored at high relative humidity absorbed moisture and converted into
sticky semi solids suggsting the high hygroscopicity of the formulations. Thus, the
physicochemical characterisation of the resultant formulations was difficult and their
DSC thermograms were impossible to assign any thermal behaviour with accuracy.
Photographic imaging wasedrefore used to record the changes in the lyophilised
mixture during storage. These changes support the fact of a significant physical and
chemical change in the lyophilised formulations of ketoconazole being stored under
different temperatures and rele humidity. These observations need to be
supported by further chemical analysis using appropriate techniques such as HPLC.
Therefore, the lyophilised formulation of ketoconazole with mannitol and SLS was

unstable under different storage conditionsisTould be attributed to the low, ®f
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the amorphous ketoconazole @®PC, see Section 4.4.3.1) and to the high
hygroscopic nature of the lyophilised system of the drug (se¢RFh Section
4.4.3.3). This system had a high content of residual water that could initiate the
chemical degradation of the drug in the low humidityage conditions. In addition,

this formulation readily absorbed moisture during storage at higher relative
humidities resulting in enhanced degradation rates being visually obseiives.
finding was in agreement to that reported about the effect o$tume on the
amorphous solids (see Section 5.1). Also, it has been reported that moisture and
elevated temperatures can induce rapid degradation of some drugs through

hydrolysis or oxidation reactions (Halbert, 2006).
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6.5 Conclusion
Fromthis chapterit can be concluded that:

1 The lyophilised formulation of glibenclamid®3% SLS)presented a high
stability during storage under different conditions as the amorphous form of
the drug was maintained.This was attributed to several factordhese
factors include high Jof the amorphousform of glibenclamide; hydrogen
bonding between the drug and SLS that decrkdse drug molecular
mobility. For this reason, this formulation was selectedsiansequenin-
vivo study in chapter.

1 The lyophilised formulationof spironolactone(67% SLS)was unstable
during storage under 65% or 75®H as the incidenceand degreeof
recrystallisation increased.n contrast, storage at high temperatu(gg,
50°C) resulted in the removal of the solvent @ited during the coating
process which favoured the maintenance of the amorphous form of the drug
in the lyophilised formulations. Therefore humid environmest are not
suitable for storage ohe lyophilised pironolactonegformulationseven after
applicdion of afilm coatingto the capsule

1 As spironolactone molecules are flexible and can go through structural
rearrangement by the effect of heat, some DSC results of the lyophilised
formulations of spironolactone were not in agreement with the corresigond
XRPD results.

1 The lyophilised formulations of ketoconazole were unstable under different
storage conditions as the drug went throagparent chemicalegradation as
indicated by thebservedchange in the colour and consistency of the stored
formulations. This was attributed to the high residual water of the
ketoconazole lyophilised systenThus, the ketoconazole formulations could
not be protected by film coating and the formulations need further

developmenif they are to bestabilised.
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Chapter 7



7. In-vivo performance of lyophilised glibenclamide capsule
formulations in beagle dogs

7.1 Introduction

It is known that bioavailability studies of novel oral dosage forms are essential for
the development of pharmaceutical produdtswever,it is difficult to predict the

the absorption rate and the bioavailability seich dosage forms by using -witro
release studies. Thus;wivo animal studies are important to provide data analogous
to those obtained in human studi@herefore, bfore the introduction of novel drug
formulations into humans, thegre often investigated in animals to establish their
oral bioavailability Akimoto et al., 1993, 199% despite many physiological
differences between animals and humaAssommonly usedanimal for this purpose

is the beagle dog. These animal® suitable forevaluatingoral dosage forms
becausdahey can b handled easily, along with their ability swallow humassize
dosage forms. Even if the dog is aonvenientmodel for in-vivo studies some
example represent difference between the oral bioavailability de¢ddn dogs and
that detead in humans (Pessman, 1986)This could be explained on the basis of
physiologicaldifferences in motility, pHand surface area, between BE of dogs

and humang¢Kararli, 1995)

The short length of the small and large intestine sufosequent shodverall Gl

transit time in dog relative to humars is one of the mostemarkable differences
which can affecextended release orfdrmulations(Dressman & Yamada, 1991

This can also lead to miscalculation of the bioavailability of drugs that are absorbed
mainly from the upper GIT due to passage of the dosage forms through the dog GIT

before complete release of the drug is realised.

The villi of dogs are longer than those of humans which can compensate the shorter
Gl transit time. Moreover, the concentration aadrstion rate of bile salts in dogs,
have been reported to be higher than those in humans wbsdiblyincreases the
permeability of theintestinal menbrane for drug passag€Hiou et al., 2000).In
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addition, the higher concentration of bile salts cofadilitate the dissolution of

poorly watersoluble drugs resulting in higher absorption rate.

The pH of thecanine stomach has been reported teitieer analogous to or higher
thanthat ofhumans. Howevemore variabilityis documentedh the dog(Akimoto
et al., 2000). n generalthe intestinalpH of the canine iaboutone pH unithigher
than thabf thehumanGIT at anycomparableoint (Lui et al., 198

Furthermore, in the fasting state, tlbanine GTI has & analogous migrating
myoelectric complex (MMCgycleto human(Dressman & Yamada, 1991 0n the
other hand, in the presence of fodde stomachof this species responds a
different way exhibiting longergastric emptying timgDressman, 1986). These
differences may result idrug absorption daténat are not predictive of humanin
spite of thisthe dogis still considered the primary-wivo investigational means for
new oral formulationsandit has been used by mangsearchers as a useful animal
model Ghimire et al., 2007;Mclnneset al., 2007). Moreoveisomeresearchers
suggesthat doggastric emptying is closer that of human tharother animal models
(Aoyagiet al., 1992

Most evaluation of dosage performancéésivedfrom pharmacokineticata as well
asdirect inspection othe dosaggform performancemployinggamma scintigraphy
technique(see Section 2.7.1). The techniguegamma scintigraphfzas been used

in the dog by some researchers for tracking the behaviourlafasage forms in this
animal model Guanet al., 2010;Ghimire et al., 2007;Mclnneset al., 2007). It
preserd helpful informationaboutthe position of a dosagerm in the GIT at any
point of a pharmacokinetic event in thplasma profiles. Subsequety, this
facilitatesinterpretationof the pharmacokinetics of a drug on the basis of position or
behaviour of the dosage form at any time. A dosage form including a formulation
labelled with a radioactive isotope is administered to the animal, followed by
imaging by a gamma camera forwed tracking of the dosage forncommonly used
radioactive isotopes and more details about the technigg@nafia scintigraphgre

discussed in Section 2.7.1.
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Scintigraphic images along with pharmacokinetic data are invaluable techniques in
explaining unusual pharmacokinetic profiles. Theiwo data points are established
by quantitative evaluation of the number of the radioactive counts in the region of

interest (ROI) that surrounds the dosage form in the image (see Section 7.3.3).

7.2 Aimsand objectives

The present chaptesiims to investigate the bioavailability and performance of
capsule formulations of lyophilised glibenclamide w6 w/wSLS (equvalent to

5 mg glibenclamide) after oral administration in beagle dogs relative to a commercial
5 mg glibenclamide tablet using a craseer study design with washout between
evaluation of the separate dosage forms.

7.3 Methods

7.3.1 Preparationof radiolabelled formulations for gamma scintigraphystudy

7.3.1.1 Preparation of ®™Tc-DTPA labelled lactose

100 mg of lactose was weighed into a clean, tarred glassawmiltheactual weight
was recorded The activity of the supplie™Tc-DTPA vial was recorded in MBaq.
9Mre-DTPA was carefully added to the vial of lactose. The vial was clamped to a
ring stand and the liquid was gradually evaporated with warm air till visibly dry.

The activity was checked and recorded.

7.3.1.2 Preparation obone cement

The liquid monomer was poured into a plastic bedakewhich the powder was
added The contents were mixed together using a plastic spatiia.mixture was
carefully stirred for 30-40 seconds until a doudike mass was formed and used

within 7 minutes.
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7.3.1.3 Preparation procedures for tablets and capsules

Glibenclamide commercial tabletARS, UK) were cheked for any cracks or
defects and flawless tablets were chosen for use in the study. Adide4 mm

depth and 1 mm diametevas made in the centre of the commercial tablet. The
tablet hole or the capsule was carefully filled witti'Tc-DTPA-labelled lactose
equivalent tal MBq of activity at the time of dosingsing a micro spatula, ensuring

no spillages occurred. The tabl®le was sealed with bone cement and the capsule
was enclosed by 6éclickingd the body and

were placed in an individually labelled plastic vial within a lead pot until dosing.

7.3.2 In-vivo study conditions

Before each study, the dogs were fasted overnight with free access to Water.
cannula was inserted into the saphenous vein in the hindleg for blood sampling
during the study period.The cannula wasnaintainedpatent by washg out with
heparinised normasaline when required, and wesmoved at the end of the study
period. Markers containing abo@tl MBgq 99mTcwere fixed on either side of the

dog to act as a reference for the position between scintigraphic images. dog

was placed in a sling thaepnitted the animal to stand comfortablimmediately

after oral administration of the formulations, the animals were placed under the
gamma scintigraphic camera for imaging. After dosing, 2.6laddosamplesvere
withdrawnfrom dogsinto prelabelled feparin beaded tubes at time points 0, 5, 10,

15, 30, %, 60, 90, 120, 180, 240, 300nch 360 minutes Blood samples were
immediately tested for blood glucose level aedtrifuged aB500rpm at5°C for 10
minutes within the 6 hours of theamplecollection time. The resultant plasma was
separated from the centrifuged samples and transferred to fresh tubes that had labels
indicating the animal name, date and time point. The tubes were stored in a freezer at

-8(°PC for subsequent analysis.
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7.3.3 Gammascintigraphic imaging

60-second static images were acquired from the posterior aspect by a gamma
scintigraphic camera with field of view &33 x 387 mm, havinga low energy
parallel hole collimator (MIE Systems, Germany The frequency ofmaging was

every 2 minutes after dosing until 30 minutes, or until the formulation disappeared
from the stomach, then every-20 minutes until 120 minutes and then every 60
minutes till the end of the studyimageswere saved by the attached computer f
analysis.

Analysis of scintigraphic images was carried out usingsitietron analysisoftware

(MIE Systems, Germany).Regions of interest (RD were drawn on the images
around the stomaadhsing the positionatarkers as referenceROI is a certain part

in the computer image that has a specific number of pixels, with each pixel
corresponds to a number of gamma rays released from the dosage form (Perkins,
1999). The radioactive counts in all regions were recorded and comparexdata

was corrected for background activity and radioaatieeay

7.3.4 HPLC glibenclamide assay

Glibenclamide was assayed using a Dionex HPLC system described in Section 2.7.2.

7.3.4.1 Preparation of calibration curves in methanol and plasma

A stock standardsolution of 1 mg/ml of glibenclamide in methanol was prepared.
Serial dilutions of this solution in methanol were prepared to provide final
concentrations of 0.1, 0.2, 0.5, 1, Zarid 10 pg/ml.

Serum calibration standard samples were frepingpared by spiking 0.950 ml of
blank bovine serum with 50 pl of glibenclamide standard solutions of the following
concentrations; 0.8, 2, 4, 8, 20 and 40 pg/ml to provide concentrations corresponding
to 0.04, 0.1, 0.2, 0.4, 1 and 2 pg/ml. Glibenclamide watracted from the spiked

plasma as described in the following section.
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7.3.4.2 Extraction of glibenclamide from plasma samples

The plasma samples of dogs were defrosted and equilibrated to room temperature. In
a 2 ml polypropylene eppendorf tube5 0nl of acetonitrile was added to 0.5 ml of
plasma to induce protein precipitation and vortexed for 3 minutes at 2000 rpm.
Samples were centrifuged for 10 minutes at 13000 rpm %Z.2M.8 ml of the
resultant supernatant was separated and to which Ochlotbform was added (for
glibenclamide extraction) followed by vortexing for 1 minute at 2000 rpm. 0.3 ml of
water was added followed by vortexing for 2 minutes at 2000 rpm. Samples were
then centrifuged for 5 minutes at 13000 rprd°a after which tle chloroform layer

was separated and evaporated till dryness using an evaporative centrifuge (Speedvac
SPD121P) at 3& and atmospheric pressure. The resultant residue was reconstituted
in 80 pl of methanol, vortexed and then transferred to an autosamplerhere

20 ul was injected into the HPLC column.

7.3.4.3 Validation of HPLC methodology

The methodology procedures was validated regarding linearity, reproducability and

recovery
1 Linearity

A standard calibration curve was constructed bylotting the peak areas versus
glibenclamide concentrations (three replicates for each concentration) and goodness
of fit was estimated by linear regressionfhe mean best fit linearegresn
equation was used to calculdkee concentrationsf glibenclmidein the unknown

plasma samples at differenibod samplingime.

1 Precision and reproducability

Inter and intraday reproducibility studiesnvere carred out. Three different
concentrations ofjlibenclamide(in the linear range) were analysédlee tines in a
successive manner to attain witlday reproducibility. Theintra-day reproducibility
was obtained by repeating thealysis of the same concentrationso@eparate days.
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Precision wasdetermined by calculation afoefficient of variation (C\Wb6) from

measuremenh the same day or on different days.

1 Recovery of glibenclamide

The recovery of glibenclamidevas determined byomparing the peakeight
measured in the extracts blank bovine serunspiked with known amounts of
glibenclamidewith the peakheights of the same concentratiomgasured imon
extracted samplesf glibenclamide in methanolPercentage recovery of the drug

wascalculated from the following equatigBarakatet al., 2008):

peakheight of glibenclamidein spiked bovine serum

. . —— x 100
peakheight of glibenclamidein methanol

Recovery % =

7.3.4.4 Pharmacokinetic analysis

Pharmacokinetic parameters such as timéniial glibenclamide appearandae the
plasma Tiag), maximum plasma concentration,() and time at which maximum
plasma concentratiorwas obtained (Thay Wwere estimated from the plasma
concentratiortime profile of each animal. Individual areas under the plasma
concentratiortime curve (extent of absorption) from the dosing time until lt#se

blood sampling point (6 hours after administration) were deterntigeghplyingthe
trapezoidal method.All parametersvere presented asdividual valuesobtained

from each dog The statistical significance of differences between the basic
pharmaokinetic parameters of glibenclamide capsules and commercial tablets was

determined using paired-test with a 95% confidence interval usiMinitab 15.

7.35 Dog blood glucose levels during the ivivo study

The collected blood glucoseeasurements during the study (see Section 2.7.3) were
used to plot blood glucose level versus time post administration of the glibenclamide

formulations.
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7.4 Results and discussion
7.4.1 Scintigraphic aalysis

Glibenclamide dosage forms; either thapsule formulations or the commercial
tablets were tracked thughout the GIT after oral administration two healthy
beagle dogs.The representative scintigraphic images of the dosage forms in the GIT
and the gastric emptying profiles are represeimtdelgures 7.1 and 7.2 respectively.
Both the glibenclamide commercial tablets and lyophilised glibenclaBiide
capsule formulations disintegrated in the stomach. The disintegration time of the
commercial tablet was 4 minutes in both dogs while thathef lyophilised
glibenclamideSLS capsule formulations was 2 minutes in dog 1 and 4 minutes in
dog 2. The gastric emptying of both formulations was rapid (Figure, 7TRg time
required for the radioactive count of the commercial tablets to ded@&586 in

the stomachT soe) Was 13.6 and 24.7 minutes for dog 1 and dog 2 respectively
while that of the capsule formulations was 8.5 and 21.5 minutes respecfiely,

any difference in the mivo absorption profiles between both formulations, will
reflect a difference in the dissolution rate of the drug formulations as most of the
absorption of glibenclamide has been reported to take place in the upper GIT
(Brockmeieret al., 1985).

7.4.2 HPLC method validation

Chromatographic presentatiohglibenclamidevas good with good peak shapes and
acceptable retention timef about 7 minutes The analytical proceduresfor

glibenclamidan plasma wasalidatedand the results are represented in Table 7.1.
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Commercial tablets
a b c

Capsule formulations
b

Figure 7.1: Scintigraphic imagesshowing performance of glibenclamidedosage form in
the GIT, immediately after dosing (a), in the stomach (b), in the duodenum (c),

in the jejunum (d) and in the colon (e) of one beagle dog. (head position is on the right
top while the tail position is on the left bottom).
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Figure 7.2: Gastric emptying profiles following oral administration of glibenclamide
capsule formulations (triangle) andcommercial tablets (square) to kagle dogs
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Table 7.1:Validation of HPLC methodology for the analysisof glibenclamide in plasma
of beagle dogs

Parameter Value
Regression equation Y =3.8786 x-0.0173
Correlation coefficient (R?) 0.9995
Recovery (%) 91.64+5.14
Inter -day CV% 12.35
Intra -day CV% 9.3774

7.4.3 Pharmacokinetic analysis

Lyophilised dibenclamideSLS capsule formulations and commeiciablets were
administered to dagle dogs to investigate the difference iavivb absorption
profiles between the two formulationsThe glibenclamide plasma concentration
versus time curves following a single dose ofmg of the drug as capsules or
commercial tablets are illustrated in Figure 7IBwas found that the plasma levels

of glibenclamide obtained from the drug capsule formulations were higher than those
obtained from glibenclamide commercial tablets. Tharmacokinetic parameters

of glibenclamide obtained from the drug plasma concentréitio® curves are
summarised in Table 7.2. In the case of lyophilised glibenclaBiidcapsules, the

first appearance of the drug in blood (the onset of absorptionafteasa time period

of 10-15 minutes. On the other hand, the onset of absorption of glibenclamide from

commercial tablets was about-80 minutes.
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Figure 7.3: Mean plasma concentrationtime curves of glibenclamide following oral
administration of glibenclamide formulations to beagle dogs
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The Thax obtained in the case ofthe lyophilised capsule formulations was
significantly lower than thaabtainedn the case athe commercial tablets {(palue =
0.018). The Guax and area under theplasma concentratiestime curve of
glibenclamidg AUC,.360) after administration of the lyophilisedpsule formulations
weresignificantly higher tharthoseobtained after administratioof the commercial
tablets(p-values = 0.001). This finding suggests that the lyophilised glibenclamide
formulations displayed a higher rate and extent of drug absorption than that
displayed by the commercial tablets. These results may be attributed to the higher
dissolution rate of glibenclamideoim its lyophilised mixture with SLS compared to

the commercial tablets.

Table 7.2 Pharmacokinetic parameters of glibenclamide obtained after oral
administration of capsule formulationsand commercial tablets to keagle dogs

Parameter
(minutes) (ng.min.mf%) (ng/ml) (minutes)
Capsules 10-15 61362- 63833 523.7-735.2 90
Commercial
60-90 5641- 19814 27.5-97.6 180-300
tablets

Savolainen et al. (1998) have reported significant enhanceimegitbenclamide
in-vivo absorption in beagle dogs after oral administration of capsules containing a
compl ex of t -byelodedtring gnd Ywidroxiprodyle methyl cellulose
(equivalent to 3 mg glibenclamide). In this study, close values,@f(€99.9638.3
ng/ml) and Thax(108120 minutes) to the present values have been obtained.
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7.4.4 Blood glucose levels

The hypoglycaemieffect of glibenclamide after oral administration of lyophilised
glibenclamideSLS capsule formulations or commerci@blets is illustrated in
Figure 7.4. The lyophilised glibenclami@&.S capsule formulations were found to
induce more and rapid decrease in blood glucose levels than the commercial tablets.
Blood glucose levels began to decrease 15 minpteds administtion of the
lyophilised formuations in both dogs. Moreover,J@ogef was given to the dogs

90 minutes post administration of the dosage fornedwtrol their blood glucose
levels and the dogs were fed 15 minutes before withdrawing of the last bloplgsam
Thus, comparing the data in the time range©@5minutes revealed that there was an
obvious difference between the blood glucose levels obtained after administration of
the lyophilised glibenclamid8LS capsule formulations and commercial tablets for
dog 1 and dog 2The onset of action of the lyophilised glibenclarr®IeS capsule
formulations was rapid (205 minutes), reaching its maximum after 60 minutes as
the blood glucose level was reduced to-1.8 mmol 1 in comparison with 38.9

mmol ' at the beginning of the study. On the other hand, the onset of action of the
commercial tablets was slow @® minutes), reaching its maximum after 240
minutes with a blood glucose level of 1.85 mmidl in comparison with 3:3.9

mmol *at the beginning of the study.

It has been reported that solid dispersion of glibenclamide with microcrystalline
cellulose achieved more reduction in blood glucose levels in Albino rabbits
compared to the pure drug and the physical mixture after orahestirations. This
result was attributed to the enhancement of the drug dissolution from the solid
dispersion formulations (Dastmalchi et al., 2005). Compared to pure glibenclamide,
more hypoglycaemic effect has been achieved in Swiss Albino mice frbdh so
dispersion of the drug with polyglycolised glycerides and silicon dioxide due to

enhanced dissolution rate (Chauhan et al., 2005).
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Figure 7.4: Blood glucose levels following oral administration of glibenclamide

formulations to beagle dogSgthe red circle highlight the time after which Glucodelvas given to the
dogsand the red triangles highlights the time 15 minutes before which the dogs were fed)
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7.4.5 Invitro dissolution data versus irvivo data

The mean irvivo disintegration time for the lyophilised glibenclamieS capsules

was 3 minutes as shown by the scintigraphic study (Section 7.4.1). Similarly, the
in-vivo disintegration time of the commercial tablets was 4 minutes. This finding is
correlated with tB observed hvitro release as the percentage of glibenclamide
dissolved at 5 minutes was 60.9% and 17.6% from the Iyophilised

glibenclamideSLS capsule formulations and the commercial tablets respectively.

Table 7.3 shows a comparison betweendbecentrations of glibenclamide in the
blood of one dog after oral administration of the lyophilised glibenclai@lde
capsule or the commercial tablet and the percentages of glibenclamide dissolved
from both formulations ivitro. As thedissolution datavas availablefor only 2

hours and the Hvivo study was done for 6 hours, the common time points were used
for comparison. The dissolution rate and extent of glibenclamide from the
lyophilised capsule formulations were higher than those obtained fram th
commercial tablets. Similarly, glibenclamide plasma concentrations and the extent
of reduction in blood glucose level after administration of the lyophilised capsule
formulations were absolutely higher than those obtained after administration of the
commercial tablets. This could be attributed to the higher dissolution rates of the
lyophilised formulations relative to the commercial tablets. Similar results have been
obtained in previous studies as glibenclamide dissolution rate; blood concentration
ard hypoglycaemic effect (in albino rabbits) were enhanced from solid dispersion of
the drug with microcrystalline cellulose prepared by solvent deposition technique
(Dastmalchi et al., 2005).

Although 63% glibenclamide was dissolved from the lyophilisedrfalations (in
vitro) within the first 5 minutes, the first appearance of glibenclanmg#asma was
after 15 minutes. Similarly, the maximum glibenclamide dissolvedvitro was
attained after 30 minutes while the maximum plasma concentwaéisrattaied after

90 minutes. As the dissolution rate of glibenclamide from thgoghilised
formulations wagapid, the absorption of the drug is likely to be a function of the
rate of gastric emptyingndbr the intestinal permeability &s the case oimmediate

release productéAmidon et al., 1995) This factexplains the differences between
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in-vitro and inrvivo results and suggests the absence fitio/in-vivo correlation
(Emami, 2006). Similarly, it has been reported thatwvitro dissolution studies of
glibenclamide is undependable for prediction of the therapeutic efficacy of the orally

administered dug and thus, thevino study was necessary (Chalk et al., 1986).

Table 7.3: Comparison betweerpercentages of glibenclamide dissolved 4witro and its
concentrations in blood after oral administration of lyophilised glibenclamideSLS
capsules or the commercial tablets in dog 2

Time Lyophilised capsule formulations Commercial tablets
(minutes)
% drug _ % drug _
) Drug concentration ] Drug concentration
dissolved ) dissolved )
o in plasma (ng/ml) o in plasma (ng/ml)
in-vitro in-vitro
5 60.9 0 17.6 0
10 83.4 0 19.8 0
15 91.9 0 25.3 0
30 98.5 59.8 39.1 0
60 100.7 191.4 52.1 0
90 100.2 750.1 61.5 62.1
120 99.8 388 66.4 68.9
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7.5 Conclusion
Fromthis chapter, it can be concluded that:

1 Both glibenclamide commercial tablets and lyophilised glibenclar&ids
capsule formulations disintegrated in the stomach and their gastric emptying
was rapid and similar to each other.

1 Chax and AUGgsg of glibenclamide after oral administration of the
lyophilised glibenclamidé&SLS capsule formulations were significantly
higher than those obtained after administration of the dmgmercial
tablets. Tmax In the case of lyophilised glibenclami@&.S capsle
formulations was significantly lower than that in the case of the commercial
tablets. This finding suggests that the lyophilised glibenclarides
formulations displayed a higher rate and extent of glibenclamide absorption
than those displayed by theud commercial tablets.

1 The lyophilised glibenclamid8LS capsule formulations were found to
induce a rapid and more appreciable decrease in blood glucose levels
compared to the commercial tablet formulations.

1 The resultant enhancement of glibenclamidsogttion from the lyophilised
formulation was attributed to the higher dissolution rates and extent of the
drug from these formulations compared to the commercial tabléts.
correlation was found between thewvitro and invivo data as the dissolution
of the drug was rapid and the release was immediate.
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GENERAL CONCLUSION

From the research presented in this thesis, it can be concluded that:

1 The lyophilisation process may enhance the dissolution rate of some drugs
such as glibenclamigevhilst it may havea negative effect on the dissolution
rate of others such as spironolactone and ketoconadepending on the
physical properties of the lyophilised productisyophilised spironolactone
powder was electrically charged by the process of lyoptidisaand
consequently floated on the surface of the dissolution medianaddition,
lyophilised ketoconazolpowderwas highly hygroscopiandaggregated into
a sticky clump that santo the bottomof the dissolution medium. These
effectsresulted in regrdationof the dissolution rate of both drugs.

1 Incorporation of watesoluble excipients such as SLS, PEG 6000,
tromethamine, fumaric acid and/or mannitol in the systems to be lyophilised
significantly enhanced the dissolution rate of glibenclamidepspiactone
and ketoconazole compared with the corresponding commercial tablets and
physical mixtures. This was attributed to the solubilisation effect of the
excipients and the formation of solid dispersions of the drugs in the-water
soluble excipientsresulting inareduction in drug particle sizéAlteration of
the micro environmental pH or the chemical environment surrounding the
drug particles magisohave an important role in the dissolution enhancement
observed in the case @ddition of tromethanme or fumaric acid. The
maximum dissolution rate enhancement of glibenclamide and spironolactone
was achieved by SLS while that ketoconazole was achieved by a mixture
of mannitol and SLS.

1 Citric acid is not a suitable excipient for the formulatioaé lyophilised.

This is because its high hygroscopicitvad a detrimental effect on the
lyophilised productscausing them t@bsorbambient moisture andecone
difficult to handle under the normal laboratory conditions.

1 Physicochemicalcharacterisation of the lyophilised systems using DSC,
XRPD and FTIR techniques neealed that all three drugsansformed into
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amorphous forms during the lyophilisation proce3#is was consideretb

be the main contributing factor in the dissolutionteraenhancement of
glibenclamide, spironolactone and ketoconazd@deug/excipient interactions
such as hydrogen bonding in the lyophilised mixtures were evident from the
FT-IR results.

For application of coating systems to the capsoa@atainingthe lyophlised
products use ofhigh volumes of solvent systems and prolonged drying times
should be avoidedThis is because solvent vapour and prolonged drying time
initiated recrystallisatiof the amorphous form of spironolactone in its solid
dispersion withSLS during the coating process.

The amorphous form of glibenclamidend ketoconazole inlyophilised
mixtures with SLS and mannite6LS respectively, showed high stability
during the coating process which may be due to strong drug/excipient
hydrogen bondfig.

The amorphous form of spironolactone in a lyophilised mixture with SLS
exhibited low incidence akecrystallisation during the coating process
Dissolution rates of glibenclamide, spironolactone or ketoconazole were
maintained after the coating process.

The amorphous form of glibenclamide @alyophilised mixture with SLS
displayed high stability during storage under differentntperatures and
relative humidities This could be attributed to the intensive hydrogen
bonding between the drug and SLS in the solid dispersion and theshigh
glass transition temperature of the amorphous forgliloénclamide

The lyophilised formulations of spirotaxtone were unstable during storage
at 25°C/65% RH or 25°C/75% RH while storage at high temperatures
(37°C/0% RHor, 5°C/0% RH) favoured the maintenance of the amorphous
form of the drug in the lyophilised formulations due to loss of the residual
solventafter the coating process.

Lack of correlation betweeBSC and XRPD analysi®f somelyophilised
formulations of spironolactoneas thought to belue tothe heatapplied to

the sample durin@SC providing flexibility for spironolactone moleculds

undego structural rearrangement.
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1 Ketoconazole was unstable in lyophilised systamder different storage
conditions with the alteredcolour and consistency of the stored formulations
suggesting drug degradatioithis may be due tthe high residual wateand
hygroscopic naturef lyophilised ketoconazoleConsequentlyketoconazole
formulations need further developmemntorderto be stabilisedand thiswill
be investigated in the future work.

1 The rate and extent of glibenclamide absorption from its lyophilised mixture
with SLS in beagle dogs was significantly improved relative to the
commercial tablets. This was mainly attributed to the enhancement of
glibenclamide dissolution rate in the Iyojised system.

1 Overall, this work has been successful in terms of using lyophilisation
technology to provide a promising formulation strategy for poorly water

soluble compounds to enhance their dissolution and oral bioavailability.
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