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ABSTRACT

Hypertension has a high mortality rate in developing countries such as South Africa. Although the
prevention and control of hypertension is a health priority, efforts to decrease the global burden of
hypertension and improve control over the condition are inadequate. The use of angiotensin
converting enzyme (ACE) inhibitors such as captopril (CPT) have been effective for the
management of hypertension when used as first line therapy alone or in combination.
Commercially available immediate release dosage forms containing 12.5, 25 and 50 mg of CPT
are administered two or three times a day to treat hypertension. CPT degrades in agueous media
with the sulfhydryl functional moiety responsible for adverse effects such as hypersensitivity, taste
disturbances and/or presenting with a dry hacking cough. CPT has a short elimination half-life of
between 1.6 and 1.9 hours, which means that the compound is a suitable candidate for inclusion in
sustained release (SR) dosage forms. Manufacturing a SR dosage form of coated beads for twice
daily dosing may reduce the incidence and intensity of undesirable adverse effects, improve the

stability of CPT and improve patient adherence.

A stability indicating reversed-phase high performance liquid chromatographic (RP-HPLC)
method was developed and optimised using a central composite design approach. As part of this
approach the interactive effects of input factors, viz. pH, methanol (MeOH) content and column
temperature on retention time, were investigated to achieve a separation with well-resolved and
symmetrical peaks for CPT and salicylic acid. The method was validated using ICH guidelines
and was found to be simple, linear, precise, accurate, selective and rapid for the in vitro quantitation
of CPT. The method was successfully applied for the analysis of both commercially available and

test formulations.

Preformulation studies were undertaken to establish the physical and chemical properties of CPT,
excipients and dosage forms to ensure the production of stabile and bioavailable products. Powder
blends were assessed for flow properties using angle of repose (AOR), and bulk and tapped
density, which were subsequently used to calculate Carr’s Index (Cl) and the Hausner ratio (HR).
The addition of talc resulted in the most powder blends with AOR, CI and HR that were within a
range indicative of satisfactory to good flow properties. The use of talc was necessary to ensure
that blending prior to wet granulation and extrusion-spheronisation would produce homogenous

powders. Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and Fourier



Transform Infrared Spectroscopy (FT-IR) were used for the identification and purity of CPT alone
and 1:1 binary mixtures with excipients in an effort to establish if CPT was likely to undergo
physical and/or chemical modification during production. The DSC thermograms for all CPT-
excipient mixtures revealed the presence of a melting endotherm that was wider, occurring at
110.93 °C (Tpeak for pure CPT). The characteristic peaks for specific functional groups were present
in the FT-IR spectra for powder mixtures, indicating the absence of incompatibilities. Dialysis
studies were used to investigate if the ammonium oleate present in Surelease® E-7-19010
interacted with CPT. The results suggests that an interaction between CPT and Surelease® E-7-
19010 during processing of CPT beads was unlikely to occur. Preliminary investigations reveal
that Methocel® K100M, Methocel® E4M, Avicel® PH102, Eudragit® RS PO, Surelease® E-7-
19010 and talc are compatible with CPT and could be used for the manufacture of SR CPT beads.

CPT beads were manufactured using extrusion-spheronisation and coated using a fluidised bed
drier fitted with a Wurster insert. The amount of granulating fluid, coating levels, curing time and
formulation composition were varied to achieve CPT release with specific criteria to develop a
preliminary formulation. The coated beads met all desired quality attributes in respect of
micromeritic and flow properties, content uniformity and friability. Response Surface
Methodology was used to further optimise the SR CPT formulation. The Plackett-Burman design
was used for this process to produce an SR dosage form with desirable quality attributes achieved
by altering formulation composition, extrusion-spheronisation variables and coating parameters.
ANOVA data revealed significant responses for yield, aspect ratio, sphericity, coating efficiency

and cumulative percent CPT released at 2 and 12 hours.

Formulations in which the high molecular weight HPMC were used in increased concentrations
resulted in the formation of a sticky wet mass and extrudate, resulting in a decrease in yield. The
application of a permeable, but insoluble Surelease® coat onto the surface of the beads formed a
barrier that complements the activity of the hydrophilic matrix in preventing rapid dissolution and
retarding the release of CPT from the beads. The amount of CPT released over 12 hours revealed
that increasing the Methocel® K100M content entrapped CPT and retained it more efficiently in

the hydrated matrix, resulting in a slow rate of CPT release.

In vitro release data were fitted to a number of models in an attempt to elucidate mechanistic

aspects of transport processes specific to CPT from the coated bead formulations. The results of



fitting data from optimised batches revealed that the goodness of fit based on the adjusted
correlation coefficient ranged between 0.953 and 0.976 for the Higuchi model, indicating that
diffusion is a predominant factor that controls CPT release from the coated beads. The results of
fitting data to the Korsmeyer-Peppas model suggest that the mechanism of CPT release includes
transport of the dissolution medium from the vessel reservoir into the core of the bead due to
osmotic potential, dissolution of CPT, mass transfer of the dissolved CPT within the core,
partitioning between the solution and polymeric film, mass transfer of dissolved CPT through the

film to ultimately reach the bulk dissolution fluid.

A SR CPT bead formulation that has potential for further development and optimisation for
scaled-up production using RSM approaches and Design of Experiments such as CCD or Box-
Behnken has been successfully developed and manufactured using extrusion, spheronisation and
coating processes. Assessment of all batches of beads manufactured exhibited satisfactory to good
flow properties and demonstrated SR profiles over 12 hours that met USP criteria for SR dosage

forms.
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STUDY OBJECTIVES

Hypertension accounts for 17 million deaths annually [1] and in developing countries the treatment
of hypertension includes the use of angiotensin converting enzyme (ACE) inhibitors such as
captopril (CPT) that is as effective as diuretics in reducing the mortality and morbidity of
hypertension when used as first line therapy [2]. Challenges exist with immediate release CPT
tablets as they require frequent dosing due to the short half-life of CPT [3]. CPT is therefore a
suitable candidate for inclusion in sustained release (SR) dosage forms. CPT exhibits dose
dependant undesirable adverse effects [4] and is unstable in aqueous solutions that may result in
treatment failure. Therefore, developing a SR dosage form of coated beads may reduce the
incidence and intensity of undesirable adverse effects, improve the stability of CPT and improve

patient adherence.
The objectives of this study were to:

1. To develop and validate a stability indicating reversed-phase high performance liquid
chromatographic (RP-HPLC) method for the quantitative analysis of CPT.

2. To perform preliminary studies to assess the suitability of powder blends for extrusion and
spheronization.

3. To investigate the CPT excipient interactions using thermal analysis, infra-red
spectroscopy and dialysis studies.

4. To investigate the effect of changing amount of granulating fluid, coating levels, curing
time and formulation composition on the manufacture and performance of coated beads.

5. To design, develop, screen and optimize a formulation for the production of coated CPT
beads using a Plackett-Burman experimental design approach.

6. To study the kinetics and mechanism ofCPT release using statistical and mathematical

models.

Vi



TABLE OF CONTENTS

ABSTRACT .t bbbt bt bRt R e s e b e b bbbt R e Rt b bbbt ne e i
ACKNOWLEDGEMENTS ..ottt bbbt sn bbb s %
STUDY OBJIECTIVES ... .ottt bbbttt bbb Vi
TABLE OF CONTENTS ..ottt sb et vii
LIST OF TABLES ... .ottt bbbttt bbbt XV
LIST OF FIGURES ...ttt et e e e e e nne e e e nnee e e e XVii
(O 1 I ] 1| SR 1
(O A e I = P 1
11 A I 1 16 L@ ] S 1
1.2 PHYSICO-CHEMICAL PROPERTIES ... 2
121 D=0l ] o] {10 TP U PP PO PP TP TRPRPRORR 2
1.2.2 BIOIOGICAI ACTIVITY ....evvieecie et 3
1.2.3 SONUBTIILY ..ttt 4
1.24 Dissociation ConStant (PKA) ........coveieieiiiiiiiii s 4
1.2.5 HYOIOSCOPICITY ...ttt b bbbt n bbb ene s 4
1.2.6 [ T T a T U To SO RSS 4
1.2.7 (@] oo LN o] -1 ([ VOSSOSO PSP 4
1.2.8 POIYMOTPRISIT ..ttt e reeresreesre e e 5
1.2.9 StOrage CONUITIONS .....ccvviivieieiie ettt ettt et e st e et e saeesreenesreesreeeens 5
1.2.10  Infra-red (IR) abSOrption SPECLIUM .......civiiiiieie ettt 5
1.2.11  Ultra-violet (UV) abSOrption SPECLIUM ......c.ccviiiiiieeiiiiesie e 7
1.3 STEREOCHEMISTRY ..ottt sttt sttt sttt st bbb sneaneas 7
131 StErE0-SPECITICILY ...ecvviieiccie et re e 7
L4 SYNTHESIS ..ot b bt e et e sbe s benbeabeareaneas 8
14.1 Synthetic procedure/PatiWay ..........cccvoiii i 8
14.2 Structure-activity relationShiP .......ocoiiiie i 9
O 1 = | I I I TS 11
151 SOlid State STADIILY .....c.veviieiiiceee e 11
152 SOIULION SEADTIITY ..o 11
1.6 CLINICAL PHARMACOLOGY ...ccoiiiiiee ettt ee et tee e e e sae e e e 12



1.6.1 MECNANTSIM OF ACTION ..o ettt e e e e e e e e e e eeeeeaaaan 12

16.1.1 Overview of ACEINNIDITION. .........coiiiiiie e 12
1.6.1.2 HYPOLENSIVE EFFECT ... 14
16.1.3 (OF: 1o [T ol £ 1 (0] ¢SSR 14
1.6.14 DiabetiC NEPRrOPatNY........coiiiiiee e 15
1.6.2  CoNtra-iNICALIONS .. .covviiiieiieie ettt st e teebesneesbeeeeeneesneeneeas 15
LT B O 1V o (01 3SR PRPSTRPRN 15
1.6.4  DIUQ INTEIACTIONS ...ttt ettt b et b b 16
1.6.5  AUVEISE FBACTIONS ... .coveiiiiieeiie ittt sttt st be e te st e beebesneesbeeneeeneesneennens 17
1.6.6  HIGN FISK GrOUPS ...t 18
1.6.6.1 PIEONANCY ...ttt r e 18
1.6.6.2 [ Tod LU o] o USSR URRU PRSI 19
1.6.6.3 PaediatriC PALIENTS.....cc.eeiieeiicieecie et 19
1.6.6.4 (G g L [ol T L [=] 0 TS USSR 20
1.6.6.5 oo T SRS 20
1.7  CLINICAL PHARMACOKINETICS ..ottt 21
O R B 10 7 Vo = SRRSO 21
O O AN ¢ <o 1 ] £ ] SO PRPRTPRN 21
I T 151 11 o o OSSO RUTURPRPR 22
174 MEtaDOIISM ... et 22
T =1 110 0T [T LA o] o SO UURPRPR 23
1.8 CONCLUSION ... .ottt ettt bbb ere et st e se bt eneasesnens 24
(8 1 e I S Y S 27
THE DEVELOPMENT AND VALIDATION OF AN HPLC METHOD FOR THE.................. 27
ANALYSIS OF CAPTOPRIL ...ttt et e et snae e e e e e nnae e 27
2.1 INTRODUCGTION ..ottt s e st e e st e e st e e srae e e snte e e saeeessneeeenneeeans 27
211 L@ LT VT SRS 27
2.2 PRINCIPLES OF HPLC ...ttt ettt 28
2.2.1 (Of0] [1] 0010 JEST (=7 o1 [0 o [ USSR 29
2.2.2 D] =T [ o S 30
2.2.3 Mobile Phase SEIECTION .......c..oiiiiiie e 31



2.2.4 Challenges of RP-HPLC ANAIYSIS ......cc.oiieiiiieiieie et 33

2.3 STATISTICAL ANALYSIS AS EXPERIMENTAL DESIGN .....ccocoiiiiieiiieeeiee e 35
2.4 EXPERIMENTAL ..ottt e et e et e e e e e s e e e nnaeeans 38
24.1 Reagents and MaterialS....... ..o 38
24.2 Preparation of Mobile Phase..........cooiiiiiii 38
2.4.3  Preparation Of SOCK SOIULIONS ........ccooiviiiiiiiiiiiieee e 39
24.4 HPLC SYSTBM....ece ettt ettt b et e st e e e b e e nbe e e beesbeeennee s 39
245 Column evaluation and SPECITICATIONS..........c.cviiiirieieiee e 40
2451 COolUMN EFFICIBNCY ..eeveiiiieieieie ettt esre e 40
245.2 O = (01 0] PSSR 41
2453 RESOIULION TACTON (Rs) «.veuveteriiiiieiieieie et 42
2.4.6 Choice of internal standard (IS) ........c.cooveiiiiiiie e 43
2.4.7 Experimental design for HPLC optimiSation ............cccccveveiievicie e 44
2.4.8 MEhOd VAIIAALION ...t 47
2.4.8.1 LINEANILY AN FANQE ....veevieieie ettt e sre e 48
2.4.8.2 e =T01 1Y [ o TSSOSO PRPRORPRN 48
2.4.8.2.1 Intra-assay precision (Repeatability) .........c.cccccoceiiieiiieiiiiiiiiiee e 49
2.4.8.2.2 Intermediate (inter-day) PreCiSION.........ccccciveieiiieieeie et 49
2.4.8.2.3  ReProduCibDIlILY .....c.coveiiieee et 49
2.4.8.3 F ool U | = o)V PSPPSRI 50
2.4.8.4 R 013 o3 2SR SRRSO 50
2.4.8.5 Limits of quantitation (LOQ) and detection (LOD).........ccccevveveiieieeie e 50
24.9 SEADTHLY STUTIES ... 52
2491 PhotoStability STUAIES.......cviiiieieie e 52
2.4.9.2 TemMPErature StreSS STUTIES .......c.oiviiiiiiieieie e 52
2493 Alkali degradation STUIES ........ccoiiiiiiiiiireeee e 52
249.4 ACid degradation STUAIES ..........coeiiiiiiieieeee e 53
2495 OXIAALION STUAIES ...ttt e e aesraenreenee s 53
2.4.10 Assay of commercially available captopril formulations.............ccoceviiiiiiinns 53
2.5 RESULTS AND DISCUSSION ....oooiiiiiiii ettt e e 54
251 EFTRCT OF PH ..o 54



2.5.2 Central COMPOSITE TESIGN ....vecvveieieieee et e e neenee e 55

2.5.3 Response surface plots for retention tiMe. ..........cooeeiiiiiiinee e 60
254 Effect on asymmetry fACtOr (As) .....ooveoeererrieiieiieie et 63
255 Optimised HPLC CONAITIONS ........coiiieiiieiieiieie e 67
2.5.6 SPECITICITY ...t 68
2.5.7 Validation of the optimised analytical method ............cccoooeiiiiiininic 69
25.7.1 LINBANTEY ...ttt 69
25.7.2 e =To] 1] o] ISR 71
2.5.7.2.1 Intra-assay precision (Repeatability) ...........ccooiiiiiiiiiiiiic s 71
2.5.7.2.2 Inter-day precision (Intermediate PreciSion) ........ccoceoeverereniniieienesese e 72
25.7.3 AACCUTACY ...ttt ettt e e bt e e nm e e neennneenne e 72
25.74 LOQ -ttt bbbt b et bbbt n et nas 72
25.75 LOD et bbb e bbbttt nas 73
2.5.7.6 SEIESS SEUMIES. ...ttt ettt b ettt e e bt besbesbeeneeneas 73
2.5.7.6.1  Photo-stability STUAIES .........ccceeiiiieiie e 73
2.5.7.6.2  Temperature StreSS STUAIES ......cccvcveiieiieiecie e 75
2.5.7.6.3  Alkali degradation StUAIES ...........cceiiiiieiieiicse e 76
2.5.7.6.4  Acid degradation STUAIES .........ccceevviiieiiciccic e 77
2.5.7.6.5 Oxidative degradation StUAIES ............coveiiiiiiiieiie e 78
2.5.8  Assay of commercially available captopril formulations..............ccccocoviviieiicieccecee. 79
2.6 CONCLUSION ...ttt bbbttt ettt b bbbttt b enennnas 81
CHAPTER THREE .......oiiii ettt 84
PREFORMULATION STUDIES FOR SUSTAINED RELEASE BEAD FORMULATIONS.. 84
3.1 INTRODUGCTION .ottt et e et e e et e e st e e st e e snte e e snaeeesneeeennneeans 84
3.2 YN I o 1 S 87
3.2.1 MaALErTAIS/EXCIPIENTS .....cvviveieieteieeeee bbb b e sbe e 87
3.2.11 Microcrystalling cellulose (MCC) .......oiiiiiiiieiee e 87
3.2.1.2 Hydroxypropyl methylcellulose (HPMC) .......ooiiiiiiiiiiiieeee e 88
3.2.1.3 MELNACTYIIC ACI ..o 89
3.2.14 L2 LSS SSTSPS 89
3.2.15 SUFBIBASE®.......oo ettt ettt ettt ettt e et en e tesans 89



3.2.2
3.2.21
3.2.3
3.23.1
3.2.3.2
3.2.33
3.234
3.2.3.5
3.24
3.2.5
3.25.1
3.25.2
3.253
3.3
3.3.1
3.3.2
3.3.3
3.34
3.35
3.3.6
3.3.7
3.3.8
3.4
34.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.4.8

Physicochemical properties Of APl ........ccvoiiieiiee e 91

Particle Size and SNAPE .........c.ooviiiiiii e 91
01V (=T g 1 T=To] (oo Y PRSP 92
ANQIe Of rePOSE (AOR).....iiiiiiieiet e 92
BUIK GBNSITY ...t 93
TAPPEA AENSILY ...t 93
Carr’s INAex (CI) ........c.ooooiiiiiiiiiiiiiii s 93
HaUSNEr RALIO (HR) ..o 94
Powder bIend NOMOGENEILY .......c.oiiiiiiiii e 95
Drug excipient COMPAtiDIITY.........ccooiiiiiiiiiiie e 96
Thermogravimetric analySIS ... 96
Differential Scanning Calorimetry (DSC).......ccoiviiieiieie i 97

IR SPECIIOSCOPY .ttt e e sbb e s bn e e e br e e e e 97
IMETHODS ...ttt b bbbt b et e s e ettt benbenreenes 98
Scanning Electron Microscope (SEM).......ccoviioiiiiiiicieeie e 98
ANQGle OF rePOSE (AOR) ...ttt 98
POWAEE GENSILY ...ttt st ettt e esre e ste e e steenaeeneesneennas 99
Powder blend hOMOQENEILY .........coveiuiiie et 100
Thermogravimetric ANalYSIiS (TGA) ....cov it 101
Differential Scanning Calorimetry (DSC)........cooveiiiiiiieie e 101
IR ADSOrption SPECIFOSCOPY ...vvevviivieieeieiieesteerte et ettt ste et sre e anas 102
DIAlYSIS STUAIES.....cvieieceiecte ettt ettt e e e be e be e e reenreenre s 102
RESULTS AND DISCUSSION ..ottt sttt e e st e e e snae e nnaee e 103
SEM .ttt e et et nr et renreene e 103
POWAET ENSITY ...ttt bbbttt 106
O ] = SRS S RS OPPRRON 109
Powder bIend NOMOGENEILY .......ccuoiviiiiiiiciee s 110
L A SRR 113
5 PSR 114
IR SPECIIOSCOPY ..ttt ettt bbbt ettt b e 119
DHAIYSIS ...ttt bbbttt bbb 123

Xi



3.5 CONCLUSION ..ottt 125

CHAPTER FOUR ...ttt ettt st e et e e snbe e e snb e e e nnae e e nnaeean 127
FORMULATION DEVELOPMENT AND CHARACTERIZATION OF CAPTOPRIL BEADS

MANUFACTURED BY EXTRUSION-SPHERONISATION .....cccoviiiiieiieseieeee s 127
4.1 INTRODUCGTION ..ottt st et e et a e e sna e e e snae e e nnaeeennaeas 127
4.2 BEADS AS A MULTI-PARTICULATE DOSAGE FORMS .......cccceiiiiiiieeee e 128
421 Extrusion and SPheroniSatioN .............ccceoiiiiiniiieiee e 129
4.2.2 C0ating OF DBAGS........eeieieiece s 132
4.2.3 (010 41 0o PO ST T PP TP TP PT P PRPRURPON 134
O N 11 1L SRS PRRSTRSN 135
4.3 EXPERIMENTAL ..ottt e e e e e e e e e nnnaee s 135
43.1 Manufacture OF CPT DEAUS. ........ccveiieieciee e 135
4311 SHBVING ettt bbb 136
43.1.2 BIENGING. ...t e 136
43.1.3 (€] - L TU ] A o] o RSP PSS 137
4314 EXETUSTON.... ettt bttt bbb n e 137
4.3.1.5 SPNEIONISALION ...ttt et e st e e e ns 137
4.3.1.6 D Y/ T SRRSO 138
4.3.1.7 Coating 0F DEAS .....c.vecveeece s 138
4.3.1.7.1 Preparation of coating MIXtUIE .........ccceiieiiiiiieiiece e 138
4.3.1.7.2  COALING PIOCESS .. vveveeteeuieiteeiteestesteesteasestaesteaseesteestesssesseesseasseaseesesssessaesesssesseesens 138
4.3.1.8 Capsule filliNG PrOCESS.......cviiieieeieie e 139
4.3.2 Evaluation of coated CPT DEAAS ........coveiueiiiiriiiirieiee s 139
4321 11 o ISR USRSRSPRPP 139
4.3.2.2 Scanning electron MicroSCoPY (SEM) .......ooveiiiieiieie e 139
43.2.3 Aspect ratio (AR) and SPhEriCIty ........ocoiiiiiiie s 139
4324 DIBNSIEY ..ttt bbbt 140
4325 FHIADITITY oot 141
4.3.2.6 Differential Scanning Calorimetry (DSC) ......cccooiiiiiiiiiiiiiieeeee e 141
4.3.2.7 Infrared (IR) abSOrption SPECIIOSCOPY ....ccvviueererieieierie sttt e 141
43.2.8 Assay OF CPT COAted DEAAS ........ccvevviiiiiiiieeee s 141
4.3.2.9 DiSSOIULION TESTING ...t 142



4.3.2.10 CoatiNg EFfICIBNCY ...c.viiiieiecic e ns 143

4.3.3 StAtISTICA] ANAIYSIS ...ttt et re e 144
433.1 EXperimental deSign ... 144
4.3.3.2 Plackett-Burman DeSION .......ccuviiiiieie et 144
4.4 RESULTS AND DISCUSSION ...ttt e e e nnnee e 148
44.1 PrOCESS VAITADIES .....eeieieiie ettt s reesae et 148
4.4.2 Plackett—Burman deSIGN..........couiiieieiie ettt sre e 151
4421 B 1 o PSSP 153
44272 Scanning Electron MicroSCopy (SEM).......cooueiiiiriiiieiieseee e 156
4423 ASPECE RATIO (AR) 1. 158
4424 SPRNEIICITY .. 161
4425 DiISSOIULION TEST ...ttt st 164
4.4.25.1 Effect of different levels of granulating fluid.............ccccoeviiiiiiei e 164
4.4.25.2 Dissolution testing of bead formulations.............cccccvoviiieiiiiic i 166
4.4.25.3 Percent drug release at SECONA NOUF ...........c.ocviiieiiiiicie e 168
4.4.25.4 Percent CPT released at 12 NOUKS.......cccoiiiiiiiiiieiee e e 171
4.4.2.6 (@01 o PSSP 173
4.4.2.6.1 Effect of different coating [eVeIS..........ccoiviiiiiiiee e 173
B.4.2.6.2  CUMING . ectiiieitee ettt ettt st et e st e te e st e s be e beessesae e aeessesbeentesseesraesseeneeareentens 174
4.4.2.6.3 Coating effiCIENCY ......ccuiiiiiiiii et 175
4427 DBNSITY ...ttt et e e e e nraenreenrearaere s 179
4.4.3 OPLIMISALION PIOCESS.....c.viiviiitieieetie ittt ettt te et e e sreesbe e e steenbeeneesreenas 180
444 Validation of optimised MOdel...........ccooo i 181
445 131 ST 183
4.4.6 IR SPECITOSCOPY .. vttt 184
4.5 CONCLUSION ...ttt e e st e e e snre e e srae e e saae e e sneeeenneeas 185
(O o 1A e I Y PR 188
KINETIC MODELLING OF CPT RELEASE FROM COATED ....cccoceevieeieeecec e 188
T 1D 1 TR 188
5.1 INTRODUCGTION ..ottt et e e st e e st e et e e e snae e e snae e s enneeennneas 188
5.2 DRUG RELEASE FROM COATED BEADS. ... 189



521 HYArOSTALIC PrESSUIE ....c.vvevieeeeciee ettt te st e e et et et te e sreesaa e e sneenneeneeas 189
53  STATISTICAL COMPARISON AND MATHEMATICAL MODELLING OF API

RELEASE PROFILES.......cciiitiiiiiist ettt ne s 191
53.1 Model-independent MEthOdS ...........coiieiieii i 191
5.3.2 StatistiCal METNOAS. ........cuiiieie e 194
5.3.3 Model-dependent MEthOUS ..........coiiiiiiiie s 194
5331 WA= o o] (0[] SO TU PR TRT 195
5.3.3.2 T 0T 0 [ SRRSO 195
5.3.3.3 HIQUCRT . 196
5.3.34 HIXSON-CFOWEIL.......eeeiieiie et 197
5.3.35 WEIDUIL.....ce e et e e enees 197
5.3.3.6 KOISMEYEI-PEPPAS. ... et 198
5.3.3.7 Determination of goodness OF fit .........cccuieiiiiiii e 199
534 Selection of appropriate statistical and mathematical models .............ccccccovvriiiiennne 200
5.4 RESULTS AND DISCUSSION ...ttt e st e s e nnnee e 202
54.1 Similarity and difference factors.........ccove i 202
5.4.2 Mathematical MOdelliNg...........c.coviii i 205
54.2.1 Application of Korsmeyer-Peppas Model............cccooveiiiiiciicicciccece e 205
5.4.2.2 Effect of amount of granulation fluid .............c.ccoovi i 206
54.2.3 Effect Oof CoatiNg [EVEIS......c..ooveeeee e 207
54.2.4 EffECt OF CUNING ©oovveeee e 208
5.4.25 Effect of formulation COMPOSITION ..........cccooiiiiiiiie e 208
5.4.2.6 Application of other mathematical models............c.ccooeveiiiiiiiiccce e, 209
5.5 CONCLUSION ...ttt sttt s bt ne st st ssebe st eneasenrens 212
CHAPTER SEX oottt bttt s et sttt e e eneebe st e e enenne s 214
CONGCLUSIONS . ...ttt e st et e e be e b e e ne e st ess et e srestestesneaneans 214
N [ TR 220
N e o N |0 G SRS PSR 240
N e o N |0 G I RSP 245

Xiv



LIST OF TABLES

Table 1.1 IR band assignment for CPT peaks obtained and reference peaks. ...........ccccocervrennnne 6
Table 1.2 CPT d0Ses fOr PAEAIALIIC USE.........cveieieierieiiesiesie et 19
Table 2.1 Summary of published analytical methods for the quantitation of CPT....................... 34
Table 2.2 Selection of IS for CPT using a mobile phase of 47:53 % v/v MeOH: water (pH 3) ... 44
Table 2.3 Experimental factors and levels of input and output variables in CCD....................... 44
Table 2.4 CCD experiments showing the 20 coded and actual values and factors evaluated. .... 46
Table 2.5 Summary of CCD experiments and reSPONSES. ......cc.ecvereerieiieieeriesieseesieseesreessesneens 55
Table 2.6 ANOVA data for Response Surface Quadratic Model for retention time..................... 57
Table 2.7 Analysis of variance table for Response Surface Quadratic Model for As................... 65
Table 2.8 Summary of optimised chromatographic conditions for the analysis of CPT. ............. 67

Table 2.9 Results of intra-assay precision studies over the concentration range 2-60 pg/mL. ... 71
Table 2.10 Results of inter-day precision for CPT over the concentration range 2-60 pg/mL.... 72

Table 2.11 Results of accuracy studies for CPT over the concentration range 2-60 pg/mL........ 72
Table 2.12 LOQ data fOr CPT. ....cociiiiiicee ettt st era e s be e sba e s be e saeesabeenneas 73
Table 2.13 Percent recovery of CPT following exposure of solutions to stress conditions. ........ 73
Table 2.14 The effect of different temperatures on CPT stability............ccccoocevveiieiiiiie i, 75
Table 2.15 Assay results following analysis of commercially available CPT products. .............. 80
Table 3.1 Relationship between AOR and powder flOW. .........cccceieiiiiiinininecee e 92
Table 3.2 Interpretation of Carr’s INAEX. ............cccovoiiiiiiiiiiiiiiieies s 94
Table 3.3 Interpretation of HAUSNET FALI0. .......ccvviveiiiiiiiii s 95
Table 3.4 Formulation composition of powder blends used in preliminary studies..................... 99
Table 3.5 Summary of preformulation powder densities of CPT and excipients............c.c.c....... 106
Table 3.6 Micromeritic properties of CPT powder blends. ...........ccccoceviiiiieiiiic i 108
Table 3.7 Blend homogeneity of batch CPT-001 blending. ..........ccccovveveiviiiieiece e 110
Table 3.7 Blend homogeneity of batch CPT-001 blending. .........cccceveiiiiiiiiiiicec e 111
Table 3.8 Thermoanalytical data for CPT and 1:1 binary MixXtures. .........cccccooeeereneieneniennnns 118
Table 3.9 Summary of IR band assignment for CPT. ... 119
Table 4.1 Key process parameters and their impact on the coating Process. ..........c.ccocevvererene 133
Table 4.2 Dissolution conditions for USP ApPparatus 3...........cccceeveiieveeieieesie e e 143
Table 4.3 Range and levels of independent input variables used for the Plackett-Burman design.
..................................................................................................................................................... 145
Table 4.4 Plackett-Burman experimental design matrix representing the actual values for 11
INAEPENdent VAriabIES. ........coiiii s 147
Table 4.5 Effect of extrusion speed on yield and SpheriCity. ..........ccocoiiiiiiiiiiie 148
Table 4.6 Effect of spheronisation speed on yield and Sphericity............ccocovviiiiiiniiiiinns 148
Table 4.7 Responses observed using a Plackett-Burman experimental design. ..........c.cccccvvnene 152
Table 4.8 ANOVA: Model fit summary for coated beads. ..........cccccoevviiiiiiiicii 152
Table 4.9 ANOVA data for % Yield. ..o 153
Table 4.10 ANOVA data for Aspect Ratio and SPhericity. .........ccccocvvvveiiieiiieiie e 159

XV



Table 4.11 Content uniformity of CPT beads manufactured to different granulation level. ...... 164

Table 4.12 ANOVA of percent CPT released at 2 and 12 hOUIS. ........cccevevieeieniniienienie e 169
Table 4.13 ANOVA data for coating effiCIENCY. .......ccocoviiiiiiiiicie e 176
Table 4.14 Powder densities of coated CPT Deads..........ccovvviiiiiiiniieiisesee e 179
Table 4.15 Composition and process parameters for the manufacture of the optimal formulation.
..................................................................................................................................................... 181
Table 4.16 Micromeritic properties of CPT beads in optimized batches. ...........ccccccevviieieennnns 181
Table 5.1 Relationship between the release exponent n and mechanism of API transport........ 199
Table 5.2 Mathematical models used for the analysis of dissolution data. .............cccccceeevvennnns 201
Table 5.3 f1, f2 and Sq for CPT batches compared toCPT-001. .......cccccovviieeienin e 203
Table 5.4 Korsmeyer-Peppas coefficients and best-fit parameters for batches CPT-001 - CPT-

2 PSPPSR 206
Table 5.5 Results of modelling CPT dissolution data for batches CPT-001 - CPT-027. ........... 210

XVi



LIST OF FIGURES

Figure 1.1 Molecular structure of CPT, CoH1sNO3S (MW=217.3) * indicates the S,S optically

T YL =] 1 S S PTRTRRTR 3
Figure 1.2 Infrared Absorption SPectrum Of CPT. ...t 6
Figure 1.3 UV absorption spectrum of CPT in MeOH: water in a ratio of 65:35% V/v................. 7
Figure 1.4 Synthesis of CPT(VI) from methacrylic acid(l) [37]......cccoovvvevieeieiieieee e 8
Figure 1.5 CPT interactions at the catalytic sites of the ACE enzyme .......ccccccevvvvevveveciiesnennns 10
Figure 1.6 The Renin-Aldosterone-Angiotensin System (RAAS)........ccoveviieeieereiie s e eee s 13
Figure 1.7 Metabolism Of CPT ..o 22
Figure 2.1Calculation of peak asymmetry and peak tailing factor............c.ccccceoeieiiiiniinnnne 42
Figure 2.2 The effect of pH on retention time of CPT and SCY........cccociiiiiinicieic e 54
Figure 2.3 Plot of actual versus predicted response for retention time...........cccccoevevenciennnnnn 58
Figure 2.4 Normal probability plot of residual for retention time...........ccccoevveveiieii e 59
Figure 2.5 A) Contour plot for retention time as a function of pH and MeOH content. B)

Response surface plot for retention time as a function of pH and MeOH content. ...................... 61

Figure 2.6 A) Contour plot for retention time as a function of MeOH content and column
temperature. B) Response surface plot for retention time as a function of MeOH content and
COIUMN TEMPEIALUIE. ...ttt bbbtk b ettt e bbb e bt ebeeneas 62
Figure 2.7 A) Contour plots for the retention time as a function of pH and column temperature.
B) Response surface plots for the retention time as a function of pH and MeOH composition in

the MODIIE PRASE. ... 63
Figure 2.8 A) Contour plot for As as a function of pH and MeOH content. B) Response surface
plot for As as a function of pH and MeOH CONENL............ccoiiiiiiiiiieieceeee e 66
Figure 2.9 Typical chromatogram for CPT analysis using optimised conditions. ....................... 68
Figure 2.10 Typical chromatogram from the analysis of a commercial CPT products. .............. 69
Figure 2.11 Calibration curve for CPT over the concentration range 2 — 60 pug/mL. ................. 70
Figure 2.12 Response factor curve for CPT over the concentration range 2- 60 pg/mL. ............ 71
Figure 2.13 Chromatogram of CPT following photolytic degradation of CPT when exposed to
500 W/M?2 TIGNE FOF 4 NIS....oviieceieeceeeeeeeeee ettt 74
Figure 2.14 Chromatogram following photolytic degradation of CPT on exposure to 500 W/m?
Lo a1 (o] 0220 o1 TSR SRPRORPSN 74
Figure 2.15 Chromatogram of CPT following exposure to a temperature of 90 °C depicting
possible degradation products A and B. ........c.coceeiiiiiii i 76
Figure 2.16 Chromatogram following exposure of CPT to 0.1 N NaOH for 2hrs. ...........c..c...... 77
Figure 2.17 Chromatogram of CPT following exposure to 0.1 N HCI for 8hrs. ............cccccvenee. 78
Figure 2.18 Chromatogram of CPT following to 3 % v/v H202 for 2hrs. ......cccceoviiiiiiiiieee, 79
Figure 3.1 Flow diagram showing testing procedures for pharmaceutical excipients................. 86
Figure 3.2 A) Lateral and (B) aerial view showing six positions of BUA sampling adapted with
slight modifications from El-Hagrasy et al. [170].......ccccoiiiiiiiiiiiecccce e 100

XVil



Figure 3.3 A) Typical SEM image of CPT. B) Typical SEM image of MCC Typical SEM image of
Methocel® HPMC K100M. D) Typical SEM image ofMethocel® HPMC E4M. (E) Typical SEM

image of Eudragit® RS PO. F) Typical SEM image of talC..........ccccccccevieriicreriieieecie e, 104
Figure 3.4 Potency and % RSD results for powder blend homogeneity at different positions in the
LD =T USRS 112
Figure 3.5 TGA thermogram of CPT generated at a constant heating rate of 10 °C/min.......... 113

Figure 3.6 Typical DSC thermogram for CPT determined at a heating rate of 10 °C/min........ 114
Figure 3.7 Typical DSC thermogram for a 1:1 mixture of CPT and MCC determined at a heating

FALE OF 10 CC /MIN...titiiteiieeee e e et b bbbt et et bbb b 115
Figure 3.8 Typical DSC thermogram for a 1:1 mixture of CPT and HPMC K100M determined at
a heating rate 0f L0 C/MIN. ..ot 115
Figure 3.9 Typical DSC thermogram for a 1:1 mixture of CPT and HPMC E4M determined at a
heating rate 0f 10 CC/MIN. ..ot bbb 116
Figure 3.10 Typical DSC thermogram for a 1:1 mixture of CPT and Eudragit® RS PO
determined at a heating rate of 10 CC/MIN. ....ccoooiiiiii i 116
Figure 3.11 Typical DSC thermogram for a 1:1 mixture of CPT and talc determined at a heating
FALE OF 10 CC/MIN...iitiiteiieiee e e e e e e e et bbbt b e e et et st nbenbenbeans 117
Figure 3.12 FT-IR fingerprint spectrum for pure CPT. ..o 119
Figure 3.13 FT-IR spectrum of a 1:1 binary mixture of CPT and MCC. .........ccccooeiiiinininnnnn. 120
Figure 3.14 FT-IR spectrum of a 1:1 binary mixture of CPT and HPMC K100M..................... 121
Figure 3.15 FT-IR spectrum of a 1:1 binary mixture of CPT and HPMC E4M. ............ccccen. 121
Figure 3.16 FT-IR spectrum of a 1:1 binary mixture of CPT and Eudragit® RS PO.................. 122
Figure 3.17 FT-IR spectrum of a 1:1 binary mixture of CPT and TalC.........c..cccoevvevviieinnenne. 122
Figure 3.18 CPT release of CPT in the absence and presence of ammonium oleate. ................ 123
Figure 4.1 Schematic representation of an extrusion-spheronisation procedure highlighting key
process parametersadapted from [L71]......ccooeiiiiieie e 130
Figure 4.2 Schematic representation of different bead formation stages during spheronisation
according to a model proposed by ROWE [L37].....ccviiiiiiiiiieieieie e 132
Figure 4.3 Schematic representation of different bead formation stages during spheronisation
according to the models proposed by Baert and Remon [207]. ....cccoveveiieiiveinneneece e 132
Figure 4.4 Schematic representation of the curing process depicting coalescence of insoluble
POIYMErS @S WALEr EVAPOIALES. ........iiveeieieieiieesie ettt te st e et e st e e e sreesre e e e s beebeaneesraereenee e 134

Figure 4.5 Schematic representation of the manufacturing process for CPT beads coated....... 136
Figure 4.6 SEM images showing dumb-bell like beads harvested at 3 minutes (A) and spherical

beads after spheronisation (B) harvested at 6 MINULES. ...........cccovvveriirieiiene e 149
Figure 4.7 In vitro dissolution profiles of CPT release from CPT-001. .........cccooeviiirencneninnnn. 150
Figure 4.8 Actual responses versus predicted response plot for % yield. .........cccccooiieniiinnnn. 154
Figure 4.9 A) Contour plots showing the effect of Methocel® K100M and E4M on the % vyield

Figure 4.9 B) Response surface plot depicting the effect of Methocel® K100M and E4M on the %
1 VLL= (o 2 TSRS 155



Figure 4.10 Response surface plot showing effect of spheronisation speed and residence time on
L1 0 I 2 TSSO 156
Figure 4.11 SEM images showing an uncoated bead (A), a cross-section of an uncoated bead
(B), a coated bead (C), a cross-section of a coated bead (D) and a magnified coated surface of a
0T 1o = T PSSR 157
Figure 4.12 Pareto chart showing the impact and rank of independent terms in respect of AR. 160
Figure 4.13 Response surface plot showing effect of spheronisation speed and residence time on

L TSRS PPRP P TRURPRON 161
Figure 4.14 Contour plot showing effect of Methocel® K100M and spheronisation speed on
SPNEIICHTY . ..t bbb b bt n bbb 162
Figure 4.15 Contour plot showing effect of Methocel® E4M and spheronisation speed on
SPNEIICHTY . ...t bbbt bbbttt n bbb ene s 163
Figure 4.16 Release profiles of CPT from beads granulated with purified water (control) and
AIffEreNt 1EVEIS OF SSC. ...t ettt beene e 165
Figure 4.17 Dissolution profiles of CPT for batches 1-6. .........cccccccviviiieiiiic e, 167
Figure 4.18 Dissolution profiles of CPT for batches 7—12. .........c.cccoviiveieie e, 167
Figure 4.19 Contour plot depicting the effect of Methocel® K100M and Methocel® E4M on CPT
(=] (=T R LA 410 U R PRRRT 170
Figure 4.20 Contour plot depicting the effect of spray rate and curing temperature on cumulative
percent CPT released @t 2 NOUKS. .......c.ooiiiiiiic s 171
Figure 4.21 Contour plot depicting the effect of Methocel® K100M and E4M on cumulative
percent CPT released after 12 NOUKS. ........covoii it 172
Figure 4.22 Contour plot depicting the effect of Methocel® K100M and Eudragit® RS PO on
cumulative percent CPT released at 12 NOUFS. ........c.coviiiiieii e 173
Figure 4.23 Effect of different levels of coating level on CPT release. .........ccccovevevieviciiecnnnne. 174
Figure 4.24 Effects of curing time on CPT release. ........ccccocvviieivece i 175
Figure 4.25 Pareto chart depicting the significance and rank of independent terms on coating

BT ICTEIICY . .ttt ettt bbb n e 176
Figure 4.26 Interaction diagram depicting the effect of spray rate and AFR on coating

BT ICTEIICY . .ttt bbbttt b b 177
Figure 4.27 Contour plot depicting impact of AFR and spray rate on coating efficiency.......... 178
Figure 4.28 Contour plot depicting impact of spray rate and curing temperature on coating
1o 1= 0SSOSR RRPSROSON 179
Figure 4.29 Dissolution profiles of CPT release from the optimized batchesCPT-025-CPT-027.
..................................................................................................................................................... 182
Figure 4.30 SEM image depicted a coated CPT bead from an optimized batch. ....................... 182
Figure 4.31 Typical DSC thermogram for optimized coated CPT determined at a heating rate of
0 O | T o USSR 183
Figure 4.32 FT-IR spectrum of pulverised coated beads. ...........cccccovviiiiiiiiiiiii e 184
Figure 5.1 Schematic representation of API release process from a bead coated with a semi-
permeable membrane and facilitated by hydrostatic pressure bulid up and diffusion [240]..... 190

XiX



Figure 5.2 In vitro dissolution profiles of CPT release from Batches CPT-001and CPT-025-CPT-

027 e ettt ettt e teeteebeeheeat et e te et e eteeteebeeheeae et et eteeteateereebeaneans 205
Figure 5.3 Relationship between Km, R2and coating 18Vel ............ccocvvvveeveveeceeeeeececeieennes 207
Figure 5.4 SEM image of a coated bead prior to (A) and after 12 hours of dissolution (B)...... 209

XX



Chapter 1

CHAPTER ONE
CAPTOPRIL

1.1 INTRODUCTION
Cardiovascular disease (CVD) and the associated risk factors account for approximately 17 million

deaths annually [1] and is therefore a major cause of mortality. Hypertension, as a CVD risk factor,
is responsible for more deaths than any other and has a high mortality rate in developing countries,
including South Africa [2, 5]. Reports that relate to hospitalised hypertensive patients in the
developing countries do not necessarily reflect the actual pattern of hypertension in that country
[2].This fact suggests that there is a high burden of this disease [6]. Although the prevention and
control of hypertension is a health priority, efforts to decrease the global burden of hypertension
and improve control of the condition have not been adequate [1, 2, 6]. The control of hypertension
is initiated and commences when the blood systolic blood pressure of a patient is > 160 mmHg

and the diastolic pressure is > 95-100 mmHg when measured on at least three separate occasions

[3].

The treatment of hypertension includes the use of angiotensin-converting enzyme (ACE) inhibitors
such as captopril (CPT) that are as effective as diuretics in reducing mortality and morbidity of
hypertension when used as first line therapy [8]. CPT is freely soluble in water [3], unstable in
light and ionises at the sulfhydryl functional group (-SH) [4]. CPT undergoes first order oxygen-
facilitated, free radical oxidation at the sulfhydryl functional group in solution to yield captopril
disulfide [3, 4, 9]. Although hydrolysis at the amide linkage is possible, this only occurs when the
reaction is forced [4]. Oxidation is reported to be delayed in solutions of acidic pH or by addition
of a chelating antioxidant or an increase in the amount of CPT in the dosage form [10]. CPT is a
potent active pharmaceutical ingredient (API) for the management of hypertension [3, 4], cardiac
failure, diabetic nephropathy and post-infarction with left ventricular function when used alone or
in combination therapy. The antihypertensive effect of CPT is enhanced in patients that adhere to
a low salt diet [8].
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CPT binds to zinc at the active site of the ACE [11, 12] and the CPT binding site contains a
sulfhydryl functional group that interacts with intracellular sulfhydryl containing compounds such
as glutathione of the ACE, resulting in a change in the protein structure or function of the enzyme
[13-15]. The sulfhydryl functional moiety is responsible for the adverse effects experienced by
patients, including the presence of a sulphide like odour and a characteristic metallic taste [15]. A
pruritic macula-papular skin rash is another adverse effect that occurs in patients that are
hypersensitive to the CPT [13, 15].

CPT immediate release oral tablet formulations that are commercially available in South Africa
include Adco-Captomax®, Sandoz-Captopril®, Merck Captopril®, Zapto-50®, Capacee®,
CaptoHexal® and Capoten®. Therapeutic doses of CPT range between 12.5 mg and 50 mg up to a
maximum of 150 mg daily, administered two or three times a day for the management of
hypertension [16]. CPT has a short elimination half-life of between 1.6 and 1.9 hours [3]
suggesting that there may be a need for additional CPT to be administered to effectively control
hypertension. CPT is partly absorbed in the small intestine due to the presence of an amino acid
proline structure [17] and the bioavailability of the API is decreased in the presence of food [16],
suggesting that CPT is a suitable candidate for inclusion in sustained release (SR) dosage forms.
SR dosage forms of CPT should allow for a reduced frequency of dosing to one or two times daily
to promote patient adherence to therapy. Moreover, sustained release dosage forms should reduce
the incidence and intensity of the undesirable adverse effects caused by excessively high plasma
concentrations of CPT that are typically observed following multiple dose administration of

conventional immediate release dosage forms [9, 18-20].

1.2 PHYSICO-CHEMICAL PROPERTIES

1.2.1 Description
CPT is 1-[3-mercapto-2-D-methyl-1-oxopropyl]-L-proline [3] and occurs as a white to off-white

crystalline powder that has a slight sulphurous odour [9]. CPT exhibits two asymmetric carbon
centres, of which one is associated with the proline moiety and the other with the 3-mercapto-2-
methylpropionic acid side chain (Figure 1.1). CPT is not less than 98% pure when calculated on

an anhydrous basis [3].
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H,C \N +
—0Q

A\

HS O HO

Figure 1.1Molecular structure of CPT, C9H15NO3S (MW=217.3) * indicates the S,S optically
active centres.

1.2.2 Biological activity
All four isomers of CPT can bind to zinc at the active site of the ACE-enzyme [21] and exhibit

biological activity for which potency is dependent on the configuration of the mercaptoalkanoyl
side chain that binds to the active site [22]. The S,S isomer is approximately 100 fold more active
than the R,S isomer [23-25] and is the only potent optically active inducer of the ACE-enzyme
that reduces plasma angiotensin Il (AT-11) levels and increases plasma renin activity, resulting in
a significant decrease in blood pressure in hypertensive patients. The biological and
antihypertensive effects of CPT lasts for up to 6 hours [3] as CPT has a short biological half-life
and is eliminated rapidly from the plasma. CPT is readily converted into a disulphide dimer and
forms a disulphide conjugate with endogenous sulfhydryl compounds, which does not correlate
the relative bioavailability of CPT to a decrease in blood pressure [9, 26, 27]. As a consequence,
the monitoring of the free unchanged CPT molecule in plasma [27] is not an adequate indicator of

the blood pressure lowering effects and patient adherence to therapy.

The biological activity of CPT can be characterised following radioimmunoassay [28] to determine
the plasma-renin activity (PRA) of CPT administered to treat reno-vascular hypertension in
comparison to therapy with an international reference standard. The use of radioimmunoassay is a
screening approach in which baseline PRA evaluation is established. The patient is then
administered an oral dose of radioactive CPT and blood pressure measurements are recorded
immediately and at 60 minutes following administration, at which time a second PRA assessment

is undertaken. Patients presenting with reno-vascular hypertension demonstrate a larger decrease
3
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in blood pressure and increases in PRA following CPT administration when compared to patients
that present with essential hypertension [28]. CPT exhibits several other activities and can be used
to treat arthritis, reverse diabetic retinopathy, enhance insulin sensitivity, lower thrombotic risk,
decrease atherosclerosis and renal failure, lower the incidence of radiation-induced pulmonary

damage and fibro-sarcoma [29].

1.2.3 Solubility
The solubility of CPT in water is 160 mg/mL at 25°C. CPT is freely soluble (< 100 mg/mL) in

methanol, ethanol, isopropanol, chloroform and/or methylene chloride [9]. A solubility-
temperature profile of CPT was linear up to 40°C and at temperatures higher than 40°C, CPT
exhibited extraordinarily high water solubility of more than 250 mg/mL [3].

1.2.4 Dissociation constant (pKa)
The pKa of the carboxylic acid attached to the proline ring of most ACE inhibitors ranges between

2.5 and 3.5 [30]. CPT is an active pharmaceutical ingredient (API) that exhibits weakly acidic
properties and ionises at physiological pH, whereas other ACE inhibitors are amphoteric in nature
[31]. The dissociation constants for CPT are 3.7 and 9.8 for the carboxyl and sulfhydryl groups,
respectively. CPT is zwitterion and has an isoelectric point of 6.8 [31].

1.2.5 Hygroscopicity
CPT is hygroscopic under hot and humid conditions and absorbs large amounts of moisture. It is

unstable and storage conditions or manufacturing processes require stringent monitoring of

temperature and humidity to ensure that a stable and effective CPT dosage form is produced [3].

1.2.6 Melting range
CPT has a melting range of 106 — 109°C and decomposes at temperatures between 160 and 450

°C in a two or three step process that is dependent on the conditions to which the API is exposed
[9, 32].

127 Optical rotation
The specific optical rotation of the two enantiomers of CPT at 25 °C in absolute ethanol is o p> =

-127.8 °. The R and S isomers have an optical rotation of approximately +5 ° [3].
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1.2.8 Polymorphism
Two polymorphic forms of CPT have been identified viz. an unstable 3 and stable a polymorph.

The unstable  polymorph melts at 88 °C and the stable o polymorph melts at 106°C [3].

1.2.9 Storage conditions
CPT should be stored at temperatures < 30 °C in well-closed containers. It must be protected from

heat, sunlight and moisture. Individuals must avoid breathing CPT powder as it may cause a dry
hacking cough and a rash may be observed if CPT comes into contact with skin and membranes,
particularly if the individual is allergic to sulphur [9, 17].

1.2.10 Infra-red (IR) absorption spectrum
The IR absorption spectrum of a compound is unique and is useful for elucidation of the chemical

structure of an organic compound or as a means to identify that compound [33].The precise
interaction of the atoms in a molecule generates a unique spectrum for a specific molecule [33].
The IR spectrum is a specific characteristic of any compound, although certain groups of atoms in
organic molecules produce characteristic absorption bands in the same IR region [33] irrespective
of the structure of the molecule. The IR absorption spectrum of CPT is depicted in Figure 1.2 and
was generated between 4000 and 650 cm™* with Spectrum 2000 FTIR Spectrophotometer (Perkin
Elmer Instruments LLC, Shelton, CT, USA) using Nujol® or heavy liquid paraffin (UniLab,
Redmont WA, USA).
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Figure 1.2 Infrared Absorption Spectrum of CPT.

The IR spectrum for CPT exhibits characteristic CHj3 stretching bands at 2980 cm™ and CH;
stretching bands at 2877 cm™ that are representative of alkane functionalities. The broad peak at
2565 cm™ corresponds to SH stretching, which is a characteristic of mercaptan compounds. The
peaks observed at 1744 cm™ and 1588 cm™ are due to C=0 stretching vibrations of the carboxylic
acid and amide functionalities, respectively. The peaks observed at 1227 cm™ and 1246 cm™
corresponded to -C-H and/or -CH3 bending or symmetric vibrations [33]. The IR absorption
spectrum for CPT is similar to what has been reported in literature as illustrated in Table 1.1 [3].

Table 1.1 IR band assignment for CPT peaks obtained and reference peaks.

Functional Group *Wave Number (cm?) **Wave Number (cm?)
-C-H/-CHz bending/symmetric vibration 1227, 1246 1300
-C-N amide band 1588 1500
-COOH (-C=0) 1744 1750
-SH stretching vibration 2565 2600
-CHjs stretching vibration (Ssymmetric) 2980 2980

* IR spectrum bands generated.
** Reference IR spectrum bands [3].
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1211 Ultra-violet (UV) absorption spectrum
The UV spectrum of CPT in methanol (MeOH) and water in a ratio of 65:35% v/v over a

wavelength range of 190-300 nm was generated at a scan speed of 600nm/min using a double
beam UV-VIS Model GBC 916 spectrophotometer (GBC Scientific Equipment Pty Ltd,
Melbourne, Australia) and is depicted in Figure 1.3. The wavelength of maximum absorption
(Amax) for CPT was 199.3, which is slightly lower than the value of 205 nm generated in 50:50%
v/v MeOH water reported in the literature [34]. Changes in the mobile phase composition therefore
have the effect to reducing Amax associated with changes in intensity and reflectivity grating when
rays pass through a quartz container with sample solution because of angular dispersion in the
different medium phases. The Amax Was used for the analysis of CPT dosage forms by RP-HPLC

as described in Chapter 2, vide infra.

1993, 0.4819

Absorption

=
o
&

2
=]

190.0 200.0 2100 2200 2300 2400 250.0 2600 2700 2800 2900 300.0

Wavelength "
Figure 1.3 UV absorption spectrum of CPT in MeOH: water in a ratio of 65:35% v/v.

1.3 STEREOCHEMISTRY

131 Stereo-specificity
Despite significant differences in the pharmacological, pharmacodynamic and pharmacokinetic

responses of individual enantiomers of a compound, many molecules are commercially available
as racemic mixtures [35]. Some enantiomers of a compound are more active, toxic or totally
inactive [36] when compared to the others. CPT has two asymmetric carbon centres and exists as

four stereoisomers, one of which is R-captopril, 1-[3-mercapto-2(S)-methyl-1-oxopropyl]-R (D)-
7
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proline [23], and the others exhibit biological activity of S-captopril that is available as S,S
stereoisomer [36]. R-captopril possesses no ACE inhibiting activity [25]. It is known that the (S,
R) epimer of captopril has a 100-fold lower activity than the S-captopril isomer [35].

1.4  SYNTHESIS

1.4.1 Synthetic procedure/pathway
The chemical synthesis of CPT is based on a coupling reaction that is depicted in Figure 1.4.

OH,C

D S e o O

H,
thioacetic acid i . .
Methacrylic Acid I hydroxyisobutyric acid IT (D-HIBA) acetylthioisobutyric acid Il

SOCI, DMF CH,CI,

T
ﬂ °
acetylthioisobutyric chloride IV
HS o
H,C \\<

3 L-proline

N-(3-acetyl-2-R-methylpropanoyl)-L-proline V

l NaOH, HS, CH,Cl,

HsC N

)¢ =
HS

O HO

captopril VI

Figure 1.4 Synthesis of CPT(VI) from methacrylic acid(l) [37].

Methacrylic acid (1) undergoes hydroxylation to form D-B- hydroxyisobutyric acid (D-HIBA) (I1I).
D-HIBA is an optically active intermediate in the synthesis of CPT or a raw material for use in the
biocatalytic synthesis of CPT [37]. D-HIBA is then acetylated in the presence of thioacetic acid
to produce acetylthioisobutyric acid (I11) [3]. Acetylthioisobutyric acid is then treated with thionyl
chloride (SOCI2), N,N-dimethyl formamide (DMF) and dichloromethane (CH2Cl>). A distillation

process is performed to produce an intermediate 3-acetyl-2-methylpropanoyl chloride (1V) [22].
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The next step of the reaction involves coupling the intermediate produced with L-proline by means
of a Schotten-Baumann reaction [38]. Two equivalents of sodium hydroxide and CH.Cl are used
to produce N-(3-chloro-2-R-methyl propanoyl)-L-proline (V). The carboxylic acid function on the
L-proline is protected using the process described by Hongo et al.,[38-40]. The direct substitution
of the chlorine atom with a sulfhydryl functional group on the proline side chain is the penultimate
step that produces a racemic mixture of CPT (VI). Retention of the stereochemistry is achieved
by use of DMF, dimethyl sulphoxide with hydrogen sulphide (HS) or trithiocarbonate as a
nucleophilic reagent [14, 22].

The yield of CPT using the coupling method described is > 28 % [22, 37]. R-captopril is a by-
product of the reaction and is an impurity in the racemic mixture [37] obtained through chemical
synthesis. Purification or resolution of the racemic mixture to obtain the biologically active S-
captopril is essential [23-25] and therefore enantio-purity tests on the S-captopril product to ensure
the production of pure material are essential. Since chemical synthesis of chiral compounds
requires resolution of the racemic mixture, the overall yield is closer to 50%. To increase the yield
of CPT, Seong et al., [40]proposed an economical model to produce the optically active D-HIBA
raw material. The production of D-HIBA from Candida rugosa [11] does not require a post-
manufacture, resolution process. The main advantage of microbial catalysed synthesis over
chemical synthetic procedures is that the reaction is more effective with respect to regional,
chemical and stereo specificity. An additional advantage of microbial synthesis is that there is a
decrease in the production of unwanted by-products [11], minimum waste and the procedureto

produce a higher yields of active CPT is simple.

1.4.2 Structure-activity relationship
CPT is structurally similar to endogenous L-alanyl-L-proline and it consequently characterises L-

alanyl-L-proline binding ability to ACE in a similar manner. Studies of the structure and binding
of L-alanyl-L-proline to the C-terminal residue of ACE [13] reveal that the L-alanyl-L-proline
moiety is responsible for antihypertensive activity, which is also the case for CPT. The presence
of a free carboxyl functional group is essential for high levels of activity. The carboxyl functional

group is negatively charged and binds to the positively charged amino acid residue of the enzyme
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through ionic interactions, as depicted in Figure 1.5. The activity of L-alanyl-L-proline is similar

to the ACE inhibition activity demonstrated by CPT.
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Figure 1.5 CPT interactions at the catalytic sites of the ACE enzyme.

Substitution of the proline moiety with a phosphoryl derivative of L-alanyl-L-proline resulted in
the production of an ACE inhibitor that is more potent than CPT. Replacement of the sulfhydryl
group with a phosphoryl derivative functional group led to the development of enalapril that is
approximately three- to fourfold more potent than CPT, but exhibits a slower onset and longer
duration of action [13, 14]. The pyrrolidine ring on CPT was substituted with a thiazolidine ring
without loss of activity. The proline moiety provides a specific binding site for the ACE pockets
through hydrophobic interaction. Subsequent substitution of the sulfhydryl (-SH) functional
groups with a hydroxyl (—OH) functional group led to a total loss of activity [13], suggesting that
the sulfhydryl functional group of CPT is essential for inhibitory activity of the ACE enzyme [30].
The sulfhydryl functional group is also responsible for the common side effects of CPT. The side
effects are reduced when lower doses of CPT are administered or CPT use is discontinued. The
side effect profile of CPT prompted the development of sulfhydryl-free derivative ACE inhibitors
[22, 30]. The carbonyl oxygen on the alkanoyl chain is essential for ACE inhibition activity and
the nitrogen in the proline ring and the carbonyl oxygen of CPT are important for hydrogen
bonding. The carbonyl oxygen acts as a proton acceptor, whereas the amino acid residue at or near
the active site of ACE acts as a proton donor. The methyl group of the propionic side-chain
contributes to the overall binding affinity of CPT to the active site of the enzyme [30]. Many of
the class 1l ACE inhibitors are ester pro-drugs that have a much greater oral bioavailability, yet

they are 100 - 1000-fold less potent than the active metabolites of these compounds [13].
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1.5 STABILITY

151 Solid state stability
CPT in the solid state exhibits excellent stability and no significant decomposition was detected

for up to six months in bulk samples that were stored at 5 °C, 33 °C and 50 °C [3, 7]. CPT was
stable in light when exposed to 900 foot-candles in a light box for up to 30 days [3].

152 Solution stability
CPT is unstable in solution and undergoes first order free radical oxidation [10] at the sulfhydryl

functional group to yield captopril disulfide. The rate of oxidative degradation of CPT in the pH
range between 2 and 5.6 at 50 °C was investigated by Timmins et al.,[41], who concluded that
oxidation is the predominant route of degradation of CPT. Stability studies of CPT in aqueous
solutions of pH 6.6 — 8.0 yielded captopril disulfide as the sole degradation product as a result of
oxidation [10]. The rate of degradation of CPT in acetate, citrate and phosphate buffers of different
concentrations at a pH 6.0 revealed that all degradation reactions exhibited first-order kinetics [8]
and the rate of degradation increased with an increase in buffer concentration. The first-order rate
of degradation of CPT in citrate buffer solutions was low due to the chelating effect of citrate ions
that reduce metal ion catalysis in oxidative processes [8]. Oxidation was delayed at a low pH and
the addition of a chelating antioxidant, nitrogen or use of low oxygen head spaces during
production may enhance stability. The oxidation of CPT is known to be pH-dependent and

maximum stability is observed in solutions of pH < 4.0 [41].

11
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1.6  CLINICAL PHARMACOLOGY

1.6.1 Mechanism of action

16.1.1 Overview of ACEinhibition
Pharmacological therapy by interruption of the renin-angiotensin-aldosterone system (RAAS) in

the1970’s [42] was considered to be beneficial for patients that presented with hypertension due
to high-renin levels. This finding resulted in the development of API, which is known to inhibit
ACE [15, 29, 43]. The RAAS is an important regulator of hemodynamic stability and regulates
extracellular fluid volume, sodium balance and cardiovascular function through direct and indirect
effects on the kidney and other organ systems [44]. Renin is a proteolytic enzyme that has local
activity on angiotensinogen in the kidney and general circulation. Angiotensinogen is a protein
precursor that is produced by the liver and is cleaved by renin to form the inactive peptide
angiotensin | (AT-1) [44-46].

Physiological substrates of ACE include AT-I and bradykinin where AT-I is converted into the
active vasopressor AT-I1 [45] by removal of a single terminal carboxyl dipeptide. The vasodilatory
peptide bradykinin is deactivated by the consecutive removal of two terminal carboxyl dipeptides
during the metabolism of bradykinin. The effect of AT-II is mediated through the AT-1 receptor,
which results in arteriolar vasoconstriction, and water and salt retention as depicted in Figure 1.6.
The RAAS is therefore activated in response to fluctuations in blood pressure and the extracellular
fluid volume [17].

12
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Bradykinin Angiotensinogen
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Figure 1.6 The Renin-Aldosterone-Angiotensin System (RAAS).

The blockade of an activated RAAS has become a key target in patients that present with
hypertension, heart failure, renal and atherosclerotic cardiovascular disease [29, 44, 46, 47]
through the use of ACE inhibitors, since ACE is a zinc metalloenzyme attached to the plasma
membrane with the epithelial cells that have active sites exposed on the extracellular surface of the
cells [46]. ACE inhibitors improve the prognosis in mild, moderate and severe heart failure in
addition to preventing the onset of heart failure in patients with left-ventricular dysfunction and
myocardial infarction (MI) [43]. Although ACE inhibitors were first used for their
antihypertensive effect, it has been proposed [48] that ACE inhibitors potentiate bradykinin

beyond blocking hydrolysis through inhibition of desensitisation receptors.
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ACE inhibitors may have beneficial effects on the fibrinolytic balance in the body through AT-I1I
inhibition, which is thought to be prothrombotic [45]. Consequently, AT-II inhibition promotes
antithrombotic effects through bradykinin accumulation. Further research aimed at investigating
the effect and degree of ACE inhibitory tissue activity on the vascular response is required. The
beneficial effects of ACE inhibitors include a reduction in the production of AT-11 and an increase
in bradykinin levels [45, 48] that effectively lowers extracellular fluid volume, sodium balance
and cardiovascular function through direct and indirect effects on the kidney and other organ

systems.

1.6.1.2 Hypotensive effect
CPT reduces blood pressure in patients with essential hypertension, reno-vascular hypertension

[44] and hypertension associated with chronic renal failure [49] by acting as a competitive inhibitor
of the ACE in the kidney and vascular walls. CPT inhibition of ACE is believed to be important
for the reduction of blood pressure, especially in patients with high PRA. The inhibition of ACE
has also proved to be effective in patients with normal and low levels of PRA [43]. The mechanism
by which CPT reduces high blood pressure associated with low or normal PRA has not been fully
elucidated, but the antihypertensive effect of CPT is enhanced when concomitantly administered

with a diuretic in patients on a low salt diet [17].

1.6.1.3 Cardiac failure
CPT is effective in all four classes of heart failure and not only alleviates the symptoms, but also

reduces the incidence of infarct decompensation and mortality [50]. CPT significantly decreases
left ventricular dilatation and long-term treatment with CPT does not result in improved aerobic
exercise capacity following an acute MI [50]. CPT can be combined with diuretics, digitalis
preparations and nitrates to treat cardiac failure and is effective as valsartan in patients at high risk
for cardiovascular events following MI [51]. Concurrent use of CPT and valsartan results in an

increased incidence of adverse events without improving survival rate.
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1.6.14 Diabetic nephropathy
Diabetic nephropathy is a common cause of end-stage renal disease, especially in patients who

present with early stages of insulin-dependent diabetes mellitus (IDDM) [1]. The renal plasma
flow (RPF) and glomerular filtration rate (GFR) have higher values [47, 52] than those observed
in healthy volunteers. Some IDDM patients who present with early abnormalities in protein
excretion or albuminuria have been observed and this phenomenon is thought to be a predictor of
clinically overt diabetic nephropathy [47]. The high glomerular hydraulic pressure and/or plasma
flow rates [47] are thought to be responsible for proteinuria and the progression of diabetic
nephropathy. CPT use in patients with deteriorating renal function, especially IDDM patients, has
revealed a reduced progression of diabetic nephropathy by a mechanism that is independent of its
antihypertensive effects [47, 52].This is a consequence of altered glomerular hemodynamics in

patients with diabetes.

1.6.2 Contra-indications
CPT is contraindicated in patients who are sensitive to sulphur or any excipient used in

formulations of the API. CPT must not be used in patients who have experienced angioedema
during therapy with other ACE inhibitors and it is also contraindicated in pregnancy [43].

1.6.3 Overdose
Clinical trials have revealed that high doses of CPT of approximately 450 mg per day result in side

effects such as dry cough, dose-dependent macula-papular rash, taste alteration, angioedema and
neutropenia that is associated with zinc and/or copper depletion [53]. The symptoms of overdose
include emesis and hypotension [53]. The correction of hypotension is of major concern in
emergency cases. Volume expansion using an intravenous infusion of normal saline for the
restoration of blood pressure is the preferred treatment. CPT can be removed from the systemic
circulation by hemodialysis [43].However, the effectiveness of hemodialysis for removing CPT in
neonates and children has not yet been established. Peritoneal dialysis is not effective [43] for the
removal of CPT due to inadequate filtration and insufficient exchange transfusion from the general
circulation of neonates. Overdose of CPT has been effectively treated with naloxone due to

reversal or blockade of the hypotensive activity of CPT [53].
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1.6.4 Drug interactions
Non-steroidal anti-inflammatory drugs (NSAID) attenuate the antihypertensive effects of CPT.

Co-administration of CPT with NSAID such as diclofenac sodium, mefenamic acid and/or
selective cyclooxygenase-2 inhibitors (COX-2) may cause deterioration of renal function and may
precipitate acute renal failure [43]. Monitoring renal function, particularly the serum creatinine
levels, in patients treated with CPT and NSAID therapy is recommended and the concomitant
administration of CPT and NSAID must be undertaken with caution, particularly in elderly patients

or those with pre-existing renal impairment [43].

The addition of a diuretic to the therapeutic regimen of a patient treated with CPT usually enhances
the antihypertensive effect of the API. Reports [14] suggest that patients presenting with
intravascular volume depletion on initiation of diuretic therapy may result in an excessive
reduction in the blood volume within the first hour of commencing therapy. The possibility of
hypotensive effects may be minimised by discontinuation of the diuretic or by adequate hydration
and increased salt intake prior to commencement of therapy [45]. The patient must be observed
closely for several hours following the initial dose of the CPT until the blood pressure has
stabilised. The transient hypotensive response is not a contraindication to administration of
additional doses that can be administered without difficulty once blood pressure has increased
following blood volume expansion therapy [43].

ACE inhibitors are potassium-sparing agents and CPT decreases the production of aldosterone,
which may result in elevated potassium levels in serum [17]. Potassium-sparing diuretics such as
spironolactone, triamterene or amiloride and the use of potassium supplements [45] should be
considered only in patients with documented hypokalemia and should even then be used with
caution. Potassium sparing diuretics may lead to a significant increase in serum potassium levels
and patients should use a low salt diet when taking potassium sparing diuretics concomitantly with
CPT [6].
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1.6.5 Adverse reactions
Patients on ACE inhibitor treatment present with a variety of adverse reactions, including

hypotension, dry hacking cough and taste disturbance. Uncommon adverse events include first-
dose hypotension, macula-papular skin rash, palpitations, angioneurotic oedema, angina and
insomnia. Rare adverse effects include neutropenia, which may be accompanied by

thrombocytopenia or pancytopenia, pulmonary infiltrate, alopecia and impotence [17].

The incidence of cough varies between 2 and 15 % depending on the ACE inhibitor used [45],
dose and duration of therapy. The cough appears to be more common in women than men, is often
worse when the patient is lying down and may be due to increased bronchial reactivity [45]. This
side effect can be resolved or diminished on continued use or following a reduction of dose, but
usually reoccurs following the reintroduction of CPT therapy. The cough most likely occurs due
to stimulation of the pulmonary cough reflex by bradykinin and/or prostaglandins that accumulate
due to ACE inhibition. Once a patient has developed an intolerable cough, an attempt may be made
to switch the patient to an alternate ACE inhibitor or another class of anti-hypertensive compounds

such as calcium channel blockers [45, 48].

Severe life-threatening angioedema has been reported in rare cases following CPT use. The overall
incidence is approximately 0.1 % - 0.2 % and gender has no impact on the incidence of angioedema
or the predisposition to angioedema in patients with heart failure or hypertension [16]. The
majority of reported cases of angioedema revealed that the symptoms occurred during the first
week of therapy [16].However, the onset of angioedema may be delayed for weeks or even months.
Patients may present with multiple episodes of angioedema with long intervals without the related
symptoms of angioedema. The aetiology is thought to be non-immunogenic, may be related to
bradykinin activity and may occur with or without urticaria, but usually involves non-pitting

oedema of the skin, the subcutaneous tissues and mucous membranes [16].

Angioedema of the face, extremities, lips, tongue, glottis and/or larynx have also been reported
[27] in patients treated with CPT, and if observed, therapy must be discontinued immediately with
appropriate monitoring instituted to ensure complete alleviation of the symptoms. If the swelling
is confined to the face and lips, angioedema may be resolved without treatment or following
administration of antihistamines. Angioedema associated with laryngeal oedema is potentially life-
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threatening and patients should be hospitalised and/or treated with adrenaline and oxygen
immediately [17] where involvement of the tongue, glottis or larynx is likely to cause an airway
obstruction. Patients that respond to medical treatment should be monitored for the possible re-
emergence of symptoms of angioedema and patients with a history of angioedema should not be
treated with an alternate ACE inhibitor [16].

1.6.6 High risk groups

16.6.1 Pregnancy
The use of agents that act on the renin-angiotensin system during the second and third trimesters

of pregnancy may reduce renal function and increase foetal and neonatal morbidity and death [16].
CPT is classed as a Category C compound for the first and a Category D for the second and third
trimesters of pregnancy [17]. There are no adequate and well-controlled studies reporting CPT use
in pregnant women, and teratogenic effects have not been established following administration of
large doses of CPT in hamsters, rats and rabbits [16]. The administration of ACE inhibitors to
rabbits at doses of approximately 0.8 to 70 times on a mg/kg basis related to the maximum
recommended human dose [16] resulted in a low incidence of craniofacial malformation. No
teratogenic effects of ACE inhibitors were evident in studies in which doses were approximately
150 times that of the maximum recommended human dose in pregnant hamsters and 625 times in
pregnant rats [16]. Post-marketing experience with ACE inhibitors suggests that exposure in utero
following administration may be associated with hypotension and decreased renal perfusion in the
foetus [16],which may result in foetal death.This indicates that ACE inhibitors should be

contraindicated in pregnancy.

Oligohydramnios is a condition in pregnancy characterised by a deficiency of amniotic fluid with
presenting clinical features of a smaller fundal height, foetal malpresentation, undue prominence
of foetal parts and reduced amounts of amniotic fluid [17]. Oligohydramnios has been reported as
a result of decreased foetal renal function and can be associated with foetal lung hypoplasia and
skeletal deformation [16]. Potential adverse effects in neonates include skull hypoplasia, anuria,
hypotension, renal failure or death [16] following administration of ACE inhibitors in the second
and/or third trimesters of pregnancy. CPT use must be discontinued immediately when pregnancy
is detected. When ACE inhibitors, including CPT, have been used during the second and third
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trimesters of pregnancy, foetal hypotension, renal failure, skull hypoplasia and death [16]have
been reported, presumably as a consequence of systemic hypotension in the foetus. There is limited
information to whether exposure limited to the first trimester can adversely affect foetal outcomes
[43] and consequently women who are pregnant and are using ACE inhibitors must be switched

to more appropriate antihypertensive therapy.

1.6.6.2 Lactation
Following oral administration, the concentrations of CPT in human breast milk are 1 % or lower

than those observed in the systemic circulation of mothers, and the effect of CPT on breastfed
infants has not yet been established. Consequently, caution should be exercised when CPT is

administered to breastfeeding mothers [17].

1.6.6.3 Paediatric patients
CPT is not registered for paediatric use in South Africa. However, it has been suggested that doses

of 0.1 - 1.0 mg/kg/dose of CPT titrated carefully against a therapeutic response may be

administered to paediatric patients as summarised in Table 1.2 [54].

Table 1.2 CPT doses for paediatric use.

Category Recommended dose
Premature neonates 0.01 mg/kg/dose every 8 to 12 hours, titrate dose
Term neonates < 7 days of age accordingly

Term neonates > 7 days of age 0.05 to 0.1 mg/kg/dose every 8 to 24 hours, titrated
upward to maximum dose of 0.5 mg/kg/dose administered
every 6 to 24 hours

Infants 0.15 to 0.3 mg/kg/dose titrated upward to maximum dose
of 6 mg/kg/day in 1 to 4 divided doses. Usual required
dose - 2.5 to 6 mg/kg/day

Children 0.3to 0.5 mg/kg/dose, titrated upward to a maximum dose
of 6 mg/kg/day in 2 to 4 divided doses
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There is a paucity of information relating to the safe use of CPT in paediatric populations [55].
The doses based on weight are comparable or lower than those used to treat adults. Infants,
especially newborns, may be more sensitive to the adverse haemodynamic effects of CPT
exhibited by excessive, prolonged and unpredictable decreases in blood pressure associated with
CPT doses of > 0.5 mg/kg/dose [54]. CPT should therefore only be used in paediatric patients if
alternative measures of controlling blood pressure have not been effective and if the potential

benefits of use justify the risk.

1.6.6.4 Geriatric patients
A dose of CPT of 12.5 mg and 25 mg were administered twice daily to sixteen hypertensive

patients between the ages of 65 and 80 years and the outcomes compared to placebo therapy in a
double-blind cross-over study [56]. The mean systolic and diastolic baseline blood pressure
following treatment was found to be 204.7 + 24.5 mmHg and 111.8 + 11.1 mmHg, respectively.
Of the 14 patients who completed the study CPT was found to reduce the systolic and diastolic
blood pressures significantly when compared to baseline and placebo arm values [56]. The fall in
blood pressure was greater following four weeks of therapy when compared to data following two
weeks of treatment. No significant changes in blood pressure were noted from baseline values for
patients in the placebo arm and no significant and/or serious side-effects were observed during the
study. It was concluded that CPT was an effective antihypertensive agent that can be safely used

in elderly patients [56].

1.6.6.5 Food
The absorption of CPT is reduced by approximately 25 - 40 % in the presence of food. CPT

decreases the excretion of potassium from food and the use of salt substitutes containing potassium
increases the risk of hyperkalemia [17]. The antihypertensive effects of CPT may be attenuated by
a high salt intake. Bayberry, blue cohash, cayenne, ephedra, ginger, ginseng, kola and liquorice
are some of the herbs that may reduce the antihypertensive properties of CPT [30, 46, 47].
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1.7 CLINICAL PHARMACOKINETICS

1.7.1 Dosage
The usual dose of CPT is 25 or 50 mg administered twice or three times daily up to a maximum

daily dose of 450 mg [43]. Initiating hypertensive therapy using CPT requires consideration of the
extent of blood pressure elevation, salt restriction and medical history, among other clinical data.
Prior to commencing therapy with CPT patients should discontinue existing antihypertensive

therapy for at least one week [16].

The initial adult dose of CPT for the treatment of hypertension is 12.5 mg administered twice or
three times daily.lIt is increased, if necessary, to 25 mg two to three times daily following one or
two weeks of therapy [43]. The dose may be increased to 50 mg two or three times a day if there
is satisfactory evidence that there has been no significant reduction in blood pressure. A restriction
of sodium intake may also be beneficial when CPT is administered alone. If the blood pressure
has not been satisfactorily controlled after one to two weeks of therapy, an appropriate dose of a
thiazide diuretic should be added to the regimen [17]. If further blood pressure reduction is
required, the dose may be increased up to 100 mg twice or three times a day and then, if necessary,
up to 150 mg twice or three times a day [43]. Caution must be taken at these doses and monitoring

for toxicity of CPT must be undertaken.

1.7.2 Absorption
CPT is a Biopharmaceutical Classification System (BCS) class 111 compound [3] that exhibits

permeability rate-limited absorption across the epithelial cells of the GIT resulting in high
variability in the rate and extent of absorption. Following oral administration, CPT is rapidly
absorbed and peak plasma concentrations are observed within 60 - 90 minutes and antihypertensive
effects manifest within 15 - 60 minutes, lasting for approximately 6-12 hours [42, 53]. The average
absorption of CPT is approximately 60 -75 % following administration to healthy individuals in
the fasting [43]. The presence of food in the GIT reduces the absorption of CPT and it is
recommended that CPT be administered at least one hour before meals [43]. The oral
bioavailability of CPT is increased in patients when used chronically [21] and it is possible to
reduce the dose of CPT in such patients while maintaining adequate control of blood pressure.
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1.7.3 Distribution

CPT binds primarily to albumin and other plasma proteins and distribution appears to be best

described by a three compartment model in human subjects [57]. The terminal phase volume of 2

L/kg is due to deep tissue distribution and CPT in the free and oxidised-forms rapidly accumulates

in tissues to reach a maximum level within 30 minutes [57]. Tissues studies [58] revealed

substantial levels of CPT in the kidneys cells and lower concentrations in the liver, lung, heart,

blood cells, spleen and plasma. S-methyl captopril was also present in all tissues examined with

the highest levels occurring in the liver and kidney cells.

1.7.4 Metabolism
The metabolism of CPT is interrelated and can be reviewed in Figurel.7.
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Figure 1.7 Metabolism of CPT.
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CPT, unlike other ACE inhibitor pro-drugs, does not require biotransformation to produce a
therapeutic effect [57]. In a study in rats [58] the oxidised disulfide form of CPT were present in
the same or slightly higher proportions than free CPT in the kidney cells. The major metabolites
observed were captopril-cysteine, captopril-disulfide and the captopril-disulfide dimer [58] and
the metabolites undergo reversible inter-conversion to form CPT, which may contribute to the
longer duration of action observed than that anticipated by monitoring unchanged CPT
concentration in plasma only. Additional trace metabolites of CPT include captopril S-methyl,
captopril S-methyl sulphoxide, captopril glutathione, captopril cysteine and captopril-N-
acetylcysteine,which are found at lower levels when compared to the levels of major metabolites
[59].

1.7.5 Elimination
CPT and captopril-cysteine are excreted primarily in the urine and approximately 40 % of the

administered dose is excreted unchanged in the urine in 24 hours and 35 % as unchanged CPT
[58]. The total body clearance of CPT is approximately 0.8 L/kg/hour and the short elimination
half-life of CPT is correlated with an increase in creatinine clearance [57], since an increase in
GFR results in more creatinine being filtered due to active tubular secretion process in the kidney
cells [59]. The elimination half-life of captopril is in the range of 1.6 — 1.9 hour and increases with

decreasing renal function [58].

23



Chapter 1

1.8  CONCLUSION
CPT is used for the treatment of hypertension, cardiac failure and diabetic nephropathy and is often

prescribed chronically, necessitating appropriate management of therapy. However, the efficacy
of CPT doses for paediatric patients has not yet been established and it has been suggested that
doses of 0.1 — 1.0 mg/kg/dose [55] be used while titrating against the therapeutic response when
administered as an extemporaneous formulation. CPT is an orally active ACE inhibitor that blocks
the conversion of AT-Ito AT-1l and exists as one of four isomers. S,S- Captopril is optically active
and 100-fold more potent than the other isomers. The sulfhydryl functional group of the S,S-
captopril binds to zinc on the active site of ACE, resulting in changes in the conformation of the
enzyme with significant biological activity. Binding reduces the conversion of AT Il and increases
plasma renin activity with a subsequent lowering of the diastolic and systolic arterial blood

pressure and an antihypertensive effect that lasts for 6 hours.

CPT contains a sulfhydryl functional moiety located at the L-proline side chain. The presence of
the sulphur element in CPT gives it a sulphurous odour and facilitates ready conversion to captopril
disulfide conjugates, which is a major metabolite eliminated via the kidney, whereas free unbound
CPT reflects bioavailability and a decrease in blood pressure. The sulfhydryl moiety is responsible
for most of the undesirable adverse effects such as hypersensitivity and taste disturbances,
including associated loss of metallic after taste. In addition, macula-papular skin rashes have been
observed when CPT powder has been in contact with the skin and membranes, especially in
individuals who exhibit a sensitivity to sulphur. Individuals should avoid breathing in CPT powder
as it may induce a dry hacking cough due to stimulation of bradykinin synthesis.

CPT is freely soluble in water, isopropanol, chloroform and methanol. The solubility-temperature
profile of CPT is linear up to 40 °C and at temperatures > 40 °C CPT exhibits high water solubility.
CPT ionises at physiological pH and has a short elimination half-life of between 1.6 and 1.9 hours
that requires dosing two or three times daily, which may reduce patient adherence. CPT is weakly
acidic, has a pKa of 3.7 and 9.8 and exists as a zwitterion. CPT exhibits excellent stability in the
solid state, but undergoes oxygen facilitated first-order degradation in aqueous solution. The
instability and BCS classification exhibited by CPT makes it a good candidate for inclusion in a

sustained release dosage form manufactured using coated beads.

Patient adherence to medication is important for the successful treatment of hypertension. Most

antihypertensive regimens require multiple administrations per day in order to control blood
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pressure, often resulting in patient inconvenience. In order to reduce patient inconvenience and the
associated challenges in the use of CPT, including taste, stability and odour, the use of drug
delivery technologies to produce sustained release dosage forms [60] may improve patient

adherence.

The development of sustained release dosage forms that can be administered once or twice daily
would be an advantage and may promote patient adherence to therapy. One such an approach is
the coating of beads, which provides protection against oxidation and photo-degradation, thereby
enhancing the stability and shelf-life of CPT dosage forms. The production of coated CPT beads
may overcome the limitations associated with taste and smell by masking the taste and the
characteristic sulphur odour. Furthermore, this approach may reduce fluctuations in blood levels
of CPT while maintaining therapeutic levels of the API in the systemic circulation. The coated
beads dosage can be modified to influence the bioavailability by altering the bead and coating

formulation composition, aspects of formulation development that are investigated in this study.
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CHAPTER TWO
THE DEVELOPMENT AND VALIDATION OF AN HPLC METHOD FOR THE
ANALYSIS OF CAPTOPRIL

2.1 INTRODUCTION

2.1.1 Overview
A quantitative analysis of CPT in different dosage forms have been conducted by means of a

number of analytical and detection methods, including normal-phase HPLC [61], anion exchange
HPLC with indirect photometric detection [62], gas chromatography (GC) [63, 44], gas
chromatography-mass spectrometry (GC-MS) [65, 66], liquid chromatography—mass
spectrometry (LC—MS) [67, 68], capillary zone electrophoresis (CZE) [69, 70] spectrophotometry
[71, 72] and reversed-phase high performance liquid chromatography (RP-HPLC) [73]. However,
the GC methods are limited by the sensitivity and ruggedness of the method for analytical
compound identification, whereas thin layer chromatography (TLC) and densito-metric methods
[74] have been used for purity determination and quantitative identification of CPT.

Of the analytical techniques employed for the determination of CPT, RP-HPLC is the most
extensively used. It is sufficiently sensitive for quantification and characterisation of CPT in
biological fluids, specifically blood [73] and urine [65, 75] using fluorometric and ultraviolet-light
(UV) detection. RP-HPLC is commonly used for separations and as an analytical technique it is
relatively simple, economical and appropriate for quality control analysis in the pharmaceutical
industry [76, 77]. In vitro release studies coupled with RP-HPLC analysis are used to monitor the
amount of API released from the different dosage forms to make sure that these levels are
according to the recommendations of Food and Drug Administration (FDA) guidance document(s)
on Q2B validation of analytical procedures and methodology [78, 79]. CPT exhibits low UV
absorptivity [20] and is an unstable molecule, which makes the assay of CPT dosage forms difficult
to perform and accurate quantitation is hindered by the presence of captopril disulphide, a
degradation product of the parent molecule [4, 10] that may result in inaccurate quantitation. It is
consequently recommended that fresh standards are prepared for analysis on a daily basis or that
they are protected by use of antioxidant agents in the sample [80].

RP-HPLC has the potential to eliminate almost all analytical problems [81, 82], including

selectivity, sensitivity and dependence on analyst skill and is a powerful and reliable analytical
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approach for pharmaceutical analysis. The objective of this study was to develop and validate a
linear RP-HPLC method that is simple, selective, sensitive, precise and accurate for the
quantitation of CPT using UV detection and that could be applied in formulation development and

assessment studies.

2.2 PRINCIPLES OF HPLC
Liquid chromatography (LC) emerged in the early 1960’s as an alternative to GC analysis [82] to

provide a rapid separation technique with high column efficiency.It has become the primary
analytical approach for the analysis of a variety of compounds [81]. LC has been referred to as
High Speed Liquid Chromatography (HSLC), High Efficiency Liquid Chromatography (HELC)
and High Performance Liquid Chromatography (HPLC) [81] due to its attributes. The attributes
include the reusability of the HPLC column without the need for regeneration, reproducible results
due to high resolution and a low dependence on operator skill [83]. The major advantage of HPLC
for the analysis of compounds has been the ability of the approach to effect a separation with a
high degree of selectivity, sensitivity in combination with an ability to effect rapid analysis of
dosage forms when compared to other analytical techniques [83, 84].

HPLC is an analytical procedure during which a mixture of compounds can be separated and the
quantity of each of the separated components can be ascertained [81] using either normal phase
(adsorption) or reversed-phase chromatography. The stationary phase in normal phase
chromatography is polar, while the mobile phase is relatively non-polar. This technique is used to
separate polar compounds based on the interaction of the compound of interest with the polar
stationary phase [24]. For RP-HPLC the stationary phase is non-polar and polar solvents are used
to prepare the mobile phase so as to elute analyte(s) of interest [81, 82]. CPT is predominantly
retained on the stationary phase of RP-HPLC columns, and the alteration of the mobile phase
composition is undertaken until a successful chromatographic separation can be achieved [62, 70].
RP-HPLC was selected as the preferred method of analysis for CPT as it is rugged, provides
opportunities for excellent separations, and solvents used for RP-HPLC are generally compatible

with UV detectors [84].This compares favourably with other LC methods as summarised in §2.2.4.

The mechanism of retention of a mixture of compounds involve partitioning of the individual
compounds based on silano-philic interactions that can either be hydrogen-bonding and/or ionic
interactions between the compound and residual ionised silanol groups on the surface(s) of the

stationary phase [85-87]. The sample mixture in RP-HPLC is introduced onto the stationary phase
28



Chapter 2

as the mobile phase permeates the column [86, 88] and separation is facilitated by the partition
coefficient of the solute(s) between the stationary and mobile phase(s). The average rate at which
solutes migrate is dependent on the average time the molecule spends in the mobile phase [89].The
rate of solute elution is lower for solutes with a partition ratio factor that favours retention on the
stationary phase and is the converse for solutes with a partition ratio factor that favours partitioning
into the mobile phase. Ideally the difference(s) in affinity between a stationary and mobile phase
results in the components of a mixture separating into different bands located along the length of
the column [84]. The analyte moves along and through the stationary phase with the mobile phase

due to solvo-phobic or silano-philic mechanisms [85, 86, 88, 90].

Consequently, elution in RP-HPLC is dependent on the physicochemical properties of the analyte,
column packing and the composition of the mobile phase [84], especially when an organic modifier
or buffer is used. Some physicochemical properties, in particular the pKa and partition coefficient
of an analyte, affect the distribution of compounds between the stationary and mobile phases [81,
84, 85]. The organic to aqueous composition ratio of the mobile phase can be modified to effect
an appropriate separation of the analyte(s) of interest [89, 91] and reversed-phase column
efficiency can be improved by careful consideration of all aspects of the chromatographic

separation.

2.2.1 Column selection
The development of a rugged, reproducible analytical method requires that the analyst has an

understanding of different column packing materials, selectivity and factors that influence the
separation of analyte(s) [92] prior to the selection of a column for use in method development.
CPT is a compound that exhibits weakly acidic physicochemical properties [3] and ionises at
physiological pH, as described in 81.1.4. CPT has a molecular weight of 217.3 and has a free
carboxyl functional group attached to the proline ring [30],which imparts weakly acidic properties
to the molecule.lIt also has an isoelectric point at a pH of 6.8, whereas other ACE inhibitors are
amphoteric in nature [93]. The analyst must understand that in order to develop a separation for
CPT, the pH of the mobile phase will be a critical factor and the pH selected should also be
appropriate to ensure stability for the duration of the analysis.

Column selection of RP-HPLC phases have been characterised by solvo-phobic and silano-philic
mechanisms in a hydrophobic-subtraction model [87].The main factors that are purported to
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influence a separation in the hydrophobic-subtraction model include hydrophobicity, steric
resistance to insertion of bulky solute compounds into a stationary phase, hydrogen-bond acidity
contributed by non-ionised silanols, hydrogen-bond basicity from adsorbed water in the stationary
phase, and cation-exchange attributed to ionised silanols dependent on the pH of the mobile
phase[87].

Luna®-based silica stationary phases are smooth and spherical to provide consistency and even
coverage of the bonded phase [76]. The advantage of using Luna® silica columns is that they
exhibit sufficient mechanical strength with little likelihood of disruption due to shear forces [76,
94], resulting in column efficiency and long column life. A bonded phase silica Phenomenex®
Luna® Cis (2) 150 mm x 4.6 mm i.d. (Phenomenex®, Torrance, CA, USA) with a 5 um particle
size stationary phase and 100 A pore size column was selected for use in the development of an
analytical method.

2.2.2 Detection
A highly sensitive method of detection is essential for the development of a rapid, sensitive and

reproducible analytical method [84] and it is imperative that an analyst understand the factors that
may affect the detection of analyte(s) of interest. The detection is, to a large extent, dependent on
the physicochemical properties of the analyte of interest, sensitivity of the detector, amount of
API to be analysed and the composition of the formulation(s) assessed [81]. In addition, it is
essential to ensure that the analytical method is stability-indicating and is selective for the API(s)
of interest [95, 96].

UV/VIS spectrophotometric detection is commonly used for HPLC analysis of CPT that exhibits
low UV absorptivity [97] in the range between 0.0001 and 0.15 absorbance units. Solutions of
CPT should therefore be diluted and exhibit sink conditions [98] to avoid any deviation from the
Beer-Lambert Law. Conventional UV detectors are limited to fixed wavelengths of 210 nm and
355 nm for the analysis of CPT [99], while still exhibiting the necessary sensitivity to detect
relevant species at a specific wavelength [100] using mobile phases that are transparent in those
wavelength regions [17]. UV/VIS detectors are unable to discriminate between CPT’s enantiomers
[24, 36]. CPT exhibits low UV absorptivity with a reported Amax 0f 200 nm and oxidises to form a
relatively unstable disulfide molecule [35], making the analysis of dosage forms of CPT difficult.
The use of photodiode array detectors (PDA) as rapid scanning spectrometers at these
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wavelength(s) [98] results in adequate peak purity that is useful for the identification of an analyte
such as CPT.

Modern HPLC systems require rapid scanning spectrometers with lower noise levels at
wavelengths below 250 mn while using a large 87 pL flow cell [101] to render them suitable for
LC investigations. The demand for more versatile UV detectors for compounds that absorb in the
extreme ends of the UV spectrum has been met by the development of PDA detectors [98] with
integrated array detectors that improve signal to noise (S/N) ratios by virtue of a multiplex
advantage. PDA multi-wavelength detection yields spectra of the analyte(s) of interest that elute
in a chromatographic run and allow the spectra to be stored for later analysis [102]. PDA detectors
are not limited to detection of analyte(s) at one wavelength, but can monitor complete spectra
throughout the chromatogram to aid the identification of analyte(s) and/or other compounds [98],
resulting in improved quantitative determination for each sample. PDA detectors provide accurate
quantitation of an analyte or solute at an optimum wavelength for each analyte or solute thereby
enhancing detection through summation of the outputs of each of the elements in the sample [98,
102].

Prior to HPLC method development, a solution of CPT in MeOH: water (65:35 % v/v), was
scanned over the wavelength range of 190 - 300 nm using a dual beam UV-VIS Model GBC 916
spectrophotometer (GBC Scientific Equipment Pty Ltd, Melbourne, Victoria, Australia) as
described in 81.2.11. The wavelength of maximum absorption was 200 nm, whichis slightly lower
than what has been reported [34]. This can be attributed to the change in solvent composition as
MeOH: water (50:50 % v/v) solution was used. PDA detection to monitor complete spectra
wavelength in the region of 200 nm was therefore selected for use during HPLC method
development and for the in vitro analysis of CPT formulations using PDA detection with a low
volume of 3 mm?3, 0.005 inches i.d. microbore flow cell,which can reduce S/N levels considerably
when compared to results reported by Denton [101], who eliminated mechanical scanning

components to facilitate sensitive analysis of low concentrations of CPT.

2.2.3 Mobile phase selection
Mobile phase selection is one of the most important considerations in RP-HPLC to achieve

optimum efficiency of an analytical method. The mobile phase in RP-HPLC must be relatively
polar to provide reasonable competition for adsorption sites for the analyte(s) of interest [86, 100]
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and chromatographic separation depends on the differences in interaction of solutes with the
mobile and stationary phases. The selection of and variation of mobile phase components is critical
as it can be manipulated to produce changes in the characteristics of the chemical environment that
the solute would be exposed to [77]. When a mobile phase is in contact with a stationary phase,
the rate at which solutes elute is determined by the overall polarity of the mobile phase, nature of
the stationary phase and sample [103], as these parameters affect the time that analyte/sample
components permeate through the column to effect a separation.

The theoretical aspects of mobile phase composition on a separation must be carefully considered,
as this information can facilitate the development of a separation through knowledge of
suppression of ionisation of the analyte(s) of interest [85]. In this regard the optimum pH of the
mobile phase must be established as it affects the extent of ionisation and surface characteristics
of the silanol functional groups of the surface of the stationary phase [90]. It can alter the retention
characteristics of the analyte due to the different types of interaction that can occur between the
analyte and the stationary phase. The mobile phase used must be at a constant pH throughout the
analysis of ionisable compounds, such as CPT, to ensure that a reproducible and robust analytical
method is developed and applied for research, development and quality control purposes. The
preferred pH range for a mobile phase is between 2 and 7.5 to allow transmittance of light at or
below 220 nm, and to avoid pH extremes when analysing ionisable compounds that exhibit tailing,
broad-shaped and asymmetrical peaks during analysis [85]. The initial selection of mobile phase
composition for the analysis of CPT was based on methods reported in the literature where pH was
adjusted to a suitable level to facilitate UV detection [104].

The HPLC analysis of CPT was performed at an acidic pH [73-75, 92, 51] to ensure that an optimal
interaction between CPT and the stationary phase occurred to ensure an appropriate separation.
The pH of the mobile phase was adjusted to the required pH to facilitate optimisation of the
analytical method. The pH of the mobile phase may affect the retention time and peak shape in
RP-HPLC [82], particularly when attempting to separate weakly acidic, basic or amphoteric
compounds with ionisable functional groups [85, 92, 112]. If the pH of a mobile phase changes,
the polarity of an analyte may change and hence there may be an impact on the retention time of

a separation [77].
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2.2.4 Challenges of RP-HPLC Analysis
A review of the literature relating to the chromatographic analysis of CPT in pure form and in

formulations was conducted prior to development and validation of an HPLC method for CPT in
our laboratory. A summary of chromatographic conditions for the analysis of CPT is listed in Table
2.1. The most frequently reported methods for the analysis of CPT were developed for assessing
solid oral dosage forms [96, 100, 104, 105], plasma [73] and urine [65, 75].

The analysis of CPT has been achieved using a silica-based stationary phase of 150 mm and 250
mm in length, the most preferred brand was a Phenomenex® Cis, 150 mm x 4.6 mm [80, 96, 100].
HPLC with photodiode array (PDA) detection was the preferred method of detection of CPT [73,
75, 96, 100, 104, 105]. The flow rate for the analyses was primarily 1.0 mL/min and the wavelength
of detection commonly applied was between 220 - 240 nm [73, 96, 100, 104, 105]. Since CPT is
weakly acidic and dissociates in solution, the use of buffers and/or pH modification were
considered necessary [72, 93] to effect an adequate separation. Suitable changes can be made to
the organic content of the mobile phase to ensure that a desirable peak shape and appropriate

retention time and resolution are achieved.
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Table 2.1 Summary of published analytical methods for the quantitation of CPT.

Compound Sample Stationary Phase Mobile Phase Detection Internal Standard Reference
CPT Plasma Purospher Star, Cig (5um, Acetonitrile: water (60:40 v/v) UV-230nm  Simvastatin [73]
250 x 4.6 mm) as a mobile phase, adjusting pH
to 2.9 using phosphoric acid
CPT Urine Zorbax SB Cig (5pum, 150 x  Acetonitrile: TCA buffer at pH uv-336nm * [75]
4.6 mm) 1.6
CPT Pure form  Phenomenex® Luna 5pm Acetonitrile in a ratio of 70:30 % ECD Cyclizine [80]
(C18) (250 mm x 4.6mm) v/v; Phosphate buffer (adjust to
pH 3.0)
CPT and Pure form Luna 5um phenyl-hexyl 0.025 % w/v of Pd(Il) chloride: ~ UV-380nm  Hydrochlorothiazide [105]
Pd(ll) and tablets (250 mm x 4.6mm) ACN: MeOH-water containing
10mM Britton-Robinson buffer
of pH 4.0 and0.25MKCI
solution [1: 4 : 5 viviv]
CPT Tablets Phenomenex® Luna C1s (250 Water: methanol (45:55) v/v UV-220nm  Captopril Disulphide [96]
mm X 4.6 mm) maintained at pH 2.5
HCTZ and Tablets Beckman Ultrasphere ODS Methanol: water (45:55 % v/v) UV-210nm  Phenobarbital [104]
CPT Cig 4.6 mm x 150 mm, Sum adjust to 3.8 with 85%
ortophosphoric acid
CPT Tablets Partisil  SAX, Cig 10um 525 mg citric acid. H2O + 37.7 uv 220nm * [100]

Strong anion Whatman (250
mm X 4.6 mm)

mg NH4CIT to 1 L with CH3OH
adjusted to pH 3.30 with 0.1 N
HCI

*Internal standard not mentioned
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2.3 STATISTICAL ANALYSIS AS EXPERIMENTAL DESIGN
HPLC method development requires an assessment of the variables or factors at different levels

that can be manipulated to enhance the separation of an API and internal standard (IS) in relation
to input variable differences. Optimum separation is achieved when variables or factors levels can
be located within maximum and minimum levels, depending on the experimental design approach
used. This is more efficient than the use of the traditional approach of changing one variable at a
time [62, 104] during development, and/or Response Surface Methodology (RSM) as a systematic

statistical analysis to evaluate multiple experimental parameters at the same time [106-108].

RSM is a collection of statistical and mathematical approaches that permit elucidation of the
factors that have an impact on a response, say Y and the influence on changes in the levels of other
control or input factors in an experimental domain [106]. RSM facilitates an understanding of the
relationship(s) between one or more measured responses, say Y1, Y2 and Y3 to input factors, or
X1, X2 and X3 as its primary purpose [54], using a sequential strategy that results in either first or
second order polynomial mathematical relationships. The responses over the domain under
investigation are analysed and approximated in accordance with an increase in the complexity of
models [109]. Higher polynomial models are pursued only after simple linear polynomial models
produce inadequate descriptions of data derived from experimental investigations. RSM was used
to establish and study critical factors that can be used to optimise an HPLC method with respect

to retention time, asymmetry and other relevant factors relating to the separation being developed.

RSM can be used to identify the challenges of a current method and aims to construct experimental
model/s or relationships following the generation of appropriate experimental data for the
measured responses that relate to the input factors under investigation [107]. The models generated
provide an approximation of the true relationship between the input factors and responses
following experiments performed in the region of parameter levels known to effect an adequate
separation [106, 108]. RSM and Design of Experiments were used to fit data to response models
and to follow which it is further optimised.
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The factors to be optimised for the analysis of CPT using HPLC included the MeOH composition,
pH of the mobile phase and column temperature. The previously reported chromatographic
methods of analysis for CPT were performed in an acidic media [73-75, 80, 92, 104] and it is
recommended that such a pH is maintained during separation to suppress silanophilic interactions
between CPT and the stationary phase. If the pH changes, molecules may ionise in a mixture [92]
and the overall polarity may affect the CPT and Salicylic acid (SCY) solute particle elution through
the column, resulting in different retention times and peak shape. The purpose of considering these
factors, viz. percent MeOH composition, mobile phase pH and column temperature, was to
establish an approximate relationship between retention time and asymmetry factor (As) so that

one can predict response through hypothetical testing of significant input factors or variables.

Central composite designs (CCD) are the most prevalent RSM design used to approximate
polynomial models [106, 107] and a CCD methodology with k control variables consists of a 2«
factorial design with six (6) center-points. The CCD approach uses fixed axial points that permit
the model to be rotatable with respect to the center point coded 0 to generate quadratic terms that

are coded as -1 (minimum) and +1 (maximum) [109-111].

Additional experimental points, say alpha (a) represent new extreme values (low and high) for
each factor in the design to represent five levels, viz. +a, +1, 0, -1, -a for each factor. The design
contains 2% + 2k + C, experimental runs where 2k is the number of axial points and Co is the
number of repetitions at the center-point of a system with k variables [108, 110]. Three factors

were investigated in this study, and therefore 23 + (2x3) +6 or 20 runs were generated.

The value of o depends on the type of CCD and the range of interest for each factor investigated
are either rotatable or orthogonal within the design matrix. The axial and a values ensure that the
variance of model prediction is constant at all points equidistant from the centre of the design.
Repetition of the six centre-points is essential to provide an estimate of the experimental error
encountered in the CCD model [55]. A face-centered CCD has only three levels as a values are set
to be on the periphery of the design matrix. The use of CCD is advantageous in that there are fewer
experimental runs than three level factorial designs [106], hence these can be used as an alternate
to three level factorial designs such as Box-Behnken. The presence of —a and +a experimental
points provide regions of good predictability at extreme combination(s) of levels of factors not

recognised in other model designs [106].
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When response data is generated from CCD and RSM experiments, regression analysis is
performed to determine coefficients for the response models (Bi, Bj, Pk -....... Bn) and the
significance of the coefficient. The second order polynomial regression equation is fitted to the

response model shown in Equation 2.1.
Y= Bo+ X5 BiXi + 2, Z§=i+1 BiiXij + XTIy BiX? Equation 2.1

Where,

Y = the predicted response,

k = the number of factors,

Xi=pH of the mobile phase,

Xj =methanol solvent composition in the mobile phase expressed as % v/v
Xk =column temperature

Xij, Xjk and Xik are two factor interactions,

Bo = the y-intercept,

Bi, Bj and Pk are the coefficients for linear effects,

Bii, Bjj and Pk are the coefficients for quadratic and/or interaction effects.

RSM using the CCD approach was successfully used to optimise the separation of CPT and SCY
to produce an adequate separation. The CCD experimental design was used as an efficient and
cost-effective strategy to provide information, including the interactive effects of the factors
investigated to ensure that an optimised system was developed more efficiently than if a one-
factor-at-a-time (OFAT) approach was used [106]. The CCD approach involves experiments being
performed in the region of best-known solutions, generating experimental data, fitting
experimental data to a response and optimising the best chromatographic response [106-108]. The
three factors investigated were pH (X1), methanol solvent composition (X2) and column
temperature (Xs). These factors were selected to produce the best analytical signal since they
influence the shape and retention of CPT in experimental samples. The response factors included
retention time of CPT (Y4), retention time of IS (Y2) and As of CPT (Y3).
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2.4 EXPERIMENTAL

24.1 Reagents and materials
CPT was donated by Protea Chemicals (Midrand, South Africa) and the internal standard (IS)

Salicylic Acid (SCY) was purchased from Associated Chemical Enterprises Ltd (Southdale, South
Africa) (Batch number 24606/0017). Standard samples of uracil, acetophenone, benzene, toluene
and naphthalene (analytical grades) were used to test column efficiency. Cyclizine,
carbamazepine, sulphacetamide, nicotinamide, furosemide, chlordiazepine, acetylsalicylic acid,
ketoprofen, loratidine and SCY samples were evaluated as potential 1S. HPLC-grade methanol
(MeOH) and acetonitrile (ACN) were purchased from Romil Ltd (Waterbeach, Cambridge, United
Kingdom). HPLC-grade water was prepared using a Milli-RO® 15 water purification system
(Millipore Co., Bedford, MA, USA) that consisted of a Super-C® carbon cartridge, two lon-X®
ion-exchange cartridges and an Organex- Q® cartridge. The water was filtered through a 0.22 um
Millipak® 40 stack filter (Millipore Co., Bedford, MA, USA) prior to use. Sodium hydroxide
pellets (analytical grade) and ortho-phosphoric acid (85 % w/w) were purchased from Merck Pvt
Ltd (Wadeville, South Africa). All chemicals and reagents used were at least analytical grade and
were used without further manipulation. Commercially available CPT tablets were purchased from
a local pharmacy and included Merck Captopril 50, Adco-Captomax 50, Sandoz Captopril 50,
CaptoHexal® 50, and Zapto-50.

2.4.2 Preparation of mobile phase
A mobile phase, consisting of MeOH: water in a ratio of 47:53 % v/v adjusted to pH 3 using 85 %

v/v ortho-phosphoric acid, was prepared as described. Appropriate volumes of MeOH and water
were separately measured using 1000 mL and 500 mL A-grade measuring cylinders. The solvents
were mixed in a 1000 mL Schott® Duran bottle (Schott® Duran GmbH, Wertheim, Germany). The
pH of methanol water was adjusted to a pH of 3, using 85 % v/v ortho-phosphoric acid, and
monitored with a Crison® pH meter GLP 21 (Crison® Instruments, Johannesburg, South Africa) at
22.5 °C. The adjustment of pH following MeOH addition ensured a constant pH during analysis.
The mobile phase was prepared on a daily basis and was filtered through a 0.45 um Millipore®
membrane HVLP filter (Millipore®, Bedford, MA, USA) and degassed under a vacuum using an
Eyela® Aspirator A-2S vacuum pump (Rikakikai® Co. Ltd, Tokyo, Japan) prior to use.
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2.4.3 Preparation of stock solutions
Approximately 10 mg of CPT and SCY respectively were accurately weighed into 100 mL A-

grade volumetric flasks, using a Mettler® Model AE 163 analytical balance (Mettler® Inc., Zurich,
Switzerland). The mobile phase, prepared as described in 82.4.2, was added to the flasks and made
up to volume to make standard stock solutions of 100 pug/mL concentration. The solutions were
sonicated using a Branson® B12 sonicator (Branson® Inc., Shelton, Conn, USA) for two minutes
to ensure complete dissolution of the powders. The standard stock solutions were diluted in a serial
manner with mobile phase to produce CPT solutions of concentrations of 2, 5, 7.5,10, 20, 30, 40,
50 and 60 pg/mL. A 2.5 mL aliquot of the SCY stock solution was pipetted into a 25 mL A-grade
volumetric flask and made to volume with the mobile phase to produce a solution with a final
concentration of 10 ug/mL. The IS and stock solutions were covered with aluminum foil to protect
the solutions from light. The solutions were prepared on a daily basis and covered with aluminum

foil and consequently used on that day.

24.4 HPLC system
The HPLC system was used for the development, optimisation and validation of the analytical

method and the characterisation of CPT content and release profiles during product development
and assessment studies. The RP-HPLC system consisted of a Waters® Alliance 2695 Separations
module (Waters®, Milford, MA, USA) equipped with a Waters® Alliance 2695 solvent delivery
module (Waters®, Milford, MA, USA), Waters® Alliance 2695 online degasser (Waters®, Milford,
MA, USA) and a Waters® 2996 photodiode array ultraviolet detector (Waters®, Milford, MA,
USA). Data was compiled using Empower Pro data acquisition software (Waters®, Milford, MA,
USA).
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2.4.5 Column evaluation and specifications
Prior to HPLC method development, chromatographic performance tests were performed to ensure

the column quality of Phenomenex® Luna Cis (2) column. Column quality or performance was
based on calculating the theoretical plate number (N), asymmetry factor (As), reproducing retention

time and peak of standard solutions.

2.45.1 Column efficiency
Column efficiency was assessed by calculating the number of theoretical plates (N) for the column

using Equations 2.2 and/or 2.3. The Food and Drug Administration (FDA) [79] recommends the
use of columns with at least 2 000 theoretical plates for pharmaceutical applications.

N =16 (%‘)2 Equation 2.2

2
N = 5.54 (t—R> Equation 2.3
W1

2

Where,
N = Number of theoretical plates in a chromatographic column,
tr = Retention time of the peak,
W = Peak width at baseline determined by the tangent, and
W 1= Peak width at half of peak height.
2

As the value for N increases, the resolution for all bands increases and an appropriate separation
is achieved. The value for N can be increased with the use of densely packed or long columns, low
flow rates, small diameter column-packing particles, low molecular weight sample molecules and

mobile phases of low viscosity [97].

A test solution of 10 mg/5mL uracil, 97 pg/100mL acetophenone, 50.70 pg/10mL benzene, 58.14
pMg/10mL  toluene and 10 mg/10mL naphthalene were used to test column efficiency and
separation was achieved using a Phenomenex® Luna C1s (2) column and a mobile phase of MeOH:
water in a ratio of 50:50 % v/v to reproduce the reported Phenomenex® HPLC column in literature
[94]. The column had an N of approximately 9 500, which is > 2 000, and the column was therefore

considered appropriate for use for method development and validation.
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2452 As factor
The Peak Tailing Factor (PTF) or As is an important factor for the assessment of band shape of

resolved peaks and can be calculated using Equations 2.4 or 2.5. The values for As were close to
1.0 and correspond to symmetrical peaks that fall into the FDA [79] recommended range of 0.95
to 1.1.Columns producing Asvalues of > 1.2 should not be used [81]. The As is calculated using

Equation 2.4.
B .
A = " Equation 2.4

Where,
As = Peak asymmetry factor,
B = Distance between the middle point and the right side of the peak, and
A = Distance between the middle point and the left side of the peak.

The peak tailing factor PTF can be calculated using Equation 2.5.

_ (AtE i
PTF = ( ” ) Equation 2.5

Where,

PTF = Peak tailing factor,

B = Distance between the middle point and the right side of the peak, and

A = Distance between the middle point and the left side of the peak.
The As is usually established at 10 % of the full peak height, whereas the PTF is calculated at 5 %
of the full peak height as depicted in Figure 2.1 [112]. The mean value for As calculated for the
CPT peak was 0.95, with a % RSD of 1.58 %.The use of Luna Cis (2) column was deemed
satisfactory. The PTF established for the CPT peak was 0.80, with a % RSD of 2.05 %. If the PTF

is < 2.0 the is considered appropriate for HPLC analysis [79, 97].
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Figure 2.1 Calculation of peak asymmetry and peak tailing factor.

2.4.5.3 Resolution factor (Rs)
The Rsis a useful indicator of the degree and quality of a separation between components of a

mixture, and it is usually a measure of the extent of separation between two or more peaks of
interest [79] and can be calculated using Equation 2.6.

R, = (Re2—Re1)

-1
E(twl _th)

Equation 2.6

Where,

Rs = Resolution factor,

R, = Retention time for first eluting peak,

R:,= Retention time for second eluting peak,

tw1= Width of first eluting peak at the base, and

t,,» = Width of second eluting peak at the base.
A value for Rs> 2.0 indicates that an appropriate separation has been achieved between peaks, and
values < 1.5 suggest that there is poor resolution between peaks and is not acceptable [84]. The
values for Rs generated for CPT and SCY were found to be 4.25, with a % RSD of 0.93 %, thereby

indicating that appropriate resolution between the two peaks had been achieved.
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2.4.6 Choice of internal standard (IS)
The use of an IS in RP-HPLC analyses to improve the performance of the analytical method is

often considered [77]. The precision of an RP-HPLC method is dependent on a number of factors,
including the accuracy of sample preparation, precision of instruments and the robustness of the
method [81, 82]. The IS must be chemically similar to the analyte of interest with almost similar
solubility, should be well-resolved from the API and any other peaks that may appear on a
chromatogram, should not be present in the original sample, should be similar and mimic analyte
behaviour in sample preparation, and should be stable and unreactive with the compound(s) of
interest [76, 79, 97, 112].

The response of a detector is monitored by calculating the peak area of a signal generated in
response to an analyte and the detector may detect variations to sample concentrations not
prepared identically as the technique of the analyst [79, 112]. The use of IS in RP-HPLC
compensates for minor variations in the parameters of a separation that affect peak area. These
include loss or increase in sample size, fluctuations of injection volume fluctuations, changes in
flow rate or sample concentration [79] that may occur during sample manipulation and can hamper

the generation of accurate and reproducible data.

The use of an IS improves the accuracy, precision (inter-assay and intra-day) and robustness of
quantitation for chromatographic analysis [84] and the same amount of the IS is added to all
calibration standards and samples. A number of compounds were evaluated as potential IS and
and included cyclizine, carbamazepine, sulphacetamide, nicotinamide, furosemide,
chlordiazepine, acetylsalicylic acid, ketoprofen, loratidine and salicylic acid. The
chromatographic behaviour of these compounds was assessed using a mobile phase of MeOH:
water in a ratio of 47:53 % v/v adjusted to pH 3 using 85 % v/v ortho-phosphoric acid at a flow

rate of 1.0 mL/min.The results are summarised in Table 2.2.
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Table 2.2 Selection of IS for CPT using a mobile phase of 47:53 % v/v MeOH: water (pH 3).

IS RT (mins) Peak Shape Comments
Cyclizine 5.2 Resolved, sharp, shouldering and Close to API
hydrochloride tailing
Carbamazepine 54 Asymmetrical Tailing
Sulphacetamide 5.2 Broad base peak shape Not resolved
Nicotinamide 52and 8.4 Multiple peaks Detects IS degradants
Furosemide 4.4 Broad base peak, symmetrical Close to API
Chlordiazepine 5.1,5.8and 8.4  Multiple peaks Not resolved
Acetylsalicylic acid 7.5 Sharp peak, well-resolved Degrades in water and

mobile phase
Ketoprofen 4.8 Tailing Close to API
Loratidine 15 Broad base peak shape Longer retention times
Salicylic acid 8.8 Well-resolved, sharp and Selected for use as IS

symmetrical

SCY was adequately separated from captopril and was selected for use as the IS based on the

resolution, retention time and peak shape parameters calculated. The response of the IS was

maintained at approximately half the maximum expected concentration of the analyte of interest

and the concentration of SCY used was 10 pg/mL,which was added to each sample prior to

chromatographic analysis.

24.7

Experimental design for HPL.C optimisation

The three factors and levels to be evaluated and optimised are summarised in Table 2.3.

Table 2.3 Experimental factors and levels of input and output variables in CCD.

Input Factor/Variable Level

-1.68 -1 0 1 +1.68
X1=pH 2.5 2.8 3.2 3.6 3.9
Xo= % MeOH composition 33.2 40 50 60 66.8
Xs= Column Temp (°C) 16.6 20 25 30 334
Output Factor/Response Output Range
Y1= CPT retention time (mins) 3<Y:1<10
Y2= SCY retention time (mins) 3<Y2<7.0

Y3=As of CPT

0.95<Y3<1.05
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The chromatographic factors selected for analysis were based on information from the literature
and studies performed to establish the influence of each factor on the peak shape, resolution and
retention of CPT. The pH (X1) investigated was maintained in range 2.8 to 3.6. The minimum and
maximum values of the MeOH composition in the mobile phase (X2) were 40 and 60 % v/v,

respectively. The column temperature (X3) for each experimental run was between 20 to 30 °C.

Twenty randomised experiments were conducted to minimise bias using the factor levels listed in
Table 2.3. The factors were established for the quantitative determination of CPT and are
summarised vide infra (82.4.7). The CCD experimental design had 20 runs with 6 centre points
and 14 non-centre points. These are summarised in Table 2.4.

The response variables for all model factors were analysed using Design-Expert® version 8.0.4
software (Stat-Ease Inc., Minneapolis, USA). Thecorrelation coefficients (R?) for the fitting of
data to equations providing information on the impact of each factor individually were used to
establish best fit data. A number of tools may be used to assess the significance of each factor such

as the p-value, normal plot of residuals, contour plots and 3D response surface plots.
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Table 2.4 CCD experiments showing the 20 coded and actual values and factors evaluated.

Coded values Actual values
Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
Run Type pH % Organic Solvent Column pH % Organic Solvent Column
Composition Temperature (°C) Composition Temperature (°C)
0 1 Center 0 0 0 3.2 50 25
3 2 Fact -1 1 -1 2.8 60 20
7 3 Fact -1 1 1 2.8 60 30
2 4 Fact 1 -1 -1 3.6 40 20
1 5 Fact -1 -1 -1 2.8 40 20
8 6 Fact 1 1 1 3.6 60 30
13 7 Axial 0 0 -1.68 3.2 50 16.6
14 8 Axial 0 0 1.68 3.2 50 334
6 9 Fact 1 -1 1 3.6 40 30
12 10 Axial 0 1.68 0 3.2 66.8 25
0 11 Center 0 0 0 3.2 50 25
4 12 Fact 1 1 -1 3.6 60 20
5 13 Fact -1 -1 1 2.8 40 30
0 14 Center 0 0 0 3.2 50 25
9 15 Axial -1.68 0 0 2.5 50 25
10 16 Axial 1.68 0 0 3.9 50 25
0 17 Center 0 0 0 3.2 50 25
0 18 Center 0 0 0 3.2 50 25
11 19 Axial 0 -1.68 0 3.2 33.2 25
0 20 Center 0 0 0 3.2 50 25
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2.4.8 Method validation
The validation of an analytical HPLC method is a process that establishes the performance

characteristics of an analytical method and ensures that the method is appropriate for its intended
purpose and analytical application according to USP compendial methods [113]. The results
generated during method validation procedures are analysed by means of statistical testing,
including linear regression analysis and the use of percent relative standard (% RSD) [114, 115]

to demonstrate the validity of the method within acceptable limits.

The significance of validating the HPLC method is to ensure that reliable, accurate and
reproducible results are generated when using the method, even when the analysis is performed by
different analysts [114]. The International Conference on Harmonisation (ICH) of Technical
Requirements for Registration of Pharmaceutical Products for Human Use recognises linearity,
range, accuracy, precision, repeatability, intermediate precision, specificity, limits of quantitation
and detection as validation parameters [103]. Statistical testing and associated limits for the
validation procedure are provided in the ICH Q2B document [114]. As such, statistical testing
permits thorough investigation of the method to establish the limits of different parameters to
ensure that the desired outcomes are achieved during analysis. The results of validation studies
play an important role in the evaluation and interpretation of stability, in vitro dissolution and
pharmacokinetic data on application of the method.

Validation studies are performed to ensure that an analytical method maintains appropriate
performance characteristics, specificity and demonstrates that the method is fit for purpose to
identify the strength, quality, purity and potency of an analyte of interest in a variety of matrices
[113]. The degree of validation of an analytical method depends on the purpose of and nature of
the change(s) to an analytical method.

The selection of parameters to investigate during validation is based on the rational consideration
of specific validation attributes, in this case of CPT and SCY, such as peak shape, retention time
and other aspects of the separation that are susceptible to changes to the method parameter/s in
relation to the procedures described in the ICH guidelines. A validation procedure must at the very

minimum investigate linearity, precision and accuracy. Validation of the proposed HPLC method
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was necessary since changes had been made to the method as outlined in §2.4.7 viz. pH, column

temperature and % content of the organic component of the mobile phase

2.4.8.1 Linearity and range
The ICH [113-115] describes the linearity of an analytical HPLC metebhod as the ability, within

a given range, of the method to produce results that are directly proportional to the concentration
of API in a series of calibration samples. The linearity of response to concentration must be in
accordance with the Beer-Lambert Law [116], that states that the absorbance of solutes in dilute

solution is directly proportional to the concentration of solute in that solution.

Linearity is demonstrated over a concentration range with a minimum of five concentrations from
different samples produced by serial dilution of a stock solution [116, 117] to provide assurance
that accurate results are obtained whenever experiments are performed.An acceptable linearity
result is based on an investigation of the correlation coefficient (R?) data for the calibration curve

with R? value > 0.99 considered as evidence of an acceptable fit [115].

24.8.2 Precision
Precision is the degree of agreement between individual test results when the HPLC method is

applied to the analysis of multiple samples from an homogeneous matrix [116]. It is an indication
of the degree of random error within an analytical method.The ICH guidelines define precision at
three levels, viz. repeatability, intermediate precision and reproducibility [114, 115] and
recommends that each set of precision data be expressed as standard deviation (SD), % RSD or

through a coefficient of variance with an associated confidence interval [113-115, 118].

The SD can be calculated using Equation 2.7.

/2?=1(xi—X)2
SD =

= Equation 2.7

n-1

Where,
x;= individual measurements, and
n = number of measurements.
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The % RSD can be calculated using Equation 2.8.

SD x 100
Mean

% RSD =

Equation 2.8

The % RSD may have a limit of 5 % and any value <5 % would indicate full compliance with the

validation criteria for precision under these conditions with reference to USP [113].

24.8.2.1 Intra-assay precision (Repeatability)
Repeatability refers to the precision of an HPLC method used under the same operating conditions

by an analyst and measured over a short period of time [118]. For an assay method, the limit for
% RSD may be < 2 % [113-115, 118]. Repeatability of the proposed HPLC method was
determined by interpolation from the calibration curve at three levels covering the specified range
viz.a low (2 pg/mL), medium (30 pg/mL) and high (50 pg/mL) concentration of the calibration

range, with each level analysed in replicates (n=5).

2.4.8.2.2 Intermediate (inter-day) precision
The intermediate precision of an HPLC method is used to evaluate the reliability of the method in

an environment different to that used during method development to ensure that the method would
produce similar results [117, 118]. The environment or condition difference may require analysis
on different days or weeks, use of the method by a different analyst, or use of different instruments
[91, 117]. Intermediate precision was established at three (3) concentrations, analysed in triplicate

(n=3) to determine mean peak area ratio (MPAR) and the % RSD on three consecutive days.

2.4.8.2.3 Reproducibility
The reproducibility of a method relates to the precision of a method when used in more than one

laboratory, i.e. it can establish precision between laboratories [103, 116, 117].This is essential
when standardising a proposed method for joint research studies or official compendial
publications. Reproducibility may be determined by analysing homogeneous lots of samples in
different laboratories by different analysts [118]. For the purpose of this research, reproducibility
studies were not performed as the proposed HPLC method was only intended for application in

the same laboratory, by the same analyst using the same analytical instrumentation.
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2.4.8.3 Accuracy
The ICH guidelines define the accuracy of an analytical method as the closeness of an experimental

measured value to the true value of a sample [103] and can be established by comparing the amount
of an analyte in a sample to that of a standard reference and/or through quantification of the
recovery of the analyte of interest. The percent recovery is used to determine the accuracy of the
proposed method and is expressed as the amount of analyte of interest reported as a percentage of
the theoretical amount in the matrix and for which complete recovery of the analyte is desirable
[118]. The percent Bias (% Bias) can also be used to determine the extent of deviation of a result
for a sample from the true value for that sample.The closer the percentage recovery from the
analysed samples is to 100 %, the lower the % Bias is and the more accurate the analytical method
[103, 117, 118]. In general a % Bias < 5 % is acceptable.

2.4.8.4 Specificity
Specificity is defined as the ability of an analytical method to accurately measure and quantify the

amount of an analyte in the presence of extraneous components, including impurities [64]. The
determination of the specificity of an analytical method is considered one of the most important
steps in the development and validation of an HPLC method [103, 116]. If the method lacks the
capacity to produce sample responses that are clearly resolved from interference(s), the accuracy

of the method is likely to be compromised, as is the accuracy of the overall results.

2.4.8.5 Limits of quantitation (LOQ) and detection (LOD)
The LOQ of an analytical procedure is defined by the ICH as the lowest amount of analyte in a

sample that can be quantitatively determined with adequate precision and accuracy [117]. The
LOD is defined as the lowest amount of analyte in a sample that can be detected, but not necessarily
quantitated as an exact value under defined experimental conditions [117, 118]. With age and
continual use the precision of an analyte of PDA UV detectors may vary at low concentrations due
a gradual loss of sensitivity of the lamp of the detector. The LOQ and LOD of detectors made by
the same manufacturer may also vary due to the noise levels of the detectors [119].

Four different approaches can be used to establish the LOQ and LOD of a proposed method,

including visual evaluation of analytical data, determination of the lowest concentration for which
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the % RSD < 5 %, plotting standard deviation versus concentration, or the use of a signal-to-noise

ratio approach [116].

The use of the signal-to-noise ratio approach can only be applied to analytical procedures that
exhibit substantial baseline noise [118].This is determined by comparing signals measured from
samples of known low concentration of analyte to that of blank samples. The minimum
concentration required to produce a signal-to-noise ratio of 10:1 for the LOQ and between 3:1 to
2:1 for the LOD is established [119].However, the approach is not considered practical, since the

noise level on a detector may be variable when the samples are analysed using different detectors.

Determining the LOQ and LOD based on the standard deviation of the response and slope of the
regression line entails using the relationship described mathematically in Equations 2.9 and 2.10

respectively.

LOQ = Equation 2.9

LOD = — Equation 2.10

Where,
o = standard deviation of the response, and
S = slope of the calibration curve.
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2.4.9 Stability studies
Stock solutions containing 10 mg CPT in 100 mL MeOH: water (49:51 % v/v) adjusted to pH 3.27

using 85% v/v ortho-phosphoric acid were prepared as previously described (8§ 2.4.3). Solutions
containing 100 pg/mL CPT were exposed to different stress conditions and analysed using HPLC
with PDA-UV detection to initially yield solutions of approximately 1 mg/mL. Characteristic
chromatograms from freshly prepared CPT samples were compared to chromatograms developed
following degradation. The ICH guidelines recommend that the analysis of degradation products
be investigated in respect of quality of API being investigated and its quantity [10, 41,67, 78, 79,
113-115], and the method can be consequently used to determine any degrading products in

formulated dosage forms.

2.4.9.1 Photostability studies

Photostability is an important stress test since a number of compounds degrade in the presence of
natural light. The photostability of CPT was tested by exposing a stock solution of CPT (100
ng/mL) to 500 W/m? using a Suntest® CPS plus (Atlas, Linsengericht, Germany) for 24 hours. The
solutions were then analysed using the validated HPLC method.

2.4.9.2 Temperature stress studies
The effect of temperature on CPT was evaluated and performed over 10 °C increments for

accelerated stability studies conducted according to the ICH guidelines [115, 121-123]. To
investigate whether CPT degraded at elevated temperatures, five 100 ug/mL CPT solutions were
prepared separately and subjected to different temperature conditions that were maintained under
reflux conditions in a fume hood. Aliquots of 2.5 mL were collected prior to and during exposure
and were diluted with 2.5 mL of a SCY solution and then made up to volume (25 mL) with mobile
phase in an A-grade volumetric flask. If no CPT degradation was observed, the experiment was
repeated at a higher temperature. Each sample was analysed in triplicate (n=3) using the validated
HPLC method.

2.4.9.3 Alkali degradation studies
Alkalicatalysed hydrolytic degradation of a compound or analyte can be performed by refluxing

the material in 0.1 M NaOH for eight hours [124]. A 0.1 M NaOH solution was prepared by
weighing 0.4 g NaOH pellets that were transferred to a 100 mL A-grade volumetric flask and
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dissolved in HPLC grade water. The solution was sonicated for 5 minutes to ensure that the NaOH
had dissolved and was then made up to volume with distilled water. Approximately 20 mg of CPT
was accurately weighed and transferred into a 20 mL A-grade volumetric flask and made up to
volume with 0.1 M NaOH. The sample was refluxed for 8 hours at 50 + 0.5 °C. Aliquots of 2.5
mL were removed at two hourly intervals and transferred to a 25 mL volumetric flask, after which
2.5 mL of the SCY solution was added and the solution was made up to volume with the mobile

phase prior to analysis.

2.4.9.4 Acid degradation studies
Acid degradation studies for a compound or analyte can be performed by refluxing the material in

0.1 M HCI for eight hours [124]. Approximately 20 mg of CPT was weighed and transferred to a
20 mL A-grade volumetric flask and made up to volume with 0.1 M HCI. The sample was refluxed
for 8 hours at 50 £ 0.5 °C. Aliquots (2.5 mL) were collected and transferred to an A-grade 25 mL
volumetric flask and 2.5 mL of SCY solution was added. The samples were made up to volume

with the mobile phase prior to analysis.

2.4.9.5 Oxidation studies
Oxidative degradation studies can be conducted using hydrogen peroxide (H20>) solutions of 3-

30% v/v strength [113]. Approximately 20 mg CPT was weighed into a 20 mL A-grade volumetric
flask and dissolved in 2 mL of a 30 % v/v H>Oz solution that was made up to volume with water
to produce a 3 % v/v H2O> solution. Aliquots (2.5 mL) were removed every 2 hours and were
transferred into a 25 mL volumetric flask. 2.5 mL SCY solution was added, after which the samples

were made up to volume with mobile phase prior to analysis.

2.4.10 Assay of commercially available captopril formulations
Each commercially available formulation was assayed and the average CPT content and %

recovery with respect to the label claim calculated. The data are summarised in Table 2.15. Twenty
tablets were weighed and the average tablet weight was determined. The tablets were then
pulverised and a portion of the powder equivalent to the weight of 50 mg of CPT was accurately
weighed and dissolved in 100 mL of mobile phase prepared as described in §2.4.2. The solution

was sonicated for 20 minutes using a Branson® B12 ultrasonic bath (Branson® Inc., Shelton, Conn,
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USA). The resultant mixture was filtered through a 0.45 um Millipore® membrane HVLP filter
(Millipore®, Bedford, MA, USA) and 1 mL aliquots of the solution were transferred into a 25 mL
A-grade volumetric flask containing 2.5 mL of SCY solution prepared as described in §2.4.3. The

samples were made up to volume with mobile phase prior to analysis.

2.5 RESULTS AND DISCUSSION

251 Effect of pH
The effect of pH on the retention characteristics of CPT and SCY was investigated over the pH

range 2.8 to 3.6 using a mobile phase composition of 50 % v/v MeOH: water. The results of pH
effects on retention time are depicted in Figure 2.2. The retention times of SCY increased
significantly with an increase in pH. A pH of 3 was selected as the pH of the mobile phase, since
the retention time for CPT and SCY peaks were at least three minutes and not more than 10
minutes. The results obtained are similar to published [73, 75, 80] reports that show that CPT is
retained over a pH range of 2.5 to pH 3.3.
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Figure 2.2 The effect of pH on retention time of CPT and SCY.
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It was important to establish the optimum pH of the mobile phase as it affects the extent of

ionisation. The surface characteristics of the silanol functional groups on the surface of the

stationary phase [90] may alter the retention characteristics of the analyte due to the different types

of interaction that can occur between the analyte and the stationary phase. Furthermore, analysis

at a constant pH ensures a reproducible and robust analytical method that can be applied for

qualitative and quantitative analysis of CPT formulations.

2.5.2

Central composite design
Twenty experiments were conducted in a randomised manner to minimise bias using the factor

levels described in §2.4.7.A summary of the experiments and the response are summarised in Table

2.5.

Table 2.5 Summary of CCD experiments and responses.

ID Run pH Solvent Column Retention Time, Retention Time, As

Composition (%) Temperature (°C) CPT(min) SCY(min) CPT
0 1 32 50 25 3.31 7.63 1.00
3 2 28 60 20 2.48 4,74 0.98
7 3 28 60 30 241 4.31 1.01
2 4 3.6 40 20 5.33 11.37 1.06
1 5 28 40 20 4.99 14.71 0.96
8 6 36 60 30 2.45 4.16 0.98
13 7 32 50 16.6 3.36 7.96 0.99
14 8 3.2 50 33.4 3.19 6.95 1.01
6 9 36 40 30 4.85 9.51 0.98
12 10 3.2 66.8 25 2.48 4.59 1.04
0 11 3.2 50 25 3.31 7.62 0.99
4 12 3.6 60 20 2.52 4.43 0.97
5 13 238 40 30 4.82 12.61 0.95
0 14 3.2 50 25 3.31 7.61 1.00
9 15 25 50 25 3.16 7.34 0.99
10 16 3.9 50 25 3.12 5.93 0.98
0 17 3.2 50 25 3.31 7.62 1.00
0 18 3.2 50 25 3.31 7.63 1.00
11 19 3.2 33.2 25 5.02 12.06 0.99
0 20 3.2 50 25 3.31 7.63 1.00
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Design-Expert® 8.0.4 software was used to validate the responses observed in experimental
studies. Analysis of Variance (ANOVA) was used during the development and optimisation of
this HPLC method to identify the best analytical end-point. The target retention times were
between three and ten minutes. The evaluation of CPT retention time is discussed in detail since
SCY was used as an IS. The statistical test was performed and the Fisher F-ratio and p-values were

calculated and are listed in Table 2.6.
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Table 2.6 ANOVA data for Response Surface Quadratic Model for retention time.

Source Sum of Df Mean F Value p-value
Squares Square Prob > F
Model 16.1 9 1.79 14.13 0.0001 Significant
A-pH 0.011 1 0.011 0.085 0.7769
B-Organic solvent composition (% v/v) 15.19 1 15.19 119.97 <0.0001 Significant
C-Column Temperature (°C) 0.085 1 0.085 0.67 0.4323
AB 0.011 1 0.011 0.083 0.7791
AC 0.012 1 0.012 0.095 0.7644
BC 0.033 1 0.033 0.26 0.6233
A? 1.83E-03 1 1.83E-03 0.014 0.9068
B2 0.74 1 0.74 5.86 0.036 Significant
C? 0.05 1 0.05 0.4 0.5432
Residual 1.27 0.13 10
Lack of Fit 1.27 5 0.25
Pure Error 0 5 0
Cor Total 17.37 19
Parameter Value
Std. Dev. 0.36
Mean 3.5
CV.% 10.16
PRESS 9.62
R? 0.9271
Adjusted R? 0.8615
Predicted R? 0.4462
Adequate Precision 14.099
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The p-value is most commonly used to assess the significance of a particular response with respect to

variance of all terms included in a 95 % confidence interval [106]. A low p-value is indicative of a

significant effect and it provides a baseline for determining the relative effect of each variable tested

with respect to a desired response. The model for retention time was considered significant with a p-

value of 0.0001 < 0.05 following use of ANOVA analysis. The p-values listed in Table 2.6 reveals that

the MeOH solvent composition contributes significantly to the model.

The F-value of 14.13 implies that the model is significant. P-values < 0.05 indicate model terms are

significant, and in this case the % v/v MeOH content in the mobile phase and B? are significant model

terms that have an impact on retention time. Values > 0.10 indicate that the model terms are not

significant. The R? value of 0.9271is close to 1 and denotes a high degree of correlation between the

observed and predicted values, as depicted in Figure 2.3.
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Figure 2.3 Plot of actual versus predicted response for retention time.
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The coefficient of variance (CV) indicates the degree of precision with which experiments were

conducted and reliability is indicated by a low CV. A CV of 10.16 was calculated for the experiments

performed for the optimisation of an HPLC method, indicating the data are reliable. The predicted R?

of 0.4462 is not as close to the adjusted R? of 0.8615 as one might normally expect. Adequate precision

Is used to compare the signal-to-noise ratio measurements of experimental results and predicted points

[107].The model had an adequate precision of 14.099, which is > 4, indicating satisfactory model

discrimination. Furthermore, the model is significant and can be used to navigate the design space

despite the presence of greater numbers of insignificant than significant terms. To further improve the

model, model reduction can be performed, but it was not considered necessary for this model.

The model can be used to predict the retention time of CPT and the limits described by the results of

these experiments. The normal probability plot of residuals for retention time is shown in Figure 2.4.
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Figure 2.4 Normal probability plot of residual for retention time.
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The normal probability plot of residuals reveals that the residuals fall mostly on a straight line,
indicating that the errors are normally distributed, and thereby further supporting the assertion that the
data fits the proposed model adequately. The proposed model in this case provides an adequate
approximation of the optimised process for retention time and provides a means to check the desired
responses to the model.

2.5.3 Response surface plots for retention time.
A quadratic polynomial equation was developed and the coefficients of the response for retention time

of CPT revealed that optimum conditions existed. The combined effects of the independent variables
viz. pH, MeOH content and column temperature are depicted in Equation 2.11.

Y1 (Retention time) = + 3.299 + 0.028pH - 1.054MeOH composition - 0.079Column temperature -
0.036pH*MeOH composition- 0.038 pH*Column temperature+ 0.063 MeOH composition*Column
temperature+ 0.011 pH 2 +0.226 MeOH composition 2+ 0.058Column temperature 2 Equation 2.11

The sign and magnitude of the coefficient provide an indication of the influence of specific or
interactive factors on the overall response. A positive sign is indicative of a synergistic effect, whereas

a negative sign indicates an antagonistic effect.

One of the most effective ways to visualise the changes in the response of a system as a consequence
of an increase or decrease in one or more of the input factors, is to study the interactive effects, if any,
using two-dimensional contour and three-dimensional response surface plots [109]. The contour and
response surface plots for retention time are depicted in Figures 2.5 — 2.6. The retention time of CPT
decreased with an increase in MeOH content when the pH and column temperature were held constant
(Figure 2.5A). The response surface plot depicted in Figure 2.5B shows the relationship in 3D.
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Figure 2.5A) Contour plot for retention time as a function of pH and MeOH content. B) Response

surface plot for retention time as a function of pH and MeOH content.

An increase in MeOH content resulted in a decrease in the retention time of CPT, which was almost

linearand that can be attributed to the partitioning of the CPT molecule due to a silanophilic retention

mechanism involving hydrogen bonding and/or ionic interaction between CPT and the residual ionised

silanol groups on the surface of the stationary phase [83, 87, 90]. Partitioning affects the separation of

CPT between a stationary and mobile phase and the average rate at which CPT migrates through the

column is a function of this relationship.

The retention time for CPT decreased with an increase in MeOH content, while maintaining the column

temperature in a nearly linear relationship as depicted in Figure 2.6 A and the 3D plot in Figure 2.6 B.
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Figure 2.6A) Contour plot for retention time as a function of MeOH content and columntemperature.
B) Response surface plot for retention time as a function of MeOH content and column temperature.

An increase in the pH of the mobile phase did not produce a significant change in the retention time of
CPT at constant column temperature. This may be due to the evaluation of the range of pH from 2.8 to
3.6, which was investigated. It is therefore essential to use a mobile phase of constant pH throughout
analysis to ensure that the method behaves in a reproducible and robust manner to prevent different
types of interactions between CPT and the stationary phase that may alter the overall retention

characteristics of the CPT.

As deducted from Equation 2.11 and the contour and response surface plots, the MeOH content and
column temperature have an antagonistic effect on CPT retention time, as depicted in Figure 2.7 A and
B, despite MeOH content having the greatest effect with a magnitude of 1.054. Increasing MeOH
content therefore decreases CPT retention time, whereas increasing column temperature increases CPT

retention time.
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Figure 2.7A) Contour plots for the retention time as a function of pH and column temperature.
B) Response surface plots for the retention time as a function of pH and MeOH composition in the
mobile phase.

2.5.4 Effect on asymmetry factor (As)
The mathematical relationship can be described by a quadratic polynomial equation for the As

measured, as depicted in Equation 2.12.

Y2(As) =+ 1.00 + 5.36E-003pH + 5.425E-003MeOH composition -1.198E-003Column temperature -

0.021pH* MeOH composition- 0.011pH*Column temperature+ 0.016MeOHcomposition*Column

temperature- 7.64E-003pH 2 + 2.97E-003MeOH composition 2~ 2.33E-003Column temperature 2
Equation 2.12

The data generated reveal that there is linear contribution of X1, X> and Xz that was not significant for
the As for CPT as indicated by the low magnitude of the coefficients of the model terms in the
equation.The interactive terms X1 X2 and X1 X3 reveal a significant and antagonistic effect on the Asfor
CPT. Both interactive model terms that were significant revealed that the mobile phase pH was a
common factor and has an effect on peak shape, particularly for compounds such as CPT that can be
associated with how ionisable functional groups elute differently to unionised compounds [82, 83, 85,
95, 112].
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ANOVA data for As revealed that the model was significant with an F-value of 3.17.Significant model
terms included the interactive effects of pH-MeOH content and pH-column temperature with p-values

< 0.05.The data are summarised in Table 2.7.
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Table 2.7 Analysis of variance table for Response Surface Quadratic Model for As.

Source Sum of df Mean Square F Value p-value
Squares Prob > F

Model 8.65E-03 9 9.61E-04 3.17 0.0434 Significant
Xi1-pH 3.92E-04 1 3.92E-04 1.29 0.282

X2-Organic Solvent Composition (% Vv/v) 4.02E-04 1 4.02E-04 1.33 0.2764

Xs-Column Temperature (°C) 1.96E-05 1 1.96E-05 0.065 0.8044

X1X2 3.61E-03 1 3.61E-03 11.91 0.0062 Significant
X1X3 1.01E-03 1 2.11E-03 6.97 0.0248 Significant
X2X3 2.11E-03 1 1.01E-03 3.34 0.0976

X12 8.41E-04 1 8.41E-04 2.77 0.1269

X2? 1.27E-04 1 1.27E-04 0.42 0.532

X3? 7.85E-05 1 7.85E-05 0.26 0.622
Residual 3.03E-03 10 3.03E-04
Lack of Fit 2.95E-03 5 5.90E-04 35.39 0.0007 Significant
Pure Error 8.33E-05 5 1.67E-05
Cor Total 0.012 19

Parameter Value

Std. Dev. 0.017

Mean 0.99

CV.% 1.75

PRESS 0.023

R? 0.741

Adjusted R? 0.507

Predicted R? -0.968

Adequate Precision 7.156
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The p-value for the model was 0.0434, indicating that the model for As is significant. The lack of
fit F-value of 35.39 implies that the model is significant and a negative predicted R? of 0.9678
implies that the overall mean is a better predictor of the response for As than the current model.
The adjusted R?value is useful for comparing models with different numbers of terms and is often
used when model reduction is necessary. An adequate precision ratio of 7.156 that is > 4 indicates
adequate discrimination of the model. The model can therefore be used to navigate the design space

for this parameter.

The contour plot depicted in Figure 2.8 A exhibits a non-linear relationship for pH and % MeOH
content. The relevant 3D response surface plot is depicted in Figure 2.8 B.
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Figure 2.8 A) Contour plot for As as a function of pH and MeOH content. B) Response surface
plot for As as a function of pH and MeOH content.
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255 Optimised HPLC conditions
All experiments were performed in a randomised manner to minimise the effects of uncontrolled

factors that may introduce bias to the responses. The solutions that were obtained for the optimised
chromatographic conditions that produced a separation with the shortest retention time and an As
of 1 were a mobile phase pH (X1) of 3.27, % MeOH content (X2) of 49 % v/v and a column
temperature (Xs) of 22.5 °C.

An HPLC method for the analysis of CPT using ECD detection optimised by using CCD has been
reported [80]. However, there are no reports in which the chromatographic conditions for a CPT
separation using UV detection have been optimised. The optimised chromatographic conditions
selected for the quantitation of CPT are summarised in Table 2.8 and a typical chromatogram of
the separation is depicted in Figure 2.9. These method parameters were selected for validation and

future analytical studies.

Table 2.8 Summary of optimised chromatographic conditions for the analysis of CPT.

Column Phenomenex® 5um Luna Cig (2) , 150 mm x 4.6 mm i.d.
Mobile Phase 49 % v/v methanol adjusted to pH 3.27 using 85 % v/v ortho-phosphoric acid
Flow Rate 1.0 mL/min

Retention Time CPT =3.5£ 0.5 minutes, SCY = 6.8 £ 0.3 minutes
Column Pressure 1925 + 50 psi

Column Temperature 22.5°C

Injection Volume 10 pL

Wavelength 200 nm

Bandwidth 1.2 nm

Detector Waters® 2996 Photodiode Array Detector

Pump and Injector Waters® 2690 Separations Module, Alliance

Data Capture Waters Empower™ Software
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Figure 2.9 Typical chromatogram for CPT analysis using optimised conditions.

2.5.6 Specificity
Specificity was assessed comparing chromatograms developed from an analysis of a standard

solution of CPT and IS to those developed from the analysis of commercially available CPT
tablets. The resultant chromatogram is depicted in Figure 2.10. It shows that the peaks are
adequately resolved, suggesting that the proposed HPLC method can be considered specifically

for the analysis of CPT.
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Figure 2.10 Typical chromatogram from the analysis of a commercial CPT product.

2.5.7 Validation of the optimised analytical method

25.7.1 Linearity
The linearity of the method was established over the concentration range of 2 — 60 pug/mL to

correspond to the conditions that would be used during in vitro dissolution testing of CPT dosage
forms. The selection of 2 pg/mL was based on establishing the LOQ), as described in 82.5.7.4. The
calibration standards were prepared as described in § 2.4.2 and linearity was established in the
manner described in 8 2.4.8.2. A calibration curve was constructed by plotting the peak area ratio

of CPT and SCY versus concentration and is depicted in Figure 2.11.
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Figure 2.11 Calibration curve for CPT over the concentration range 2 — 60 pg/mL.

The calibration curve depicted in Figure 2.11 is linear with an equation for the line, y = 0.0191x +
0.0035 and an R?value = 0.9999. If the response factor at each concentration is equal or similar at
the different concentration levels, the points should form a straight line with a slope of zero to
indicate a higher degree of linearity [116]. The average response factor was 0.0196 + 0.00378 and
the responses obtained for most concentrations were within one (1) standard deviation of each
other, as depicted in Figure 2.12. The equation for the line was y = 0.00009x + 0.0193 and the
slope of the response factor has a value near zero. The R? value of 0.0038 indicates that the

relationship is indeed linear.
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Figure 2.12 Response factor curve for CPT over the concentration range 2- 60 pg/mL.

25.7.2 Precision
Intra-assay and inter-day precision were performed over the concentration range 2- 60 pug/mL as

described in §2.4.8.2.1 and §2.4.8.2.2 respectively.

25721 Intra-assay precision (Repeatability)
The repeatability of the optimised method was determined at three concentration levels, viz. 2

pg/mL, 30 pg/mL and 50 pg/mL (n = 5) and the results of these studies are summarised in Table
2.9.

Table 2.9 Results of intra-assay precision studies over the concentration range 2-60 pg/mL.

Concentration (ug/mL) MPAR (n=5) Standard Deviation (SD) %RSD
2 1.03 0.00291 0.279
30 0.517 0.00457 0.882
50 0.0443 0.000351 0.793

The data summarised in Table 2.9 reveal low % RSD values of <5 % for all samples analysed in
precision studies. This indicates that the analytical method for CPT was precise in terms of the

repeatability criterion.
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25.7.2.2 Inter-day precision (Intermediate precision)
Intermediate precision was assessed over a period of three consecutive days and was expressed as

coefficient of variation (% RSD) of the peak area ratios of the calibration standards (n = 5). The
data summarised in Table 2.10 reveal that the % RSD values for all samples were <5 %, indicating

that the analytical method conforms to the requirements for intermediate precision.

Table 2.10 Results of inter-day precision for CPT over the concentration range 2-60 pg/mL.

Concentration Dayl Day 2 Day 3
(Mg/mL) MPAR %RSD MPAR 9%RSD MPAR %RSD
(n=b) (n=5) (n=h)
2 0.0404 1.39 0.0319 0.916 0.0461 0.825
30 0.526 0.219 0.531 0.132 0.546 0.336
50 1.04 0.237 1.03 0.107 1.03 0.474
25.7.3 Accuracy

The accuracy of the method was established as described in § 2.4.8.3 at three (3) concentration
levels, viz.7.5 pg/mL, 20 pg/mL and 40 pug/mL (n = 5) and the results are summarised in Table
2.11 and list the % recovery, % RSD and % Bias. The data reveals that the analytical method is
accurate for the analysis of CPT as all % RSD and % Bias are <5 %.

Table 2.11 Results of accuracy studies for CPT over the concentration range 2-60 pg/mL.

Theoretical Actual Concentration % RECOVERY % RSD % BIAS
Concentration (ug/mL) ug/mL (n=5)
7.5 7.51 100.1 1.01 0.124
20 19.3 96.9 0.342 -3.04
40 40.1 100.1 0.315 0.186
25.74 LOQ

For the purposes of this research, the approach that recommends that the % RSD following analysis
of replicate samples of the lowest concentration of the calibration curve should be< 5 % was used
to identify the LOQ. Samples of known low concentration were injected (n=5) and the lowest
concentration that produced precision data with a % RSD < 5 % was selected as the LOQ. Results

for the LOQ studies are summarised in Table 2.12.
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Table 2.12 LOQ data for CPT.

Concentration (ug/mL) MPAR (n=5) SD % RSD
1 0.0443 0.00569 12.8
2 0.0627 0.00257 411
3 0.0726 0.00317 4.37
4 0.188 0.00356 1.88
5 0.265 0.00384 1.44

The LOQ was established at a concentration of 2 pg/mL by using the described approach, and this

sample was used as the lowest calibration point.

25.7.5 LOD

As noted in § 2.4.8.5, the LOD was calculated as a third of the concentration of the LOQ and was

established as a concentration of 0.6 pg/mL.

2.5.7.6 Stress studies
The assay of CPT solutions following exposure to different stress conditions are summarised in

Table 2.13.

Table 2.13 Percent recovery of CPT following exposure of solutions to stress conditions.

Stress condition

Time/hrs 500W/m? Neutral, 80 °C 30 % v/v H20> 0.1M HCI 0.1M NaOH
0 98.4+1.03 97.5+0.672 98.6+0.774 97.242.17 98.5+ 0.873
2 69.1+2.96 56.8+3.88 45.4+6.03 59.7£2.72 58.5+2.26
4 58.2+4.39 54.9+1.04 12.245.11 59.3+2.39 0
6 56.2+8.09 54.1+1.67 2.74+2.54 58.5+2.26 0
8 56.4+1.36 53.7+ 2.58 1.08+0.18 56.8+3.13 0
25.7.6.1 Photo-stability studies

The results of percent recovery from the assays investigated under photolytic conditions reveal a
decrease to 56.4 + 1.36 % following exposure to 500 W/m? after 12 hours. The chromatogram
depicted in Figure 2.13 showsthe peak area ratio of CPT following exposure after 4 hours and
Figure 2.13 after 12 hours.
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Figure 2.13 Chromatogram of CPT following photolytic degradation of CPT when exposed to
500 W/m? light for 4 hrs.

Rinute

Figure 2.14 Chromatogram following photolytic degradation of CPT on exposure to 500 W/m2
light for 12 hrs.

No clear mechanism of photo-degradation has been reported, but Khalaf [120] suggests that a free
radicle scavenging mechanism that uses the captodative centers of the CPT are implicated in the
photochemical reactions of the molecule. As a result of photolytic degradation, coated
formulations may be considered appropriate so as to protect CPT from rapid degradation on
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exposure to light and moisture. CPT beads in yellow opaque hard gelatin capsules may further

protect CPT from light to ensure long-term stability on prolonged storage as an enhancement to

the dosage form development. A packaging recommendation may include packing gelatin capsules

in either blister packs or plastic amber bottles.

25.7.6.2 Temperature stress studies
All CPT stored at temperatures < 80 °C were considered stable, since no extra peaks were

observed. However, at a temperature of 80 °C, one peak, fully resolved at 2.5 minutes, was

observed in each CPT sample.The data are summarised in Table 2.14.

Table 2.14 The effect of different temperatures on CPT stability.

Temperature (°C) Time (hrs) Observations (n=3) Comments
50 8 CPT peak was resolved at 3.5 min. No degradation
No extra peak
60 8 CPT peak was resolved at 3.5 min. No degradation
No extra peak
70 8 CPT peak was resolved at 3.5 min. No degradation
No extra peak
80 8 CPT peak was resolved at 3.5 min. Possible
Extra peak at 2.5 min degradation
90 8 CPT peak was resolved at 3.5 min. Possible

Extra peaks at 2.7 min and 5.1 min

degradation

Two peaks were observed at 2.7 minutes and 5.1 minutes for samples exposed to a temperature of

90 °C, indicating possible degradation products of CPT (denoted A and B) in the chromatogram

depicted in Figure 2.15.
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Figure 2.15 Chromatogram of CPT following exposure to a temperature of 90 °C depicting
possible degradation products A and B.

An increase in temperature by 10 °C increases the rate of vibrations, providing energy to cleave
the amide link and the carboxyl functional group attached to the proline backbone of the CPT
molecule [32]. During the course of these experiments, it was noted that a characteristic strong
pungent sulfurous odour was present.This suggests that degradation of the sulfhydryl functional
group had occurred. The results reveal that CPT is susceptible to degradation at elevated
temperatures and it is therefore essential to consider using low temperature conditions when
manufacturing CPT coated beads to control and/or minimise the rate of degradation of the
compound. Furthermore, it is important to ensure that any degradation product formed does not
interfere in the analysis of CPT to facilitate accurate results during formulation, manufacturing

and process development studies.

2.5.7.6.3 Alkali degradation studies
The chromatogram depicted in Figure 2.16 reveals that CPT is highly unstable in alkali conditions.

The extent of degradation of CPT under these conditions was determined and the results reveal
that 58.54 + 2.26 % of CPT remains after exposure to alkali conditions for two (2) hours, as shown
in Table 2.13. The degradation can be attributed to the weakly acidic nature of CPT and can be
attributed to a carboxyl-mediated neutralisation reaction by sodium hydroxide, resulting in a

reduction in the overall amount of CPT detected by the analytical method.
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Figure 2.16 Chromatogram following exposure of CPT to 0.1 N NaOH for 2hrs.

25.7.6.4 Acid degradation studies
The assay of CPT solutions following exposure to acidic conditions revealed a significant decrease

in CPT to 56.82 + 3.13 % 8 hours as shown in Table 2.13. The chromatogram that depicts acid
degradation is shown in Figure 2.17. The decrease in CPT has been suggested [123] to be a result
of thiol-mediated degradation and therefore a constant pH will be necessary to enhance the stability
of CPT in aqueous solution. CPT is sensitive to acid and alkali hydrolysis and must therefore be

protected from these extreme conditions to ensure long-term storage stability.
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Figure 2.17 Chromatogram of CPT following exposure to 0.1 N HCI for 8hrs.

2.5.7.6.5 Oxidative degradation studies
CPT was found to degrade to 58.54 + 2.26 % of the starting concentration following exposure to

30 % v/v H20, with refluxing for two (2) hours. It was completely degraded after four (4) hours.
The data are summarised in Table 2.13. A chromatogram of CPT following exposure to H20: is
depicted in Figure 2.18 and reveals the presence of many unknown peaks, suggesting the presence
of degradation products of CPT.These peaks interfere with that of CPT. Captopril disulphide forms
a dimer and it has been widely reported to form following exposure to oxidative conditions [10,
96, 122].
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Figure 2.18 Chromatogram of CPT following to 3 % v/v H20- for 2hrs.

2.5.8 Assay of commercially available captopril formulations
The assay of the commercially available CPT tablets in South Africa was performed using the

HPLC method that was developed, validated and is reported in this study. Commercially available
CPT products were purchased from a local pharmacy and included MERCK CAPTOPRIL® 50,
ADCO-CAPTOMAX® 50, Sandoz® Captopril 50, CaptoHexal® 50 and ZAPTO — 50®.

No interfering peaks were observed in the resultant chromatograms, indicating that there was no
interference from the excipients used to manufacture the tablets. The assay results ranged between
91.1 and 102.0 % CPT as shown in Table 2.15, which is within the limits of 90 — 110 % of label
claim for CPT recommended by USP 29 [34]. The results show that the RP-HPLC method
developed for the analysis of CPT in commercial formulations is selective and rugged and can be

used in the analysis of developed formulations.
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Table 2.15 Assay results following analysis of commercially available CPT products.

Product Label Claim Sample Concentration Concentration Found %RSD  %Recovery
(mg) Added (ug/mL) (ng/mL)
MERCK CAPTOPRIL® 50, 50 1 50.3 51.3 2.53 102
2 50.2 49.3 1.13 98.2
3 50.2 48.9 0.491 97.4
ADCO-CAPTOMAX® 50, 50 1 50.0 49.2 1.57 98.4
2 50.0 50.3 1.08 101
3 50.1 50.1 0.426 100
Sandoz® Captopril 50, 50 1 50.1 45.9 2.45 91.7
2 50.1 45.6 0.267 91.1
3 50.1 455 0.529 90.8
CaptoHexal® 50, 50 1 50.0 50.1 0.469 100
2 50.1 50.1 0.594 100
3 50.0 49.8 0.266 99.6
ZAPTO -50° 50 1 50.2 49.3 0.615 98.1
2 50.3 49.5 0.648 98.3
3 50.1 49.3 0.538 98.2
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2.6 CONCLUSION
A simple, precise, accurate, selective and rapid RP-HPLC method with UV detection at 200 nm

has been developed and validated for the in vitro quantitation of CPT. The method was optimised
by manipulating the mobile phase composition, modification of mobile phase pH and adjustment
of temperature to establish the appropriate chromatographic conditions for the separation and
analysis of CPT using SCY as the IS.

Modification of pH is important in the separation of ionisable molecules as the pH of the mobile
phase affects the distribution of charge entities and impacts the interaction of CPT and SCY with
the mobile and stationary phases, thereby affecting the separation of the analytes specifically
impacting the resolution and retention time. A pH of 3.27 revealed the best-shaped peaks, with
reasonable retention times that did not interfere with the solvent front. This resulted in analysis

times of no more than 10 minutes for each sample.

The CPT and SCY peaks were well-separated with retention times of approximately 3.5 £ 0.5
minutes and 6.8 £ 0.3 minutes for CPT, and 3.7 minutes and 9.0 minutes for SCY respectively.
Consequently, the proposed method has a relatively short analytical run time of 7.5 minutes and
permits multiple sample analysis in a short space of time.The method is therefore appropriate for
use in quality control laboratories.

The method was validated in terms of linearity, accuracy, precision, selectivity, LOQ and LOD in
accordance with ICH reproducibility [61, 62], FDA [79] and USP guidelines [113]. The coefficient
of determination obtained from linearity studies (R?) was 0.9999, ensuring that the interpolation
of data over the concentration range 2 — 60 pg/mL was reliable and accurate. The precision of the
method ranged between 0.279 — 0.882 % RSD, indicating that it was reproducible and that day-to-
day variation of the response would be minimal. The validated method was found to be linear,
precise and had acceptable accuracy for the analysis of CPT in its pure form and in pharmaceutical

dosage forms.It revealed no interference from excipients used in the tablet dosage forms.
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The method reported herein is an improvement on the majority of those reported in literature, since
the PDA detector is a fast scan spectrometer with a low S/N ratio and has the ability to scan a wide
wavelength range with enhanced sensitivity and peak purity as compared to conventional UV
detectors. This method has a short analysis time and uses a simple mobile phase composition that
suggests that it is cheaper to implement than previously reported methods. The developed method
is therefore deemed appropriate for use in the analysis of pure CPT, commercial formulations and

assessment of in vitro release of CPT from test formulations.

A CCD was successfully used to optimise the chromatographic conditions for the quantitation of
CPT. The CCD approach required 20 experimental runs, which is fewer when compared to the
traditional experimental approach of changing one factor at a time, thereby saving reagent costs
and development time. Furthermore, the CCD approach permitted an investigation of the
interactive effects of input factors viz. pH, MeOH content and column temperature on the
responses, retention time to yield well-resolved and symmetrical peaks for CPT and SCY. The
MeOH content had the greater impact on the retention time of CPT can be attributed to the impact
of composition on the retention mechanism. An increase in the amount of MeOH in the mobile
phase increased the overall polarity of the solvent, resulting in an overall decrease in the retention
time of CPT due to a decrease in the interaction of CPT with silanol functional groups of the

stationary phase it elutes through the column.

A stability-indicating RP-HPLC method for the in vitro quantitation of CPT has been developed,
validated and can be used for the analysis of commercially available CPT dosage forms. The
method is an improvement on the method in the USP monograph for CPT [60]. CPT was found to
degrade completely in 0.1 M NaCl after four hours, and in 30 % v/v H20, 1.08+ 0.18 % was found
after 8 hours. The results of assays investigated under photolytic conditions reveal a decrease to
56.4 + 1.36 % following exposure to 500 W/m?after 12 hours, suggesting photochemical reactions.
As aresult of photolytic degradation, coated formulations may be considered appropriate to protect
CPT from rapid degradation on exposure to light. Stress studies revealed the presence of
degradation products following exposure to neutral hydrolytic conditions at an elevated
temperature of 80 °C for two (2) hours with 53.7+ 2.58 % assayed after 8 hours. The peaks for the
degradation products interfered with the peak for CPT and are suspected to be captopril disulphide

dimer that has been widely reported [8, 70]. CPT beads in yellow opaque hard gelatin capsules as
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formulation development may further protect CPT from light to ensure long-term stability on
prolonged storage in bottled or blister packages. The validated method was specific and is stability-
indicating when evaluating the results of forced degradation studies. The method is simple,
sensitive, selective, precise and accurate and can therefore be applied in formulation development

studies of CPT containing dosage forms.
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CHAPTER THREE
PREFORMULATION STUDIES FOR SUSTAINED RELEASE BEAD
FORMULATIONS

3.1 INTRODUCTION
Active Pharmaceutical Ingredients (API) are routinely tested during preformulation studies to

establish their physical and chemical stability to ensure bioavailability [125]. Preformulation
studies of an API does not attempt to determine whether the molecule would perform to an
acceptable level following formulation [125, 126], which is established through extensive in vitro
performance testing of test products. Preformulation studies combined with formulation
optimisation is necessary to fully elucidate the compatibility of an AP1 with excipients, particularly
if that API is off patent and/or to counter generic competition [127] to provide data and information
with regard to manufacturing technology prior to initiating plans for formulation development
activities. The ever-increasing demand and expectation for high quality and safe medicines has
resulted in the development of new API characterised by high assay values and lower impurity
content [126, 128]. The quality of medicines depends in part on the characteristics of the API, the
production process and the quality of the excipients used. The formulation testing routine is
complex, time consuming and expensive and advanced technologies should be used to ensure the
successful characterisation of a medicine to ensure improved potency, selectivity with a decrease
in side effects and toxicity [125, 126, 128].

Prior to dosage form development, it is crucial that some fundamental physical and chemical
properties of an API molecule and of the API powder are elucidated [127]. The information, to
some degree, dictates subsequent processes and methodologies to be used in formulation and
product development studies. The significance of powder flowability and cohesive interaction
between particles has been well documented in the production of pharmaceutical dosage forms,
including beads [129-131]. The preformulation phase has been suggested [126, 128] to have a
significant influence on the ultimate safety, efficacy, stability and regulatory compliance of the
API and medicine. Preformulation generally includes a study of the physico-chemical properties
of an API and excipients, including an assessment of their relevance in a final formulation, the

chemical and physical stability of the API and relevant excipients, impurity profiling of the API,
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including content of synthetic and degradation products and the chemical compatibility of the API
with potential excipients [125, 126, 128].

Appropriate preformulation studies help formulation scientists to achieve the desired performance
attributes of a final formulation. A change in particle size and shape with regular measurement of
these parameters can lead to improved process and product understanding [132], particularly when
batch to batch variability exists. It is therefore important to understand and elucidate differences
between current and past batches for product development and/or quality control purposes. To
improve quality control and current Good Manufacturing Practices (cGMP) for pharmaceutical
products, the FDA has recommended that a Process Analytical Technology (PAT) initiative [133]
be undertaken during preformulation studies to understand the impact of differences in particle
shape and size on product performance. The PAT initiative provides greater efficiency in
formulation and dosage form manufacture, limits the waste of raw materials and lowers the cost
of production in a climate of growing economic challenges [133]. Furthermore, the PAT initiative
encourages the selective analysis of API prior to and following manufacture in relation to product
quality, particle size, polymorphic form and blend uniformity. With these fundamentals in mind,
the PAT approach allows formulation scientists an opportunity to identify and control parameters
specific to the manufacture of a final product of the desired quality.

Most APl incorporated into commercial formulations are pure chemical compounds that are either
crystalline or amorphous in the solid state [8]. Preformulation studies were undertaken and
analysed in terms of the physiochemical properties reported in §1.1 and §1.4 as part of a systematic
process for the development of sustained release (SR) CPT beads. The potential excipients for
inclusion in the SR bead dosage form were investigated to establish the impact they may have on
the successful development of SR CPT beads. Powder rheology and thermal analysis approaches

were used to investigate the properties and compatibility of CPT and potential excipients.
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Commonly used techniques to assess the flowability of powders that are used in pharmaceutical
industry include the measurement of the angle of repose (AOR), bulk and tapped density
determination [125, 128, 134, 135] used to calculate Carr’s Index (CI) and the Hausner ratio (HR)
[134, 136]. This is exemplified in Figure 3.1. The potential interaction between CPT and
hydroxypropylmethyl ~ cellulose  (HPMC)  (Methocel®kK100M and  Methocel®E4M),
microcrystalline cellulose (MCC) (Avicel® PH102), methacrylic acid copolymer (Eudragit® RS
PO) and talc was investigated. TGA was used to characterise CPT, while each of the identified
ingredients was exposed and characterised alone and in 1:1 mixtures using DSC and IR in an effort

to establish if CPT underwent physical or chemical modification in powder blends.

Sample
A4
Level 1 » Particlulate properties > Ruicle packii (Bgl}lzk\ind Biped dcnsity)
4
Level 2 _| Bulk derived properties d Flow/Rheology
| Phase transitions i DCS. TGA
4
7 Chemical FT-IR
Level 3 >, : S > ot .
iteractions/modifications Dialysis studies

Figure 3.1 Flow diagram showing testing procedures for pharmaceutical excipients adapted
from [127].
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3.2 MATERIALS

3.2.1 Materials/Excipients
All materials and/or excipients used in this study are generally regarded as safe and have GRAS

status. The materials used are also listed in the FDA Indicative Ingredients Guide for general

inclusion in oral formulations [137].

3.21.1 Microcrystalline cellulose (MCC)
MCC is partially depolarised cellulose and occurs as a white crystalline powder with different

particle sizes available in a variety of grades with a wide range of properties and uses [137]. MCC
is traditionally used as a diluent in solid oral formulations manufactured using wet granulation. In
recent years, MCC has been commonly used as an excipient in extrusion-spheronisation processes
[138]. Avicel®PH 102 (FMC BioPolymer, Philadelphia, PA, USA) has a mean particle size of 100
pm and a moisture content of < 5 %. It has a bulk and tapped density of 0.29 g/cm?® and 0.45 g/cm?®
respectively and was used as a diluent and spheronising aid [137] as the rheological properties of
an MCC based wet mass are suitable for effective extrusion and spheronisation [16]. MCC has
good binding properties and provides cohesiveness to the wet mass whilst exhibiting an ability to
adsorb and retain a large quantity of water and/or granulating fluid due to a large surface area and
high internal porosity [139] improving the plasticity of the wet mass and enhancing spheronisation
[140, 141].

Two models have been proposed to explain the behaviour of MCC during extrusion/
spheronisation process. In the first model MCC is characterised as a molecular sponge that is able
to retain water and/or granulating fluid [140]. During the extrusion process the sponge is
compressed and the granulating fluid is squeezed out of the internal structures and it acts as a
lubricant. Following extrusion, the volume of the sponge increases and it appears dry and brittle,
facilitating the breakage of the extrudate during the initial stages of spheronisation. During the
spheronisation process the sponge densifies in a mass transfer phenomenon in which water

facilitates the spheronisation of the beads [140].
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In the second model during wet granulation and extrusion in the presence of water, MCC particles
are broken down into smaller units and in some cases to single crystals of colloidal, sized according
to a crystallite-gel model [142]. The resulting crystalline materials are porous and form a gel-like
network that immobilises the granulation liquid. At a specific water content which relates to a

particular gel strength, extrusion and spheronisation becomes possible [142].

A wide range of granulating fluid content and the processing parameters can be used to produce
beads of acceptable quality. MCC-based beads have been manufactured [143] with smooth
surface properties and optimum sphericity so as to be suitable for subsequent coating to sustain
drug release.

3.2.1.2 Hydroxypropyl methylcellulose (HPMC)
HPMC is a non-ionic, non-toxic polymer that has been used for the manufacture of oral

formulations [146]. HPMC is widely used as a binder and has been extensively reported [131, 147]
as a sustained release matrix-forming excipient. HPMC is available in a variety of grades,
depending on the degree of substitution and average molecular weight of the components of the

polymer [146].

The use of water as granulation liquid is not appropriate for formulations with HPMC
concentrations > 60 % since hig concentrations of HPMC pose problems with elasticity of wet
mass to form tacky mass that can hinder further spheronisation of beads [146 - 148]. Beads
containing MCC and HPMC possess fairly smooth surfaces and low friability [148, 149].
Furthermore, HPMC-based beads adsorb water and form a gel-like structure that is classified as a
swelling-controlled release system with two factors that affect the rate of API release [149]. The
factors include the rate of aqueous medium infiltration into the matrix and the rate of formation of
a partially hydrated gel layer at the surface of the bead on contact of the polymer and gastric fluids
[146]. As a result, a swelling and eroding front are observed in uncoated beads, whereas in coated
systems hydrostatic pressure build-up and cracking of coating layer becomes the primary

mechanism of API release [150, 151] as compared to osmotic pumping.

88



Chapter 3

3.2.1.3 Methacrylic acid
Methacrylic acid and an acrylic or methacrylic ester are polymerised to produce a methacrylic acid

copolymer [146]. There are three types of methacrylic acid copolymers, namely Type A or
Eudragit® L, Eudragit® RL, Type B or Eudragit® S, Eudragit® RS and Type C or Eudragit® L 30
D-55. All types of methacrylic acid copolymer have a molecular mass in excess of 100 000 units,
but the types vary in respect of methacrylic acid ester content and viscosity in solution [146].
Eudragit® RS PO consists of polyethylacrylate, methylmethacrylate and trimethylammonioethyl
methacrylate chloride in a ratio of 1:2:0.1 [146].

Eudragit® RS PO has approximately 5 % quaternary ammonium functional groups that make it a
water-insoluble polymer. The presence of insoluble quaternary ammonium functional groups
provide fewer pores and channels for effective drug diffusion, resulting in a lower rate of API
release [152] with a significant pH-independent permeability, resulting in sustained release.
Eudragit® RS PO was used to manufacture sustained release matrix systems of CPT in these
studies, as it is considered a biologically safe excipient [146].

3.2.14 Talc
Talc exists as a naturally hydrated magnesium silicate that exhibits batch-to-batch variability

dependent on the geographical source of the material [146]. Talc is a white to greyish-white fine
powder that is used in oral dosage formulations as a glidant to improve the flow properties of

powder blends [23], thereby ensuring content uniformity between different batches of beads.

3.2.15 Surelease®
Water is the most common granulation fluid used in extrusion and spheronisation as it functions

as a binder during wet massing, provides sufficient plasticity to the extrudate, and facilitates
successful rounding during spheronisation, in addition to relative ease of acquisition [135].
Surelease® E-7-19010 clear (Colorcon, West Point, PA, USA) is an aqueous dispersion of
ethylcellulose that can be diluted to different concentrations and was used as a binder during wet
massing in this study. The dispersion has been used to retard drug release from monolithic matrix
SR formulations [145, 153, 154].
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Beads intended to sustain the release of an API are regularly coated with water insoluble polymers
such ethylcellulose [129, 143, 153-155]. Several commercially available coating mixtures such as
Surelease® and Aquacoat® are available for coating pharmaceutical dosage forms and can be used
to achieve control of API release. Aqueous dispersions of Surelease® and Aquacoat® have a
significant advantage over organic solvent-based coating mixtures, particularly in respect of

environmental, safety and economic considerations [145].

Ethylcellulose film coats permit modification of drug release, can mask unpleasant taste and
odours such as that of CPT and can improve the overall stability of formulations. However, the
main use of ethylcellulose is as a hydrophilic controlled release coating [153, 155, 156].

Ethylcellulose is an odourless, tasteless material that exhibits a high degree of light and heat
stability to a temperature of at least 135 °C, which is the melting point of the material [146]. The
high melting point, indicative of its high glass transition temperature that is associated with
ethylcellulose based polymeric materials, makes them ideal for coating and subsequent curing.
The composition of film coating mixtures and the coating technique used can affect the properties
of the membranes formed, including their permeability, mechanical resistance and drug dissolution
retarding properties [155]. A 25 % w/w Surelease® E-7-19010 clear dispersion diluted to different
concentrations was used to coat the CPT beads manufactured in this study. The mechanism of film
formation from aqueous dispersions is complex, since the polymer is present as discrete particles
suspended in an aqueous medium. The ethylcellulose particles must aggregate, deform and
ultimately coalesce when sprayed onto the surface of the beads [145, 157]. The coalescence
process is intensely affected by the glass transition temperature of the polymer. A plasticiser was
added to the aqueous dispersion to lower the glass transition temperature of the polymer and to
facilitate coalescence of polymer particles. Surelease® E-7-19010 clear, unlike Aquacoat®
dispersions, contains dibutyl sebacate as a plasticiser and the dispersion is stabilised with oleic
acid and ammonium hydroxide. Surelease® also contains fumed silica that acts as an anti-tacking
agent during coating with the pseudolatex film [155, 158, 159]. The major limitation of many
aqueous coating formulations is the risk of premature permeation of API through the film [158,
159]. This is attributed to an increased permeability of the film coating or the water solubility of
the API to be delivered.

90



Chapter 3

3.2.2 Physicochemical properties of API

3.2.2.1 Particle size and shape
Preformulation studies of particulate solids in which the dimensions of the API and relevant

excipients are elucidated are gaining significance in the process of achieving an efficient
production process of efficacious dosage forms [162]. Particle size and shape can impact product
performance and regular measurement of these parameters can lead to improved process and
product understanding [128, 134], as they may impact bioavailability and/or stability of API
intended for sustained release use.

The shape of power particles is an important consideration in preformulation studies as it may
influence critical powder properties such as flowability, compatibility, content uniformity and
dissolution rate of the API [126, 134]. The flow properties of powders are fundamental to quality
control of raw materials and the establishment of product and content uniformity [163] and particle
shape can influence blending, wet granulation and other manufacturing procedures, including
extrusion and spheronisation as described in 84.2.2 and consequently the content uniformity of a
final dosage form [135]. Irregularly shaped particles generally contribute to poor flow of materials,
whereas spherical particles tend to exhibit good flowability. A wide particle size distribution may
result in segregation and ultimately non-uniformity of dosage forms [136, 164]. It is therefore vital
to understand differences in particle size distribution and shape of raw materials for product

development and quality control purposes.

Subtle variations in particle size, shape and source of raw material exhibit differences that affect
the final product performance and appearance and can be elucidated in quality control testing
[164]. The morphology of powder particles may have a significant bearing on particle size
distribution of powders independent of whether the particles are spherical, cuboidal, flake-like,
pyramidal, flaky, granular, rod- or needle-like, block-shaped, sponge-like and fibrous in nature
[128,134, 136].

One of the methods for determining particle size is the use of sieve stacks [128, 134] that involve
passing API or excipient powder passed through standard sized sieves. The method described in
United States Pharmacopoeia 29 and National Formulary 24 (USP-29 NF-24) [165] to measure

particle size was used to characterise the materials in this study. The sieve stack included sieves
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of 0.315, 0.80, 1.25 and 2.0 mm (Mesh DIN 4188, 1977 Pruf-Sieb, Germany) stacked in
descending order of aperture size. Approximately 10 g of Methocel® K100M, Methocel® E4M,
Avicel® PH102, Eudragit® RS PO and talc were placed in the top sieve and were sieved manually
for 5 minutes. The powder was collected on each sieve and was weighed to determine the percent

(w/w) of each size retained to determine the size distribution of the materials.

3.2.3 Powder rheology

3.2.3.1 Angle of repose (AOR)
The flowability of individual powders and blends thereof was determined following the

measurement of the AOR. When establishing the AOR the powder under investigation is poured
through a funnel stack to form a cone in order to form an angle between the base and free surface,
after which the powder flows down the surface of the cone until the gravitational forces balance
inter-particulate forces associated with overcoming frictional force [126, 128, 134], at which point
powder flow ceases. The particles form a conical shape and the angle between the surface on which
the powder resides and the free surface of the powder is known as the AOR [126, 128]. The AOR
is indicative of the cohesion between the particles of the powder and is therefore an indirect
measure of flowability. The relationship between the AOR and powder flow properties are
summarised in Table 3.1 and values of the AOR of < 25° are indicative of good powder flow [166].
Rough and irregularly surfaced particles have high values for the AOR indicating poor powder
flow [166] that can be improved through the addition of a glidant.

Table 3.1 Relationship between AOR and powder flow.

Angle of Repose (°) Flow
<25 Excellent
25-30 Good
30 -40 Satisfactory
>40 Very poor
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3.2.3.2 Bulk density
The bulk density of a powder is determined after a well distributed powder is allowed to settle in

a container under the influence of gravity [127, 134] and can be calculated using Equation 3.1.

Weight of powder mass (g)

Poutk = Volume occupied by powder mass (ml) Equatlon 31

The powder volume includes air voids located between the particles of that powder. The size and
shape of the container influences the tendency of particles to adhere to each other and the density
of a powder [164]. The bulk density of a powder is an important parameter, as it is often used to
establish the size of the blender to be used for the manufacture of a specific batch of tablets or
beads [166].

3.2.3.3 Tapped density
The tapped density of a powder is calculated using Equation 3.2. It is the ratio of the total mass of

a powder to volume occupied by an aerated powder after it has been compacted or tapped for a
specified period of time [164].

Weight of powder mass (g)
Volume occupied after being tapped (ml)

Ptapped = Equation 3.2

Tapping of the powder facilitates the removal of small air voids trapped between the particles of a
powder blend. The structure of a cohesive powder will collapse on tapping, resulting in a weakly
flowing powder [136].

3.2.34 Carr’s Index (CI)
The bulk and tapped density of a material is used to calculate CI, which provides an indication of

the compressibility of a powder. The Cl is useful for evaluating sustained release and/or controlled
release blends [134, 167]. The CI was calculated using Equation 3.3 and interpreted using the

compressibility index summarised in Table 3.2.
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Cl = [w] x 100 Equation 3.3
Ptapped
Where,
Cl  =Carr’s Index,

prapped = tapped density, and
poulk = bulk density.

A low value for CI is indicative of excellent powder flow properties and is associated with low
cohesiveness a powder blend [166], whereas value for the Cl > 40% is indicative of extremely

poor flow that may be improved by addition of a lubricant and/or glidant material.

Table 3.2 Interpretation of Carr’s Index.

Carr’s Index (%) Type of Flow
5-12 Excellent
12-18 Good
18-23 Satisfactory
23-35 Poor
35-38 Very Poor
>40 Extremely Poor
3.2.35 Hausner Ratio (HR)

The HR is also used to provide an indication of the flow properties of a powder and is useful for
the evaluation of sustained and/or controlled release powder blends [136]. The HR is calculated

using Equation 3.4 and the data can be interpreted using the information summarised in Table 3.3.

HR = Piapped Equation 3.4
Pbulk

Where,

ptapped = tapped density and
pouk = bulk density.

The addition of a glidant improves the flow properties of powders and powder mixtures exhibiting
HR value between 1.25 and 1.5. Values of HR < 1.25 are indicative of good flow properties
associated with low cohesiveness of powder particles in a blend [134, 167].
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Table 3.3 Interpretation of Hausner ratio.

Hausner Ratio (HR) Flow
1.00-1.11 Excellent
1.12-1.18 Good
1.19-1.25 Fair
1.26 - 1.34 Satisfactory
1.35-1.45 Poor
>1.46 Very poor

3.24 Powder blend homogeneity

The blending of solids and semisolids is an important step in the production of pharmaceutical
products, including the manufacture of beads [168]. The homogeneity of blends, otherwise known
as blend uniformity analysis (BUA) is vital to produce high quality products that exhibit uniformity
of content [165, 168]. The object of performing BUA studies is to achieve a uniform powder blend
to manufacture CPT beads. As recommended by the FDA [169], blend uniformity testing is
performed on dosage forms that contain < 50 mg API per dosage unit. If there is no content
uniformity for a sample of a powder blend, the product may be recalled due to sub- or super-potent
results [169]. Typical mixing practices involve blending of materials for a predetermined time,
after which samples are removed from the blender and analysed using a validated HPLC or
ultraviolet (UV) spectroscopic method to establish the concentration of active ingredients [168,
170]. The API content and % RSD is established and compared to known values to determine
whether the blend is homogeneous [168]. If the blends are homogenous they are released for
further processing. In this study, the powder mix was wet massed using the process described in
§4.2.2.3.

The BUA method recommended by the FDA [169] to evaluate blend uniformity within a powder
mix may result in sampling errors associated with removal of samples from the blend. If there is
particle size variability between the excipients used the segregation of particles can be of concern,
as inconsistency in the blend may result [170, 171]. BUA has a number of limitations in that the
procedure is time consuming and it requires the use of a limited number of sample sites, making

full characterisation of blend homogeneity difficult [171].
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3.25 Drug excipient compatibility
In the pharmaceutical industry the solid state properties of an API plays a crucial role, especially

in the development of dosage forms as they may affect therapeutic efficacy, toxicity,
bioavailability, processing and stability [172]. Thermal analysis techniques provide an extremely
sensitive measure of heat transfer on a comprehensive scale and permit the determination of the
presence of a pure sample and/or drug interactions following mixing of an APl with excipients
[172]. The combined use different thermal analytical techniques provide specific information that
facilitates rapid interpretation of the experimental data to establish if incompatibilities may exist
[173, 174]. Thermal analysis of a substance and/or its reaction products subjects the material to a
controlled temperature programme and measures changes in behaviour as a function of
temperature [173]. Thermal analysis makes use of techniques such as thermogravimetry (TGA),
derivative thermogravimetry (DTG), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC).

Thermal methods of analysis are widely used for the characterisation of solid API and excipients
and these techniques are established for quality control, stability, drug-excipients interaction,
polymorphism and purity studies of raw materials and pharmaceutical products [173, 175]. The
use of thermal analysis for the identification of drug-excipient incompatibility is important in
formulation development as the data provide assistance in the selection of appropriate excipients

to produce stable dosage forms [162].

3.25.1 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a technique in which the change in sample mass is

determined as a function of temperature, Zi—;n and/or time, U;ATT: while the sample is subjected to a

controlled temperature programme [176]. In differential thermogravimetry (DTG), the difference
in temperature between the sample and reference is monitored as a function of time and/or time.
Either approach results in the generation of a first derivative TGA curve with a series of peaks

rather than a stepwise curve [176]. The presence of a plateau in the TG curves corresponds to a
plateau in the DTG curve, since (ZATT = 0. A maximum in the DTG curve is obtained when the

TGA curve has an inflection point when mass loss is rapid [162, 176]. TGA is used to improve

product quality through establishing stability using isothermal and non-isothermal kinetic methods

96



Chapter 3

[32, 176] and it is also used to assess the compatibility of an APl with commonly used

pharmaceutical excipients.

3.25.2 Differential Scanning Calorimetry (DSC)
DSC is widely used [177, 178] to characterise properties of materials such as melting point, glass

transition and purity of amorphous and crystalline compounds. The use of DSC also permits the
acquisition of information relating to polymorphism and associated characteristics [178, 179].
DSC measures the difference in heat required to maintain a sample and a reference at the same
temperature as they are heated and subsequently cooled. Any difference seen in the energy input
to the sample and reference corresponds to a thermal event in the sample [178]. Empty aluminium,
tin, zinc or indium pans are used as the reference as they are inert and can withstand elevated
temperatures [176]. If an endothermic reaction occurs, the rate of heat flow during a phase
transition results in heat energy being absorbed by the sample resulting in a positive rate of change
of heat flow [177, 178].

While DSC cannot be used to determine the chemical nature of a sample undergoing testing the
results of testing can be used to determine if samples have different thermal properties and thus
are likely to be different e.g. starting material and product of a chemical reaction [179]. DSC was
used to determine drug-excipient compatibility in 1:1 binary mixtures following analysis of CPT

alone.

3.25.3 IR Spectroscopy
Transitions in the vibrational energy levels of an API or powder blend can be experimentally

monitored as a consequence of absorption in the IR region of the light spectrum and IR
spectroscopy with Fourier Transform IR (FT-IR) capability is used for the physical
characterisation of mixtures of powders in the solid state [33, 180, 181]. IR spectroscopy is a
critical tool for the study of API-excipient interactions as the technique permits easy elucidation
of structural attributes as it is sensitive to molecular vibration as a result of chemical or physical
factors [180]. Molecular vibrations are characterised according to the energy associated with the
functional groups present in an APl molecule within the range of 650 — 4000 cm™ [163]. FT-IR

spectra were used to generate information relating to the chemical and physical reactions of API-
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excipient blends. To minimise incorrect conclusions the spectrum of CPT alone was used for

comparison with those generated from analysis of binary mixtures of CPT and potential excipients.

3.3 METHODS

3.3.1 Scanning Electron Microscope (SEM)
The particle shape and surface morphology of powders were investigated using a VEGA LMU®

Scanning Electron Microscope (Tescan, Czechoslovakia Republic). A small amount of CPT
(Protea chemicals, Midrand, South Africa), Avicel® PH102 (FMC International, Wallingstown,
Cork, Ireland), Methocel® K100M Premium (Colorcon® Ltd., Dartford, Kent, United Kingdom),
Methocel® E4M (Colorcon® Ltd., Dartford, Kent, United Kingdom), Eudragit® RS PO (Evonik
Industries, Pharma Polymers, Darmstadt, Germany) and talc (Aspen Pharmacare, South Africa)
were dusted onto double-sided carbon tape mounted on a separate disc carrier (3 mm height, 10
mm diameter) and were sputter coated under vacuum (0.25 Torr) with gold for 30 minutes (Balzers
Union Ltd., Balzers, Lichtenstein). The samples were then visualised using SEM at an accelerated
voltage of 20 kV.

3.3.2 Angle of repose (AOR)
The AOR was measured using a funnel method. The stationary AOR for each powder was

performed by placing 10 g of material in a funnel with orifice and base diameters of 1.0 and 5.0
cm respectively. The tip of the funnel orifice was set at a fixed height of 30 cm above a horizontal
surface and the powders were allowed to flow under the force of gravity. The AOR (n=3) was
calculated using Equation 3.5 and reported as an average.

tanf = % Equation 3.5

Where,
h= height of the pile of powder, and
r = radius of the base of the cone.

The preliminary formulations listed in Table 3.4 obtained from changing one factor approach were

assessed for their flow and powder densities prior to formulation.
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Table 3.4 Formulation composition of powder blends used in preliminary studies.
Formulation *CPT *MCC *HPMC *HPMC *Eudragit®  *Talc

K100M E4M RS PO
F1 20 77.5 2.5
F2 20 65 125 2.5
F3 20 65 12.5 2.5
F4 20 65 125 2.5
F5 20 57.5 10 10 2.5
F6 20 57.5 10 10 2.5
F7 20 57.5 10 10 2.5
F8 20 47.5 20 10 2.5
F9 20 47.5 20 10 2.5
F10 20 47.5 20 10 2.5
F11 20 47.5 10 20 2.5
F12 20 47.5 10 20 2.5
F13 20 42.5 10 10 10 2.5
F14 20 40 15 7.5 15 2.5

(CPT-001)
* 0o w/w content

3.3.3 Powder density
The FDA [163] recommends that all powders must be sieved to disrupt agglomerates that may

have accumulated during packing and storage. The sieving process must be undertaken gently to
avoid alteration in the nature of the powders under investigation. The powders analysed included
CPT, MCC, HPMC K100M, HPMC E4M, Eudragit® RS PO and talc. Approximately 10 g of each
powder was transferred into separate 100 mL graduated measuring cylinders and the bulk density
was established as described in §3.2.3.2. The tapped density of each powder was determined with
the aid of a Model SVM 203 tapped density tested (Erweka GmbH, Heueastamm, Germany),
operated at a rate of 200 taps per minute for two (2) minutes. Following two minutes of agitation,
the volume of the tapped powder was noted and the tapped density calculated as described in
83.2.3.3. The HR and CI were calculated using Equations 3.3 and 3.4. The measurement of bulk
density, tapped density, Cl and HR were measure in replicates (n=3) and the average recorded.
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3.34 Powder blend homogeneity
A Kenwood Multi-Pro FP580 planetary mixer (Kenwood Ltd., Maraisburg, South Africa) was

used to blend the powder mixtures. Prior to loading powders into the blender, all powders were
passed through a sieve of 0.80 mm (Mesh DIN 4188, 1977 Pruf-Sieb, Germany). The blender was
filled to approximately 50% v/v of the working capacity with 200 g of the powder mixture, which

is within the acceptable range of filling of blenders [184].

Blending was continued for 30 minutes and 1g samples were withdrawn at 2, 5, 10, 15, 20, 25 and

30 minutes from six different locations in the powder bed using a stainless steel laboratory spatula

in Figure 3.2.
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Figure 3.2 A) Lateral and B) aerial view showing six positions of BUA sampling adapted with
slight modifications from El-Hagrasy et al. [170.

The powder was transferred to a 100 mL A-grade volumetric flask and dissolved in a MeOH: water
mixture (49:51 % v/v) adjusted to pH 3.27 using 85 % v/v ortho-phosphoric acid and then
sonicated for 5 minutes using a Model B-12 Ultrasonic bath (Branson Cleaning Equipment Co.,
Shelton, Connecticut, USA). Approximately 5.0 mL of each solution was filtered through a 0.45
um Durapore® membrane HVLP filters (Millipore Corporation, Ireland) and 2.5 mL of the filtered

solution was transferred into a 25 mL A-grade volumetric flask containing 2.5 mL of IS solution.
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The sample was made up to volume with mobile phase and analysed using the validated HPLC
method described in §2.5.5.

3.35 Thermogravimetric Analysis (TGA)
Approximately 4 mg of CPT and/or 1:1 binary mixtures with excipients were placed in platinum

crucibles.  TGA experiments were performed using a Model TGA 7 PerkinElmer
Thermogravimetric Analyser (PerkinElmer Inc., Massachusetts, USA) fitted with a platinum
sample holder. Pyris™ Manager Software (PerkinElmer Inc., Massachusetts, USA) was used for
data analysis. Measurements were performed in triplicate for each sample under a nitrogen
atmosphere at flow rate of 25 mL/min using a heating rate of 10 °C/min over the temperature range
25— 600 °C.

3.3.6 Differential Scanning Calorimetry (DSC)
CPT, individual excipients and 1:1 CPT excipient mixtures were mixed and passed through 0.80

mm mesh sieve (DIN 4188, 1977 Pruf-Sieb, Germany) before being placed directly into aluminium
pans prior to analysis. The DSC was calibrated with Indium (m.p. = 156.6 °C; AHss= 28.54 J/g)
prior to analysis. Approximately 3 mg of CPT, excipients or binary mixtures of CPT and excipients
were placed into aluminium pans and then sealed. The sealed pans were placed directly onto the
hot stage of the DSC instrument. DSC thermograms curves were generated using a Model DSC-7
PerkinElmer Differential Scanning Calorimeter (PerkinElmer Inc., Massachusetts, USA). Pyris™
Manager Software (PerkinElmer Inc., Massachusetts, USA) was used to analyse the thermograms.
The temperature of the DSC was monitored using a central processor and a controlled heating rate
of 10 °C/min was used for analysis over the temperature range of 25 - 200 °C. The conditions for
the analysis were a compromise between speed of analysis and heating rate to facilitate acquisition
of enthalpy changes in the sample. Each thermogram was acquired at 10 scans per revolution of 4
cmt. All DSC analyses of samples were performed in triplicate under a nitrogen atmosphere
purged at flow rate of 20 mL/min.
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3.3.7 IR Absorption Spectroscopy
The IR absorption spectra of CPT, individual excipients and binary mixtures were generated using

a Spectrum 100 FT-IR ATR Spectrophotometer (PerkinElmer®Inc., Beaconsfield, United
Kingdom). Binary mixtures were prepared by weighing 0.5 g of each material using a Mettler AG
135 top loading balance (Mettler Instruments, Zurich, Switzerland) and gently blended in a mortar
and pestle. A small amount of the powder mixture was placed on a diamond crystal and analysed

over the wavenumber range, 4000 — 650 cm™ at a revolution of 4 cm™.

3.3.8 Dialysis studies
Dialysis studies were performed to establish if possible interactions between a negatively charged

component of a coating material and the positively charged CPT may alter the release characteristic
of CPT across a semi-permeable membrane [161]. A potential interaction between the cationic
drug, metoclopramide and anionic ammonium oleate was investigated using dialysis studies. The
results revealed that in slower rates of metoclopramide-ammonium oleate, precipitate were
observed compared to the release of the anionic drug, diclofenac [161]. The interaction of
verapamil, which is a positively charged API with a negatively charged component of Surelease
E-7-19010%®, was also investigated. The verapamil release decreased at a high pH [186]. The
decrease in verapamil release was due to the interaction of the dissociated polymer-carboxylic
groups with basic tertiary amines of verapamil [186, 187]. The possible interaction of CPT and

ammonium oleate in Surelease E-7-19010® was investigated.

To investigate any potential interaction between CPT and ammonium oleate a component of
Surelease® E-7-19010 (Colorcon® Ltd., Orpington, Kent, United Kingdom), a dialysis study was
performed. Approximately 970 mg of a 25% w/w ammonia solution was added to 4 g of oleic acid
to form ammonium oleate based on an equimolar interaction. The blend was mixed thoroughly
with a magnetic stirrer (Silverson, Bucks, UK) at 400 rpm and left in a fume hood for 24 hours at
22.5 °C. Approximately 500 mg of the ammonium oleate was dissolved in 50 mL water and 1 mL
aliquots of this solution were transferred to 5 mL A-grade beakers and approximately 50 mg of
CPT was accurately weighed using a Mettler AG 135 top loading balance (Mettler Instruments,

Zurich, Switzerland) and added to the solution.
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A 25 cm length of SpectraPor® 4 dialysis tubing (size 4, diameter 15.9 mm, molecular weight cut-
off 12,000-14,000 Da) (Spectrum Medical Industries Inc., Los Angeles, California, USA) was
placed into distilled water for one hour prior to dialysis. A SpectraPor® closure was tied at one end
of the tube and approximately 5 mL of the sample solutions was placed into the tubing. The beaker
was washed with the aid of an additional 5 mL of deionised water in a two-step process to ensure
complete removal of the contents of the beaker into the dialysis tubing. The effective length of the
tubing was 4.5 cm. Reference dialysis tubes were prepared, but contained a 50 mg/mL CPT
solution in water. The filled dialysis tubes attached to capsule sinkers were immersed in 900 mL
distilled water maintained at 37 °C and stirred with a paddle. There was a 25 mm distance between
the paddle and the inside bottom of the vessel at 50 rpm using USP Apparatus 2 (Hanson SR8PLUS
equipped with AutoPlus™ Maximiser and AutoPlus™ MulitFill, Hanson Research Corp,
Chatsworth, California, USA). The amount of CPT released by dialysis from the tubes was
determined using the HPLC method described in §2.5.5. The experiment was conducted in

triplicate and sample aliquots were withdrawn every 1 hour for 12 hours and are reported as an

average.
3.4 RESULTS AND DISCUSSION
3.4.1 SEM

The particle and surface morphology of CPT and excipients were analysed following SEM
imaging as described in §3.3.1. The information obtained from SEM was essential to provide
preliminary information in respect of the potential flow and compressibility properties of
excipients and powder blends. SEM analysis was considered appropriate since SEM provides a
high resolution imaging capability, is relatively simple to use [182] and permits the rapid
generation of suitable images. SEM also permits analysis of the surface texture of particles in a

high depth of field [182] and facilitates detailed characterisation of particle surface morphology.

Knowledge of the particles’ surface texture is essential as it can influence surface area and the
adherence of a powders or raw material to other particles within a powder blend [134]. SEM
images of CPT and potential raw materials for bead formulations are depicted in Figure 3.3.
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Figure 3.3 A) Typical SEM image of CPT. B) Typical SEM image of MCC. C)Typical SEM
image of Methocel® HPMC K100M. D) Typical SEM image of Methocel® HPMC E4M.E)
Typical SEM image of Eudragit® RS PO. F) Typical SEM image of talc.
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The SEM image depicted in Figure 3.3 A reveal the solid state appearance of CPT. The particle
size ranged between 10 and 30 um in length along one side of the crystals and they form irregular
flat aggregates, suggesting that CPT would exhibit poor flow properties. These particles may
consequently form aggregates of approximately 100 um diameter on storage prior to sieving.

SEM images of MCC revealed the presence of irregular, elongated crystals as depicted in Figure
3.3 B. MCC particles vary in size depending on the source of the MCC. However, most grades
exhibit porous particles [146]. To make a final assessment on the flow properties, supplementary
testing will be required to describe the flow properties of powder blends. The variable particle size
of MCC indicates that it may be necessary to sieve the material when manufacturing a dosage form

to ensure final product particle size uniformity.

A SEM micrograph of Methocel® HPMC K100M is shown in Figure 3.3 C and that of Methocel®
HPMC E4M in Figure 3.3 D. Methocel® HPMC K100M has longer cylindrical fiber-shaped
particles, whereas Methocel® E4M is an irregularly shaped granular material. The Eudragit® RS
PO particles depicted in Figure 3.3 E were crystalline and on close examination, most of the
powder particles had rough edges. Eudragit® RS PO particles showed a high degree of sphericity
and the presence of nonporous particles with rough edges are indicative of poor flow properties.
Approximately 70% of the Eudragit® RS PO particles were fine powders with a low potential for
segregation. The SEM image of talc depicted in Figure 3.3 F revealed the presence of a flake-like
crystalline powder with smooth surface morphology. Most of the talc flakes were in the size range
of 5 — 50 um and were irregularly shaped. They may subsequently agglomerate on storage. The

presence of agglomerates highlights the necessity to sieve all powders prior to manufacture.
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3.4.2 Powder density
The bulk and tapped density of the API and excipients used in formulation development studies

were established and used to calculate Cl and HR to assess the compressibility of the materials. A
summary of these results are listed in Table 3.5 for the individual powders.

Table 3.5 Summary of preformulation powder densities of CPT and excipients.

Property  Bulk Density  Tapped Density Cl (%) HR AOR (°)
(g/mL) (g/mL)

CPT 0.46+0.12 0.57+0.19 18.9+2.09 1.23+0.03 36.9+2.8

MCC 0.35+0.03 0.44+0.25 21.3+3.88 1.27+0.06 34.7+2.1
0.34* 0.45**

K100M 0.31+0.04 0.44+0.33 29.2+4.35 1.41+0.09 39.4+1.7
0.34* 0.56**

E4M 0.43+0.16 0.59+0.23 26.1+1.47 1.35+0.02 30.3+0.8
0.34* 0.56**

RS PO 0.59+0.25 0.75+0.39 21.5+4.82 1.27+0.08 22.5+1.1
0.39* 0.42**

Talc 0.52+0.09 0.66+0.81 21.4+4.98 1.27+0.08 35.9+0.2

*Reference bulk density [42].
** Reference tapped density [42].

The bulk and tapped densities of CPT and excipients were used to calculate Cl and HR as described
in 83.2.3.4 and 83.2.3.5. According to the classification of CI described in Table 3.2 CPT, MCC
and Eudragit® RS PO exhibit satisfactory flow properties. HPMC K100M and HPMC E4M exhibit
poor flow properties since the HR values were 1.41 and 1.35 respectively. Both are > 1.25,
indicating that the materials exhibit poor flow properties. It is therefore important to assess the
flowability of excipients before and after blending to ensure that the powder flows adequately prior
to wet massing, extrusion and spheronisation. The data revealed that a formulation that includes a
glidant will exhibit enhanced flow properties when compared to flow if powders alone. The
experimental data are in close agreement with literature that addresses bulk and tapped density as
depicted in Table 3.4. This suggests that the excipients have adequate physicochemical properties

for extrusion and spheronisation.
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MCC is an ideal excipient in most bead formulations as it exhibits a high degree of porosity [164]
and the porous surfaces provide sites for fine particles of API to be distributed homogenously
through the powder blend. The powder blends of different formulations were manufactured to
determine the bulk density, tapped density, CI, HR and AOR for each product and a summary of

the results are listed in Table 3.6.
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Table 3.6 Micromeritic properties of CPT powder blends.

Density (g/mL)
Formulation Bulk Density Tapped Density Cl (%) HR AOR (°)
F1 0.69+0.08 0.99+0.04 30.31+1.01 1.43+0.34 30.34+4.25
F2 0.72+0.01 0.99+0.17 27.27+£3.05 1.38+0.41 25.28+3.78
F3 0.69+0.04 0.83+0.25 16.86+2.34 1.20+0.28 33.67+3.69
F4 0.64+0.03 0.78+0.33 17.94+1.76 1.21+0.43 27.11+1.28
F5 0.73+0.06 0.92+0.21 20.65+3.10 1.26+0.39 29.23+2.07
F6 0.61+0.15 0.87+0.13 29.88+2.87 1.42+0.18 25.32+£3.15
F7 0.69+0.27 0.90+0.34 23.33+3.42 1.30+0.26 26.05+2.11
F8 0.73+0.21 0.88+0.16 17.04+3.96 1.21+0.53 29.86+1.57
F9 0.77+0.39 0.96+0.29 19.79+2.40 1.25+0.22 32.56%2.33
F10 0.68+0.11 0.87+0.14 21.83+2.07 1.27+0.35 27.75%£1.63
F11 0.71+0.26 0.96+0.39 26.04+£3.71 1.35+0.12 28.73+£2.58
F12 0.64+0.24 0.89+0.22 28.08+1.24 1.39+0.36 30.17+4.66
F13 0.58+0.13 0.76+0.19 23.68+2.96 1.31+0.29 27.06x1.46
F14 (CPT-001) 0.59+0.28 0.69+0.28 14.49+1.67 1.16+0.18 29.56+2.89

108



Chapter 1
The results of bulk and tapped density testing ranged between 0.58 £ 0.13 g/mL t0 0.77 £ 0.39 g/mL

and 0.69 £ 0.28 g/mL to 0.99 + 0.17 g/mL respectively. Increasing the molecular weight of HPMC
resulted in a decrease in bulk density. These results are in agreement with those reported by
Efentakis and Vlachou [183], who concluded that bulk density of blends increased when the

molecular weight of the polymer used in the blends is decreased.

The results for CI and HR indicate satisfactory to poor flow properties for powder blends of the
different formulations. The results support evidence that significantly improved flow properties can
be achieved if talc is included in the different blends. The micromeritic properties indicate that the
powder blends exhibit satisfactory flow properties that would facilitate the production of products
that exhibit uniform content. Therefore a blending process was considered feasible to manufacture

powder blends prior to wet massing, extrusion and spheronisation.

343 AOR
There is an empirical relationship between AOR and flowability of powders that is depicted in

Table 3.1. The AOR of individual excipient powders are listed in Table 3.4 and that of powder
blends are summarised in Table 3.5 and ranged between 22.5 + 1.1° to 39.4 + 1.7° and 25.28 *
3.78° t0 32.56 + 2.33° respectively. The results reveal that CPT and all excipients investigated have
satisfactory or poor flow properties that are confirmed by the CI and HR results. The AOR for all
batches except F1, F9 and F12 exhibited good flow properties. These results support the fact that a
glidant may be necessary in the formulation to promote adequate flow properties of the powder
blends to enable the production of homogenous dosage forms. Talc is a glidant and improves the
flow properties of powder blends by dispersing between particles to reduce surface irregularity and
therefore decrease inter-particulate friction [134, 146]. The flowability results suggest that batch
CPT-001 has the best flow properties, since the Cl was 14.49 %, the HR of 1.16 and an AOR of
29.56°.
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344 Powder blend homogeneity
The results of blend homogeneity testing conducted for 30 minutes blending for Batch CPT-001

are summarised in Table 3.7. The content of powder blend at six different positions within the mixer
was determined using the validated HPLC method described in §2.5.5.

Table 3.7 Blend homogeneity of batch CPT-001 blending.

Blending Position of  Theoretical Actual Content % Content % RSD

Time (Mins) Sample Content (mg) (mg)
2 1 50 121.61 243.21 10.32
2 50 170.61 341.23 9.68
3 50 49.81 99.61 4.18
4 50 79.89 159.78 2.11
5 50 112.96 225.92 15.79
6 50 137.71 275.42 4.11
5 1 50 95.05 190.1 6.12
2 50 43.52 87.05 3.58
3 50 35.92 71.84 3.92
4 50 100.37 200.75 5.55
5 50 101.35 202.70 2.87
6 50 129.56 259.13 3.06
10 1 50 84.40 168.80 3.11
2 50 48.14 96.28 2.92
3 50 40.15 80.31 3.85
4 50 69.04 138.08 4.16
5 50 43.53 87.07 4.33
6 50 112.96 225.92 4.24
15 1 50 52.57 105.14 0.98
2 50 46.79 93.59 2.01
3 50 69.04 138.08 1.32
4 50 53.11 106.22 1.04
5 50 52.57 105.14 0.35
6 50 51.83 103.66 0.78
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Table 3.7 Blend homogeneity of batch CPT-001 blending.

Blending Position Theoretical ~ Actual Content % Content % RSD
Time (mins) of Sample Content (mg) (mg)
20 1 50 52.01 104.01 0.32
2 50 51.02 102.03 0.22
3 50 51.03 102.05 0.21
4 50 52.37 104.75 0.54
5 50 52.01 104.01 0.22
6 50 51.98 103.97 0.28
25 1 50 53.91 107.83 0.37
2 50 50.57 101.14 0.28
3 50 51.87 103.74 0.19
4 50 51.88 103.76 0.41
5 50 50.53 101.07 0.22
6 50 53.92 107.83 0.03
30 1 50 50.49 100.98 0.35
2 50 50.11 100.21 0.99
3 50 50.53 101.07 0.85
4 50 51.73 103.47 0.62
5 50 49.81 99.61 0.51
6 50 50.85 101.71 0.73

The results reveal that the content varied within the powder blend between 102.03 + 0.22 % and
104.75 £+ 0.54 % at 20 minutes. The variability is likely due to the difficulty in withdrawal of
samples using a spatula for sample collection at time intervals < 15 minutes. A change in the
insertion angle using a sample probe may minimise variation in APl content. The potency and

percent RSD for the blends at different positions at different times are depicted in Figure 3.4.
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Figure 3.4 Potency and % RSD results for powder blend homogeneity at different positions in the
mixer.

The results reveal that the potency varied between 100 % and 350 % over the first 10 minutes of
blending and the difference can be attributed to the fact that CPT was loaded into the blender from
position 1 resulting in an initial high assay value that side of the blender when compared to the
assay of a sample from position 3. On prolonged blending the potency values equilibrated to an
acceptable % RSD of < 1 % after 20 minutes of blending. The end point determination for blending
was based on the mean and standard deviation (SD) acceptance criteria stated in the PDA technical
report No. 25 [184] that calls for all samples to be between 90 and 110 % of the label claim and the
% RSD to be <5 % at that point. These results indicate the importance of identifying an exact time
end point for the blending process to avoid subsequent loss of homogeneity when mixing is

unnecessarily long.
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3.4.5 TGA
TGA of CPT performed under nitrogen revealed that CPT is stable up to a temperature of

approximately 180 °C, after which a three-step decomposition occurs as depicted in Figure 3.5.
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Figure 3.5 TGA thermogram of CPT generated at a constant heating rate of 10 °C/min.

10

CPT decomposes in the temperature range 160 °C - 450 °C [32]. The TGA thermogram depicted
in Figure 3.5 revealed that CPT degraded in a similar three-step decomposition process over the
temperature range 180 °C - 470 °C. The first significant decomposition of CPT relates to 67 %
weight loss observed from the initial 4 mg analysed. The decomposition commences at 180 °C,
which is suggestive of the elimination or degradation of the cyanide (C-N) bond present in the CPT
molecule [32] and the curve is almost symmetrical about 249.75 °C in the first phase of
decomposition. The second step of decomposition commences at 320 °C and ceases at 390 °C and
corresponds to a 2.5 % loss of weight. The last step of decomposition commences at 400 °C and
the maximum rate of decomposition occurs at 463.7 °C.

113



Chapter 3

The first noticeable phenomenon at 106 °C on the TGA thermogram corresponds to melting point
of CPT. The maximum signal with respect to the rate of change ZATZL occurs at 249.75 °C and is a

sharp peak representing the primary decomposition of CPT between 25 °C and 600 °C. The weight
change during decomposition is depicted in an overlay on the DTG curve. A small quantity of
carbon residue and characteristic sulphurous odour as a consequence of CPT combustion was

evident at the end of the experiment.

3.4.6 DSC
The DSC thermograms for CPT and 1:1 binary mixtures of CPT with excipient are depicted in

Figures 3.6 — 3.11. The thermograms are typical examples of derivative heat flow curves with
respect to temperature. The DSC thermogram of pure CPT depicted in Figure 3.6 reveals a sharp
endothermic event between 105 and 115 °C and a melting temperature range of 106 — 109 °C. The
thermal transition (Tpeak) at 110.93 °C with a Tonset at 107.61 °C corresponds to the presence of the
a form of CPT, which melts at 106 °C, and the AHsusion OF — 24.92 J/g is in reasonable agreement to

reported values [66].
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Figure 3.6 Typical DSC thermogram for CPT determined at a heating rate of 10 °C/min.
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Figure 3.7 Typical DSC thermogram for a 1:1 mixture of CPT and MCC determined at a heating

rate of 10 °C/min.
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Figure 3.9 Typical DSC thermogram for a 1:1 mixture of CPT and HPMC E4M determined at a
heating rate of 10 °C/min.

937 1
a0 4

80

704

= w @
=1 a =

Percent &res (%) — - —

w
=1

20 4

-5.97 -

93.7 1
a0 4

80

-
=1

@
=1

Hest FlowEndo Up (mA) —— ———
-
5

w
&

20 -

-847

w
=}

Peak = 109.03 °C
Peak Height = 5.2525 miy

I
il
[
Ii
i
I
|
!

|
¥
|

7

J
!
!
f
\

|
i
il
il
|

el e B s e e e m e

Area = 959 660 mJ

2111

i
Derivative Heat Flowe (miming — —

|
1
Onset = 10619 °C

T
Il
il

End=111.00 *C

=20

-25

=30

-3254

25

40 =) 80 100

120 140

Temperature (°C)

180

Figure 3.10 Typical DSC thermogram for a 1:1 mixture of CPT and Eudragit® RS PO
determined at a heating rate of 10 °C/min.
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Figure 3.11 Typical DSC thermogram for a 1:1 mixture of CPT and talc determined at a heating
rate of 10 °C/min.

The selection of acceptable excipients for a formulation is primarily based on the physico-chemical
properties and compatibility of the APl with potential excipients. The process of selecting
excipients is integral in formulation development, particularly for generic pharmaceutical dosage
forms. The majority of the thermograms for binary mixtures of CPT and potential excipients
mixtures showed the melting endotherm for CPT, which was wider. It fluctuated between a slightly
lower or higher temperature for a Tpeak 0f 110.93 °C that was observed for pure CPT. However, the
endotherms were, unchanged and this can be considered as an absence of incompatibility
interactions between CPT and the excipients tested. The slight changes in the melting endotherm
for CPT may be due to the mixing of CPT and excipients, which lower the purity of the API, and

may not necessarily, indicate that a possible incompatibility exists.

The DSC curves for 1:1 mixtures of CPT and Avicel® PH 102, Methocel ®°K100M, Methocel® E4M,
Eudragit® RS PO and talc showed an endothermic peak in the range 106 — 111 °C, which is
characteristic of the melting point of CPT and the AHsusion are summarised in Table 3.8. The results
are in agreement with the thermoanalytical curves of the physical mixtures with a slight

displacement of the melting endotherm for CPT.
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Table 3.8 Thermoanalytical data for CPT and 1:1 binary mixtures.

DSC
Sample Tonset (OC) Tpeak (OC) AHjtusion (J/g)
API
CPT 107.61 110.93 24.92
Binary Mixture
CPT: MCC 107.26 110.30 50.23
CPT: HPMC K100M 106.86 109.63 41.67
CPT: HPMC E4M 106.19 109.03 24.92
CPT: Eudragit® RS PO 105.62 109.07 17.32
CPT: Talc 107.19 109.50 45.29

One of the advantages of using DSC as an analytical tool is that it permits rapid evaluation of
potential interactions with a small number of samples [177, 178]. Although there is wide spread
recognition that the presence of a physical or chemical interaction does not necessarily point to an
incompatibility, it is generally established that any alterations observed in a DSC thermogram is
proof that an interaction may exist [179]. Stability studies may be necessary to confirm the fact that
no incompatibilities exist. The high temperatures that are used for TGA are not used in most
manufacturing processes, and as all procedures during extrusion-spheronisation are performed at
ambient temperatures and the subsequent coating procedure for CPT beads at slightly elevated
temperatures, incompatibility reactions were not considered likely under these conditions.
Performing TGA at high temperatures increases the temperature of reaction kinetics, which may
alter the physicochemical properties of samples under investigation. To establish whether an
incompatibility exists, additional techniques such as TGA, FT-IR and other stability studies must

be performed to supplement DSC data.
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3.4.7 IR Spectroscopy
IR absorption spectroscopy was used to confirm the identification of CPT with the presence of

characteristic absorption and to evaluate 1:1 binary mixtures of CPT and excipients. The IR studies
revealed that all characteristics bands of CPT were present in all spectra generated with some

spectra showing a slight shift in some of the bands. The spectra are depcited in Figures 3.12 to 3.17.

The IR bands for CPT and assigned wave number are summarised in Table 3.9 and the fingerprint
IR spectrum for CPT is depicted in Figure 3.12.

Table 3.9 Summary of IR band assignment for CPT.

Wave Number (cmt) Functional Group
800 -C-C- stretching vibration
1300 -C-H/-CHzs bending/ symmetric vibration
1450 -C-H stretching/ asymmetric vibration
1500 -C-N amide band
1580 -C=C- stretching
1750 -COOH (-C=0)
2600 -SH stretching vibration
2980 -CHjs stretching vibration (symmetric)
3400 -OH functional group
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Figure 3.12 FT-IR fingerprint spectrum for pure CPT.
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The FT-IR spectrum for pure CPT depicted in Figure 3.12 reveals characteristic bands at 2980 cm”
! assigned to a CHs stretch and a band at 2877 cm™ assigned to the CH stretch that represents
alkane groups. The broad peak at 2565 cm™* correspond to the SH stretch mode that is characteristic
of mercaptans [3]. The peaks at wave numbers of 1744 cm™ and 1588 cm™ were assigned to the
C=0 stretch vibration of the carboxylic acid and amide bands, respectively. The peaks at wave
numbers of 1227 cm™ and 1246 cm™ correspond to the C-H and/or C-Hg stretching. The spectrum
for CPT was similar to that reported [3]. The FT-IR spectra of 1:1 binary mixtures of CPT and
excipients are depicted in Figures 3.13 — 3.17.

CPT

T

CPT and MCC

4000.0 3a00 3200 2800 2400 2000 1200 1800 1400 1200 1000 =00 &50.0
cm-1

Figure 3.13 FT-IR spectrum of a 1:1 binary mixture of CPT and MCC.
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Figure 3.14 FT-IR spectrum of a 1:1 binary mixture of CPT and HPMC K100M.
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Figure 3.15 FT-IR spectrum of a 1:1 binary mixture of CPT and HPMC E4M.
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Figure 3.16 FT-IR spectrum of a 1:1 binary mixture of CPT and Eudragit® RS PO.
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Figure 3.17 FT-IR spectrum of a 1:1 binary mixture of CPT and Talc.
The spectra of binary mixtures of CPT and MCC, HPMC K100M, HPMC E4M and Eudragit® RS

PO indicate that all characteristic bands for CPT and the respective excipients and/or polymers were
present, except for the spectrum for a mixture with talc. However, a slight shift in the bands was
observed for most binary mixtures, which may be attributed to the lower purity of CPT when diluted
with excipients and therefore may not necessarily indicate that possible incompatibilities exist. The
lower intensity of the CPT bands is likely to be a consequence of a dilution effect. The FT-IR
spectra for a 1:1 binary mixture of CPT-talc is depicted in Figure 3.17 and reveal a very weak
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intensity for the characteristic bands of CPT and very prominent bands for talc. The OH stretch
vibration due to magnesium hydroxide (Mg(OH)) is visible at a wave number of 3677 cm™. The
broad peak at approximately 990 cm™ is due to a Si-O-Si bond vibration and the peak observed at
665 cm™ is attributed to Mg-O-Si vibrations. The weak intensity of bands at wavenumbers 2980
cm?,2600 cm™, 1750 cmand 1500 cm™ represent symmetric CHs stretch vibrations, SH stretch
vibration, COOH (-C=0) and C-N amide bands that are functional groups present in the CPT
molecule. It can therefore be concluded that there is a possibility of interaction between CPT and
talc, but the results obtained with FT-IR are not confirmed by the DSC thermograms. Further

stability studies would be necessary to establish whether an incompatibility did truly exist.

34.8 Dialysis
The release of CPT in the presence and absence of ammonium oleate was similar as depicted in

Figure 3.18 with resultant f> values of 87.7 calculated using Equation 5.2.
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Figure 3.18 CPT release of CPT in the absence and presence of ammonium oleate.
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The error bars at the time intervals of 2, 3, 4, 7, 8, 9, 10, 11 and 12 hours overlapped, suggesting
that the release profiles for CPT in the presence and absence of ammonium oleate were similar. The
similarity in the release profiles suggests that no interaction exists between CPT and ammonium
oleate and it is clear that CPT permeation across a coating layer consisting of Surelease E-7-19010®
may occur slowly, and given that Surelease E-7-19010® is an optimally plasticised ethylcellulose
dispersion blended with oleic acid and dibutyl sebacate [157, 158], the ethylcellulose is completely
emulsified in ammonium water during the manufacturing process. Ammonium oleate is an unstable
compound that is formed in situ by reaction of oleic acid with ammonia and the complex degrades
easily on heating [161] to allow the formation of an oleate ion in solution with evaporation of the
ammonia gas. Anionic oleate ions did not appear to interact with CPT in these studies as depicted

by similar release profiles in the presence and absence of ammonium oleate.

When CPT was added to the ammonium oleate solution, a milky white solution with no precipitates
was formed, whereas a clear solution was formed when CPT was mixed with water in the control
sample. The passage of CPT from the solution that contained ammonium oleate through the dialysis
bag was rapid and little difference was observed when this profile was compared to the release
profile of CPT from water. The absence of precipitates may account for the rapid release since

precipitates tend to retard API release profile as dissolution must occur prior to diffusion.
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3.5 CONCLUSION
The preformulation phase of research is critical in establishing the properties of an APl and potential

excipients that will permit suitable risk assessment for the development of desirable characteristics
of coated bead containing dosage forms. To ensure the development of a quality formulation,
parameters of selected excipients such as powder flow and interaction between CPT and selected
excipients that are used in the early stages of formulation development studies of SR beads, must
be undertaken and analysed. Decisions made on the information generated during preformulation

are a strategic step in the subsequent development of CPT containing bead dosage forms.

SEM analysis was used due to ease of operation and high resolution of the images to generate SEM
micrographs. SEM images revealed that particle size and shape may play an important role in the
selection of excipients and that certain excipients may need to be sieved prior to blending to produce
homogenous blends that exhibit content uniformity. The bulk and tapped densities of CPT, potential
excipients and powder blends used for different formulations were established and the results were
used to calculate Cl and HR. The results reveal satisfactory flow properties and some excipients
and powder blend mixtures exhibited poor flow properties and therefore the inclusion of talc is
likely to be necessary to ensure a successful blending and wet granulation process to produce a high
quality homogenous bead dosage form if HPMC K100M and HPMC E4M are to be included in
extruded and spheronised beads. Following the addition of talc, most powder blends had values for
the AOR, CI and HR within a range to indicate satisfactory and good flow properties, suggesting
that the use of talc would ensure the materials are suitable for blending and wet granulation prior

to extrusion-spheronisation.

The DSC thermograms for all CPT-excipient mixtures revealed that the melting endotherm either
widened or fluctuated around the Tpeak for pure CPT of 110.93 °C. The binary mixtures exhibited a
characteristic endotherm at 109.03 °C in all thermograms and therefore the absence of
incompatibility between CPT and the excipients tested is likely. Slight changes in endotherm values
may be due to the dilution of CPT and it might not necessarily indicate possible incompatibilities.
The use of DSC and TGA as thermal analytical techniques provide crucial information with respect
to the existence of polymorphic forms of an API, as well as the compatibility of an API with
excipients [174, 177-180, 188]. It allows the formulation scientist to correlate structural changes
with thermal events to ascertain which excipients are suitable for formulation development studies.

The high temperatures to which the binary mixtures would be exposed are not the same as those
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used for the production processes used for extrusion-spheronisation and coating of beads. However,
they provide the formulation scientist an opportunity to identify the impact of potential thermal
changes arising from variation of manufacturing process on product quality. The results of these
investigations reveal that the excipients investigated were compatible with CPT and provided
important information in respect of the stability of CPT alone and in combination with excipients
that could be used during manufacturing.

FT-IR studies established that there is a possibility of interaction between CPT and talc. However,
despite the limitations of FT-IR analysis these data provide insight into to thermal and molecular
changes to understand potential interactions. The results of FT-IR were not confirmed by DSC and
suggest that the presence of talc reduced the purity of CPT, resulting in a low intensity signal for
the characteristic bands of CPT. Based on the preliminary studies of flow properties, SEM, TGA,
DSC and FT-IR, HPMC Methocel® K100M, HPMC Methocel® E4AM, MCC Avicel® PH102,
Methacrylic acid copolymer (Eudragit® RS PO) and talc were selected for formulation development
studies of CPT coated beads.

The release profile for CPT was investigated in the absence and presence of ammonium oleate and
it was concluded that the anionic oleate did not interact with CPT as shown by the similar release
profile produced in the presence and absence of ammonium oleate. These data provide insight into

the lack of interactions between CPT and Surelease® E-7-19010 when processing CPT beads.

DSC and FT-IR analysis have been examined to investigate possible CPT-excipient interactions.
All excipients appeared to be compatible with CPT and were therefore used for formulation
development studies. The dialysis studies have been detrimental to reveal potential interaction
between CPT and Surelease® E-7-19010.
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CHAPTER FOUR
FORMULATION DEVELOPMENT AND CHARACTERIZATION OF CAPTOPRIL
BEADS MANUFACTURED BY EXTRUSION-SPHERONISATION

4.1 INTRODUCTION
Worldwide, research, development and sales of drug-delivery systems [189] has been refined due

to a demand for highly effective medicines at low cost. To meet this demand many existing
medicines that are currently in use are being reformulated and placed in delivery technologies that
add value to therapeutic approaches [190]. The manufacture of controlled and targeted drug
delivery systems in the pharmaceutical technology domain include the development of sustained
release (SR) dosage multi-particulate dosage forms [189, 190] as an option to meet the demand to
achieve a desired plasma concentration over a prolonged period of time to optimise therapy for a

specific API, as fluctuations in blood levels are a common cause of therapeutic failure.

Multi-particulate delivery systems such as beads are predominantly oral dosage forms [189] in
which the API is located in many small independent subunits that, combined,deliver the
recommended dose. The subunits systems may be coated and subsequently placed in a hard capsule
[142, 152, 155, 191, 192,] or compressed into a tablet [159]. CPT is a class 1l compound [3] that
exhibits permeability rate-limited absorption across the epithelial cells of the GIT resulting in high
variability in the rate and extent of absorption. CPT is solvated rapidly and therefore the rate of
CPT release from dosage forms is rapid and absorption can be controlled by the rate of release from
coated multi-particulate bead technologies [193]. For molecules such as CPT, it is possible to
predict in vivo performance from in vitro dissolution studies as a surrogate approach to assessing
whether a technology will be successful and an added advantage of this approach is that the number

of human studies required duringformulation development can be minimised [193].

Individual beads in a multi-particulate systems may be divided into fractions according to their size,
coating level, release characteristics and API payload [194], offering a range of possibilities for
drug product development. Multi-particulate delivery systems offer several benefits over traditional
single-unit dosage forms including a lower incidence of gastrointestinal irritation,[195] since a
decrease in the local concentration of API is achieved inthe GIT following oral administration of
bead dosage forms. Furthermore, lower individual variability in plasma concentrations are observed

when compared to tablets [155, 159] as there is a reduced risk of dose dumping that is characteristic
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from technologies containing water soluble molecules [195]. In addition, bioavailability may be
improved and the use of discrete units offers a simple solution to minimising potential API/API or
APl/excipient interactions [155, 158].

4.2 BEADS AS A MULTI-PARTICULATE DOSAGE FORMS
Beads are agglomerates of powder or granules of APl and excipients [190] that are small, free-

flowing, spherical or semi-spherical solid units. Beads intended for oral administration should be
near spherical and have a smooth surface if they are to be subsequently film-coated. The particle
size range of beads should be as narrow as possible and an ideal size range is between 600 and 1200
um diameter [194]. The beads should have as high a payload of API as possible to ensure that the
final dosage form is as small as possible [196].

Benefits of beads as dosage forms include their free flowing and packing nature, which facilitates
reproducible capsule filling and content uniformity of dose units within a batch [194, 196]. The
ideal shape, smooth surface morphology, narrow size distribution, low friability and low surface-
to-volume ratio facilitate the film coating process of the individual units [196, 197, 198]. Each bead
is a single reservoir and any imperfection in the coating will affect the release of a small fraction of
the payload [192] that is in contrast to extreme dose dumping that may be observed from single unit

technologies.

The potential side effects of an API can be reduced without affecting bioavailability, since the beads
disperse freely throughout the GIT and absorption is maximized without peak plasma level
fluctuations resulting in improved safety and efficacy [196, 197, 199]. Local irritation as a
consequence of high local concentrations of API associated with single unit dosage forms are
avoided due to the dispersion of APl minimising irritant effects to the gastric mucosa [195]. An
advantage of using multiple-unit dosage forms as SR dosage form relates to in vivo behaviour,

particularly the dispersion pattern along the GIT [196].
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4.2.1 Extrusion and spheronisation
Several methods can be used to manufacture beads, the most popular of which is a

solution/suspension layering approach [194]. Powder layering [196, 200, 201], direct pelletisation
using high shear mixers and conventional or rotary fluid-bed granulators [196, 197] and extrusion—
spheronisation [129,144, 192, 202, 203, 204, 205] are alternate approaches to manufacture beads.
The challenges associated with the agglomeration process have been reported [201, 202, 205] in
general and suggest that the powder layering technique is difficult. Agglomeration occurs and
different powder components are layered to produce different sized granules that may compromise
the quality of finished products [201]. Extrusion-spheronisation is considered a feasible method for
the manufacture of uniform spherical beads that overcome agglomeration challenges and a
schematic of the process is depicted in Figure 4.1 to highlight process variable parameters that can

be investigated.
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Figure 4.1 Schematic representation of an extrusion-spheronisation procedure highlighting key
process parameters adapted [171].
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The initial step of the process involves mixing and/or blending of API and excipients, followed by
wet massing using an appropriate granulating fluid in sufficient quantities. The granulation step can
be performed in batch-type processors such as conventional planetary mixers, vertical or horizontal

high-shear and sigma-blade mixers [194, 199].

The type and amount of the granulation fluid is an important factor to consider in an extrusion-
spheronisation process and for a specific formulation a relatively small volume and concentration
is usually appropriate for the agglomeration process [199] to wet mass the powders sufficiently,
while retaining the necessary plasticity and cohesiveness that isessential to yield spherical beads of
narrow size distribution. Insufficient moisture addition results in the generation of fine powders and
dumb-bell shaped beads, whereas excess moisture promote bead agglomeration and results in a
wide size distribution of the beads [138]. If the amount of granulating fluid is within an acceptable
range for extrusion and spheronisation, beads of acceptable sphericity, narrow size distribution,
reduced friability, improved surface properties and prolonged API release may be produced [144,
191, 205, 206].

Extrusion of the wet powder mass leads to the formation of an intermediate spaghetti-like product,
which is subsequently spheronised to yield beads [144, 202, 205]. A sieve and basket extruder was
used to extrude the wet mass as it uses a gravity feed mechanism to transport the wet mass towards
the die [199]. Most spheronisers are designed based on a revolving grooved plate driven by a
variable-speed unit located at the base of a smooth-walled drum [205]. The introduction of cross-
hatched disc plates has increased the capacity of the spheronisation process and was therefore
selected for use throughout this study. The transition of extrudate into spherical beads occurs during
several stages via one of two mechanisms or models. The first model suggest that during
spheronisation afterbreakage of the extrudate, cylinders are initially rounded at the edge, after which
dumb-bell like granules are formed that ultimately produce spherical beads [137] and this process
is depicted in Figure 4.2.
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Figure 4.2 Schematic representation of bead formation stages during spheronisation according
to a model proposed by Rowe [137].

The second model [207] suggests that during spheronisation, cylinders of extrudate are rounded at
the edges and the cylinder is bent, after which dumb-bell shaped particles that break into two parts
with a cavity on their flat side are formed and with further process arerounded into spheres as

depicted in Figure 4.3.
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Figure 4.3 Schematic representation of bead formation stages during spheronisation according
to the models proposed by Baert and Remon [207].

The principal mechanism of bead formation depends on formulation composition and granulation
fluid level and spheronisation process parameters influence whether the spheronisation step will
result in beads that are dumb-bells or spherical beads with a narrow size distribution [208-211]. The
resultant beads are dried in a fluidised bed dryer and screened to achieve the required size
distribution [144, 202, 205]. Recent research has been dedicated to investigate the influence of
formulation variables on extrusion-spheronisation [144, 191, 192] and since these steps are related

the quality of the resultant beads is highly dependent on process and formulation factors.

4.2.2 Coating of beads
CPT is unstable in light, acid, alkali and oxidative conditions, and therefore to enhance the chemical

stability of the API, and aqueous film coating should be applied to dosage forms [160]. There are a
number of challenges associated with the aqueous film coating process, including difficulty in
accurately establishing a coating end-point [160], achieving the target weight gain and satisfactory

content uniformity [145, 155] or coating efficiency. Aqueous dispersions of Surelease® and
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Aquacoat® have a significant advantage over organic solvent-based coating mixtures since aqueous
dispersions are environmentally safer and considerably cheaper [145]. Coating efficiency is
described as the ratio of the amount of coating material deposited on the surface of a bead and the
amount of material delivered. The use of Wurster or bottom-spray coating equipment provides
excellent coat uniformity and efficiency [212-214] and is suitable for the manufacture of coated
CPT beads using ethylcellulose dispersion.

The Wirster spraying process uses the energy and controls of the fluid bed dryer to create pneumatic
mass transport inside a Warster insert [213] and requires the use of a perforated bottom screen
coupled with an air distribution plate that results in a fluid-like motion of particles in a conical
product chamber. Most of the processed air is guided through the center of the cylindrical Wirster
insert and produces a venturi effect that sucks product from outside the partition past a spray nozzle
mounted centrally at the bottom of product chamber [213]. The inlet temperature evaporates excess
moisture and the dry product then passes through the coating zone, during which time additional
coating material is deposited on the surface of the bead [214]. The short distance between the
coating mixture and particles during the coating process minimises drying and contributes to coat
uniformity and efficiency and the uniform residence time of all particles in the coating zone results
in the deposition of homogenous coats [214]. Pneumatic mass flow is characterised by high kinetic
energy that permits moist particles to separate resulting in coat deposition on individual particles
[213, 214]. The deposition of a uniform layer of an aqueous coating dispersion on beads is therefore
dependent on several key process parameters and the main impact on the coating processes are

summarised in Table 4.1.

Table 4.1 Key process parameters and their impact on the coating process.

Parameter Impact
Spray rate of suspension Agglomeration
Atomising airflow Spray drying, agglomeration, yield
Inlet air temperature Agglomeration, spray drying, yield
Bed temperature Agglomeration, spray drying, yield
Inlet airflow Overwetting, pellets in filter
Inlet air moisture content Overwetting
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The maximum spray rate is limited by the viscosity and tackiness of the coating dispersion, drying
capacity and droplet size in the fluidised bed system and exceeding an appropriate spray rate may
result in irreversible agglomeration of coated beads, since more liquid is pumped into the coating
chamber that subsequently cools the air in the chamber resulting in lower particle bed temperatures
[212]. The atomisation pressure is an important parameter that has an impact on the size distribution
of droplets and the spray drying process that occurs when excessive atomisation airflow pressure is
used whereas agglomeration tends to occur at lower atomisation pressures [215]. An elevated inlet
air temperature may lead to agglomeration as the coat may soften and become tacky. However, an
elevated temperature is necessary to evaporate the aqueous coating dispersion. The inlet airflow
patterns determine particle flow in the fluidised bed and a high air volume may trap beads in the
outlet filter whereas low airflow volumes may result in over wet beads [212, 214, 215]. The key
parameters are related and take into account process conditions that are necessary to produce a high
quality coating with high efficiency. Different formulation and processing parameters must be used
to optimise CPT release patterns, i.e. coating level, coating mixture composition, curing time and

temperature, but must be considered in conjunction with a target coating efficiency.

4.2.3 Curing
There are two stages in the process of coalescence of polymers from aqueous dispersions in the

coating process [214] and these involve evaporation of water to form a dry, continuous film that

gradually coalesces through a process of curing [216] as depicted in Figure 4.4.

Figure 4.4 Schematic representation of the curing process depicting coalescence of insoluble
polymers as water evaporates.

Curing of film forming polymer coats occurs when individual polymer particles fuse completely to
form a homogeneous, continuous film when water evaporates from interstitial spaces from the
deposited [216]. It is not possible to assume that film formation is complete following coating and
it isnecessary to ensure complete film formation occurs through period of curing. Curing is

dependent on the time and temperature of post-coating exposure and results in additional
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evaporation of water due to capillary pressure effects within the interstitial spaces of the coating
layer [217]. A curing step is therefore suggested when polymers with high glass transition

temperatures, such as ethylcellulose [217] are used to coat dosage forms.

4.2.4 Aims
The objective of this study was to develop a SR CPT coated bead technology using Response

Surface Methodology (RSM) to screen and optimise formulation and process parameters critical
for the manufacture of beads by extrusion-spheronisation. The coated beads were futher assessed

for their quality attributes.

4.3 EXPERIMENTAL

4.3.1 Manufacture of CPT beads
The manufacture of CPT beads is a multiple-step production process with a minimum of five unit

operations that include powder blending, wet massing, extrusion, spheronisation and drying [138,
205, 206]. Overly an extrusion and spheronisation process with subsequent coating was selected
and used to manufacture all bead formulations. Extrusion, spheronisation and coating processes
were undertaken using different types of equipment, which is a disadvantage in terms of equipment
expense, time, labour and space. Each of the multiple-step production pocess is a distinct process
that requires control of a number of process parameters to produce beads of appropriate quality and

a schematic of the process is depicted in Figure 4.5.
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Figure 4.5 Schematic representation of the manufacturing process for CPT beads coated.

43.1.1 Sieving
CPT (Protea chemicals, Midrand, South Africa) and excipients such as Methocel® K100M and

Methocel® HPMC E4M (Dow Chemical Company, Midland, MI, USA), Avicel® PH102 (FMC
BioPolymer, Philadelphia, PA, USA), Eudragit® RS PO (Evonik Industries, Pharma Polymers,
Darmstadt, Germany) and talc (Aspen Pharmacare, South Africa) were sieved througha 1400 um
mesh prior to processing. Sieving is important to produce powders of uniform particle size to
achieve homogeneity of the product during blending and wet massing.

4.3.1.2 Blending
Appropriate quantities of sieved powders were weighed using a Mettler AG 135 top loading balance

(Mettler Instruments, Zurich, Switzerland) and were transferred to a Kenwood Multi-Pro FP580
planetary mixer (Kenwood Ltd. Maraisburg, South Africa) and blended for 20 minutes at low speed
using the procedure described in 83.2.4. The use of a planetary mixer was preferred for small-scale

production of 200 g blends for this study.
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43.1.3 Granulation
Surelease® E-7-19010 clear (Colorcon, West Point, PA, USA) is a 25 % w/w aqueous dispersion of

ethylcellulose that was diluted prior to use as the granulating liquid. The diluted dispersion was
prepared by accurately weighing the correct amount of a 25 % w/w Surelease® E-7-19010 clear
dispersion on a top loading balance (Mettler Toledo Inc., Columbus, OH, USA) and then diluted
using HPLC grade water to total solid content of 5 %, 10 %, 15 % and 20 % w/w (SSC) for batches
CPT-003 to CPT-006. The dilute SSC dispersion was gradually sprayed onto the powder blend
manually and the minimum volume of SSC dispersion required to achieve suitable consistency of
the wet powder mass was subjectively assessed. The powder blend was mixed at low speed using
a planetary mixer for an additional 3 - 6 minutes after the addition of minimum quantity of fluid.
The effect of different solid content was investigated with respect to the physical properties and
dissolution profiles of the beads. Assays performed for CPT-003 beads were made with 5 % w/w
SSC granulating fluid, while CPT-004- CPT-006 where manufactured using 10 %, 15 % and 20 %
w/w SSC, respectively. To ensure uniform granulation fluid distribution during wet granulation,

the material was repeatedly scraped from the walls of the mixing bowl during wet massing.

4.3.1.4 Extrusion
The powder mass obtained following the addition of granulating fluid was transferred into the

gravimetric powder feeder of a Model 20 Caleva® extruder (Schlueter, Neustadt am Ruebenberge,
Germany) fitted with co-rotating impellers. The extruder was equipped with a screen with an
aperture pore sized of 1 mm diameter. The granules were gravity fed into the extruder to produce
equal length pieces of extrudate. During the extrusion process the impeller speed, temperature and
humidity were monitored and recorded. The effect of extrusion speed was investigated using CPT-
001 composition on % yield and sphericity.

43.15 Spheronisation
Batches of approximately 200 g of extrudate were transferred to a Caleva® MBS 250 spheroniser

(Schlueter, Neustadt am Ruebenberge, Germany) immediately following extrusion and spheronised
for between 3 and 6 minutes. The apparatus was equipped with a 300 mm diameter crosshatched
friction plate and different speeds and residence times were used to produce spheronised wet beads.
Beads were harvested at different time intervals during CPT-001 and their shapes were reviewed

using SEM to elucidate the bead formation stages according to models proposed by Rowe[137] and
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Baert and Remon[207]. The effect of spheronisation speed was investigated on % yield and
sphericity.

4.3.1.6 Drying
The beads were dried using a fluid bed drier (STREA-1™ Classic Fluid Bed Processor, GEA,

Maryland, USA). The inlet air temperature was set at 50 °C and an atomising airflow rate of 115
mé/hr was used for 25 minutes. The desired size fractions were collected by sieving the dried beads
using a set of standard sieves with nominal screen sizes of 1.25 mm, 0.80 mm and 0.3125 mm
(Mesh DIN 4188, 1977 Pruf-Sieb, Germany).

4.3.1.7 Coating of beads

43171 Preparation of coating mixture
Surelease® E-7-19010 was diluted to 15 % wi/v solids prior to use as a coating suspension by using

distilled water and stirred with a magnetic stirrer (Silverson, Bucks, UK) at 400 rpm for at least 2
hours to stabilise the aqueous pseudolatex dispersion prior to use. The coating dispersion was

passed through a 0.80 mm sieve to remove large agglomerates prior to use.

4.3.1.7.2 Coating process
The dried beads in the size range 0.80 mm to 1.25 mm were coated using a bottom-spray fluid-bed

coating apparatus fitted with a 121 mm Wiirster insert (STREA-1™ Classic Fluid Bed Processor,
GEA, Maryland, USA) and an air perforated distributor plate. Prior to coating the beads were pre-
heated to between 58 and 60 °C and a coating dispersion prepared as described in §4.3.1.7.1 was
sprayed at a rate of 2.0 - 5.0 g/min, through a 1.2 mm nozzle with an atomising airflow pressure in
the range of 115 m®hr to 130 m*/hr. The inlet air temperature was set at 60 + 2 °C and the outlet
temperature target temperature was 50 + 2 °C. Batches of CPT beads were coated to a target weight
gain of a 20 % w/w. Following coating the beads were cured at a product temperature of between
40 °C and 60 °C for 1 hour to facilitate complete film formation.
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4.3.1.8 Capsule filling process
Coated beads were encapsulated in opaque yellow size 1 hard gelatin capsules to protect the product

from direct light and moisture. The use of capsules provided a carrier system for the CPT coated
beads. The capsules were hand-filled with weighed 250 mg quantity of coated beads equivalent to
50 mg CPT. The manual hand-filling process of weighed coated CPT beads was suitable for these
studies, although automated filling would be necessary if the product were to be manufactured on

a large scale.
43.2 Evaluation of coated CPT beads
4321 Yield

The yield was calculated as the average fraction (n=3) of coated beads retained between 0.80 and

1.25 mm and was presented as a percentage of the total bead weight retained after coating.

4322 Scanning electron microscopy (SEM)
The shape and surface morphology of the coated beads were investigated using SEM (VEGA

LMU® Scanning Electron Microscope, Tescan, Czechoslovakia Republic) and Secondary Electron
Imaging (SEI) (Jeol JXA 8230 Superprobe, Electron Probe Micro-Analyser, JEOL Ltd, Tokyo,
Japan). Images of 960 x 1280 pixels were produced using a scan/freeze time of 38.4 seconds. Prior
to the micrographs production samples were sputter-coated with gold (Balzers Union Ltd, Balzers,
Lichtenstein) for 30 minutes under 0.25 Torr vacuum pressure.The sputter coating was performed
in multiple steps to avoid partial melting of the coating prior to SEM and SEI analysis. The samples
were viewed at an accelerated voltage of between 15 and 20 kV and a probe current of 20 nA.

4.3.2.3 Aspect ratio (AR) and Sphericity
The shape of coated beads was determined using the SEM image analysis approach described in

84.3.2.2. The area (A), perimeter (p), minimum and maximum diameter (dmin and dmax) for each
coated bead particle were assessed. The aspect ratio (AR) and sphericity were derived from the data
and the AR was used to evaluate the shape of individual beads. The AR was calculated using

Equation 4.1.
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Aspect Ratio (AR) = % Equation 4.1
90

Where,

dmax =maximum Feret diameter of individual beads and

doo =Feret diameter perpendicular to dmax.
The Feret diameter of beads was measured using several different orientations to obtain maximum
and minimum values. The sphericity index for each batch was established by evaluating SEM
images of 10 beads and calculated using Equation 4.2.The sphericity or roundness is defined as the
ratio of the perimeter of a circle with an area equivalent to that of the bead image.

pZ

Sphericity = vy Equation 4.2

41T

Where,
p = perimeter and
A= area of the bead.
For a perfectly spherical shape the sphericity would be 1 and values for sphericity > 1.80 indicate

non-spherical or dumb-bell shaped particles.

4.3.2.4 Density
The bulk density was determined by pouring 20 g of beads into a 100 mL grade A graduated glass

cylinder that was held at an angle of 45 ° during filling. The cylinder was returned to a vertical
position and the volume occupied by the materials was recorded. The value for bulk density was
the quotient of the weight and volume occupied as described by Equation 3.1. The tapped density
of each batch of beads was determined with the aid of a Model SVM 203 tapped density tester
(Erweka GmbH, Heueastamm, Germany) operated at a rate of 200 taps per minute for two minutes.
The volume of the tapped beads was recorded after agitation and tapped density was calculated
using Equation 3.2 as described in 83.2.3.3. The HR and CI of the beads were calculated using
Equations 3.3 and 3.4. The measurement of each bulk density, tapped density, Cl and HR was
performed in triplicate. The AOR and flow properties of the beads were measured using the funnel
method, and 50 g of beads were allowed to flow through a funnel orifice of 1.0 cm. The AOR (n=3)
was calculated using Equation 3.5.
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4.3.2.5 Friability
An acceptable friability value is essential for beads prior to and following coating to withstand shear

stress during further processing or testing. The friability was determined (n=3) using an Erweka
friabilator (Erweka GmbH, Heueastamm, Germany) into which 10 g of beads and 200 glass beads
of 6 mm diameter were rotated at 25 rpm for 3 minutes [198]. After rotation the materials were
passed through a 180 mm sieve and the friability was calculated as the quotient of the geometric
mean bead size after testing and comparison to the values before testing. Friability values < 1 %

indicate the acceptance criterion following coating process.

4.3.2.6 Differential Scanning Calorimetry (DSC)
The thermal characteristics of an optimised formulation for CPT beads were elucidated using a

DSC-7 PerkinElmer Differential Scanning Calorimeter (PerkinElmer Inc., AG, USA). DSC scans
were conducted at a controlled heating rate of 10 °C/min over the temperature range 25 - 200 °C.
Samples with an initial weight of approximately 3 mg were sealed in an aluminium pan prior to
heating. Pyris™ Manager Software was used to analyse the resultant thermograms. An empty
aluminium pan was used as the reference. Each thermogram generated during the heating process
was acquired at 10 scans per revolution of 4 cm™. All DSC analyses were performed in triplicate in

an inert N> atmosphere supplied at a flow rate of 20 mL/min.

4.3.2.7 Infrared (IR) absorption spectroscopy
The IR absorption spectrum of the coated beads was generated using a Spectrum 100 FT-IR ATR

Spectrophotometer (PerkinElmer Inc., Massachusetts, USA). The spectra were acquired from
samples of coated beads pulverised using a mortar and pestle. An aliquot of the resultant powder
was placed on a diamond crystal and analysed over the range 4000 cm™ to 650 cm™ at a resolution
of 4 cm™,

4.3.2.8 Assay of CPT coated beads
Approximately 250 mg of each batch of coated beads were accurately weighed using Mettler

balance (Mettler Toledo Inc., Columbus, OH, USA). The weighed beads were ground to a fine
powder using a pestle and mortar. The pulverised powders were quantitatively transferred into an
A-grade beaker and dissolved in 100 mL of MeOH: water adjusted to pH 3.27 using 85 % v/v ortho-

phosphoric acid (49:51 % v/v). The solution was sonicated for 5 minutes using a Model B-12
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Ultrasonic bath (Branson Cleaning Equipment Co., Shelton, Connecticut, USA). A 5.0 mL aliquot
of each sample was filtered through a 0.45 pum HVLP Durapore® membrane filter (Millipore
Corporation, Ireland) and a 2.5 mL aliquot of the filtered solution was transferred into a 25 mL A-
grade volumetric flask containing 2.5 mL of an IS solution. The samples were made up to volume
with mobile phase and analysed using the validated HPLC method described in 82.5.5.

4329 Dissolution testing
Dissolution testing is used as quality control test for solid oral dosage forms and is integral to quality

assurance as in vitro performance may reflect in vivo release and highlight potential bioavailability
concerns [42]. Bioequivalence studies are used in the approval stages of dosage forms for market
authorisation and a major objective of dissolution testing is focused on establishing in vitro-in vivo
correlations where possible to assess whether dissolution testing can be used as a substitute
approach for bioequivalence studies [218]. The rotating basket (USP Apparatus 1) and paddle (USP
Apparatus 2) are robust, adequately standardised and require simple manipulation when performing
dissolution studies [218, 219]. Experimental difficulties may arise when a change in pH or a change
in sink conditions is required due to the single container nature of the basket and paddle apparatus
and the use of the reciprocating cylinder (USP Apparatus 3). Bio-Dis® has offered an alternative to
the use of USP Apparatus 1 and 2 and is gaining significance in testing extended-release dosage
forms as the media and test conditions can mimic pH conditions in the GIT [218, 219].

Approximately 250 mg of coated beads were filled into opaque yellow size 1 capsules and were
tested using Apparatus 3. A VanKel® Bio-Dis® (VanKel® Industries, New Jeysey, USA) was used
for dissolution testing of CPT bead batches. The temperature of the USP Apparatus 3 was controlled
with a digital controlled water circulation/heater (VanKel® Industries, New Jersey, USA) that was
set at 37 + 0.5 °C. The dosage forms were tested in 200 mL phosphate buffers of different pH and
the actual conditions are summarised in Table 4.2. Phosphate buffer (50 mM) was prepared by
pipetting 3.4 mL 85 % v/v ortho-phosphoric acid into a 1L volumetric flask and made up to volume
with HPLC grade water. The pH of the phosphate buffer was adjusted to a pH of 1.6, 3.4, 4.6, 6.8
and 7.2 using 0.1 M NaOH. The pH was measured using a Model GLP 21 Crison pH meter (Crison
Instruments, Johannesburg, South Africa) and 200 mL of buffered solution was transferred into

dissolution vessels for each test.
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Table 4.2 Dissolution conditions for USP Apparatus 3.

Parameter Value

Dissolution Medium 200 mL of 50 mM phosphate buffer

Dissolution Time Row pH Time in Medium
1 1.6 1
2 3.4 1
3 4.6 2
4 6.8 2
5 6.8 2
6 7.2 4

Temperature 37.0x0.5°C

Initial Volume 200 mL

Basket Dip Speed 10 dpm

Screen Size 177 um (Mesh Size 78)

Filter Size 0.45 pum

Volume Removed 2.5mL

Dissolution testing was performed at 10 dpm rate and samples of 2.5 mL were withdrawn and
filtered through a 0.45 um HVLP Durapore® membrane. Samples were collected after 1, 2, 4, 6, 8
and 12 hours exposure to the different media and CPT release was monitored using the validated
HPLC method described in §2.5.5.

4.3.2.10 Coating efficiency
The coated beads were weighed and the final yield established to assess coating efficiency. The

coating efficiency was calculated as the ratio of the actual weight of coated beads to theoretical
weight of coated beads and expressed as a percentage. Coating efficiency was therefore used as an
indicator of the coating end point and is described in Equation 4.3. The closer the coating efficiency

to 100 %, the more efficient the coating process is in uniformly coated beads.
Coating Ef ficiency (%) = % x 100 % Equation 4.3

Where,
a= actual weight of coated beads and
b= theoretical weight of coated beads.
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4.3.3 Statistical Analysis

4331 Experimental design
The use of experimental design approached is gaining recognition in the development of

pharmaceutical formulations as more than one of the variables influence quality attributes of dosage
forms that can be evaluated at the same time [106, 107]. The variables, also called factors, can be
qualitative or quantitative, whereas the responses are preferred to be within predetermined ranges
to achieve the desired quality attributes of a final product [109]. The use of RSM has an advantage
over the conventional one-factor-at-a-time (OFAT) approach, since the best possible solution can
be generated in minimum time with fewer resources [107]. However, as the number of input
variables increases, this approach is time and resource consuming [106, 107]. The use of statistical
design aids the simultaneous evaluation of important factors and possible interactions between them
that may affect the production and performance of formulations [220]. Properly designed

experiments assure the production of products with high quality attributes [107, 220].

4.3.3.2 Plackett-Burman Design
The Plackett-Burman experimental approach allows formulation scientists to ascertain key

formulation factors and process variables [106] required to produce, in this case, coated CPT beads
with the desired quality attributes following extrusion-spheronisation and subsequent coating. The
desired quality attributes can be set at maximum or minimum levels and the model constructed is
crucial to provide an approximate true relationship between the input factors and responses that are
monitored [106]. When considering the production of coated CPT beads a number formulation and
process variables must be assessed to minimise production challenges, such as agglomeration in
extrusion-spheronisation [201] or identifying the coating end-point to consistently achieve 100 %
coating efficiency for example [160]. A Plackett-Burman approach was used as it permits screening
of a large number of significant factors in a two level design with equal allocation of weighting
[221] while using a small number experiments with a balance in the design matrix by variation of
all factors, thereby making the design complete and efficient from resource perspective whilst

gaining a wealth of information [222].
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Crucial process and formulation factors deemed necessary for the development of coated beads
were identified from preliminarily studies and these data are summarised in Table 4.3. These input
parameters were used for the Plackett-Burman design that permitted a study of n factors in n+1 runs
with each factor weighted at low and high settings that correspond to coded values of -1 and +1
value [222] and the factors are simultaneously varied at different levels computationally [223]. Each
factor is tested the same number of times at the coded values [222, 223] to create an equal allocation
for each factor.There is consequently a balance between each and every pair of factors assessed
throughout the design and the responses had set constraints summarised in Table 4.3 to accept or

reject the models generated.

Table 4.3 Range and levels of independent input variables used for the Plackett-Burman design.

Levels
Input Factor -1 +1
X1=MCC (%) 40.0 50.0
X2=K100M (%) 15 25
X3=E4M (%) 15 25
X4=RS PO (%) 7.5 15
Xs=Extrusion Speed (rpm) 15 35
Xes=Spheronisation Speed (rpm) 1200 1800
X7=Residence Time (min) 3 6
Xg=Coating Temp (°C) 60 90
Xo=Atomizing Airflow Rate (m?/h) 115 130
X10=Spray Rate (g/min) 2 5
X11=Curing Temp (°C) 40 60
Output Response Constraints
Yi=Yield (%) 60<Y1<95
Y2=AOR (°) Y2< 30
Ys=Friability (%) Ys<I

Y4=AR
Ys=Sphericity

0.80<Y4<1.20
0.80<Y5<1.20

Ys=Cumulative % CPT released at 2 hours 20<Y6<30
Y7=Cumulative % CPT released at 6 hours 50<Y7<60
Ys=Cumulative % CPT released at 12 hours 80<Ys<100
Yo=Coating Efficiency (%) 80<Y <100

Accordingly, a Plackett-Burman design that required 12 design points was selected CPT-013 to
CPT-024. This reduced the number of experimental runs to a manageable level to permit the
evaluation of all significant factors likely to affect the ultimate quality of the CPT beads. The effects
of the different responses are computed mathematically using Equation 4.4.
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Y=0+X ,BiXi(i=1,2,3,4,___,k) Equation 4.4

Where,

Y = predicted response,

Bo = y-intercept,

Bi = linear regression coefficients for interaction effects,

Xix = experimental factors with k being the number of variables [107].
Eleven independent variables in twelve combinations were organised into a Plackett-Burman
design matrix as depicted in Table 4.4. The response variables for all model formulation and process
factors were analysed using Design-Expert® 8.0.4 software (Stat-Ease Inc., Minneapolis, USA).
The R? coefficients obtained for the analysis provides information about the impact of each
individual factor on the response measured. The tools used to help access the significance of each
factor included the use of p-values, normal plots, 2D contour plots or 3D response surface plots and

Pareto charts.
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Table 4.4 Plackett-Burman experimental design matrix representing the actual values for 11 independent variables.

Run Factor  Factor Factor3 Factor4 Factor5 Factor 6 Factor 7 Factor 8 Factor 9 Factor 10  Factor

M%:C K1§OM E4M RSPO  Extrusion Spheronisation Residenc Coating Atomising Spray Culrling

(%) (%) (%) (%) Speed Speed e Time Temp AFR Rate Temp

(rpm) (rpm) (min) ) (m®/h) (g/min) )

CPT-013 40.0 15 15 7.5 15 1200 3 60 115 2 40
CPT-014 50.0 15 25 15 35 1200 60 130 2 60
CPT-015 50.0 25 15 15 35 1800 3 60 115 5 40
CPT-016 50.0 25 25 7.5 15 1200 6 60 130 5 40
CPTO17 40.0 25 25 15 15 1200 3 90 115 5) 60
CPT-018 40.0 15 15 15 15 1800 6 60 130 5) 60
CPT-019 50.0 15 15 7.5 35 1200 6 90 115 5) 60
CPT-020 40.0 15 25 7.5 35 1800 3 90 130 5 40
CPT-021 40.0 25 15 15 35 1200 6 90 130 2 40
CPT-022 50.0 15 25 15 15 1800 6 90 115 2 40
CPT-023 40.0 25 25 7.5 35 1800 6 60 115 2 60
CPT-024 50.0 25 15 7.5 15 1800 3 90 130 2 60
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4.4 RESULTS AND DISCUSSION

44.1 Process variables
The effect of extrusion speeds of 15, 25 and 35 rpm on yield and sphericity was performed in

triplicate to CPT-001 reference formulation composition. CPT-001 comprised of 20 % CPT
payload, 40 % MCC, 15 % Methocel® K100M, 7.5 % Methocel® E4M, 15 % Eudragit® RS PO

and 2.5 % talc. The results are summarised in Table 4.5.

Table 4.5 Effect of extrusion speed on yield and sphericity.
Extrusion Speed (rpm)

15 25 35
%Yield 76.91+3.46  88.39+4.18 80.84+3.85
Sphericity 1.19+0.68 1.21+0.52 1.18+0.44

The results reveal that the sphericity value was almost identical when the extrusion speed was
increased and these results are consistent with previously reported data [203] in which extrusion
speed was found not to have a significant effect on the shape, size and size distribution of beads.
The effect of spheronisation speeds on yield and sphericity was performed in triplicate to to CPT-

001 formulation composition and the results are summarised in Table 4.6.

Table 4.6 Effect of spheronisation speed on yield and sphericity.

Spheronisation Speed (rpm)
600 900 1200 1500 1800

% Yield 54.87+5.97 66.71+6.99 74.87+7.02 72.93+6.72  79.12+5.07
Sphericity 2.08+0.79 1.96+0.48 1.46+0.57 1.27+0.38 1.24+0.35

The results show that the sphericity value is approaching 1 with an increase in spheronisation speed
with a constant 6 minute residence time. Lower spheronisation speeds led to the production of
dumb-bell shaped beads due to low energy input. However, at higher spheronisation speeds

sufficient energy to convert extrudates into spherical beads was generated.
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The SEM pictogram depicted in Figure 4.6 A reveals that during spheronisation cylindrical
extrudates of CPT-001 are rounded at the edges to form dumb-bell like units harvested at 3
minutes. Increasing the residence time of these materials produces spherical beads as depicted in
Figure 4.6 B harvested at 6 minutes. Therefore this formulation produces beads as suggested in

the model developed by Rowe [137].

— 100pm JEOL 10/9/2012 100pm JEOL 10/9/2012
15.0kV SEI NOR WD 11.3mm 13:00:35 3 15.0kV SEI NOR WD 11.3mm 12:08:15

Figure 4.6 SEM images showing dumb-bell like beads harvested at 3 minutes (A) and spherical
beads after spheronisation (B) harvested at 6 minutes.

A relatively short residence time of approximately six (6) minutes was sufficient to produce a
maximum yield of beads with acceptable sphericity and longer residence times of > 10 minutes
did not appear to improve the sphericity of bead and resulted in a wide bead size distribution and

agglomeration.

The lack thereof of SR commercial formulations in South Africa prompted the development of
bead dosage form to modulate CPT release to provide a SR effect. The intent of formulation CPT-
001 considered as the reference product was to provide guidance to manufacture coated CPT beads
with the desired quality attributes following extrusion-spheronisation and coating. The use of batch
CPT-001 as a reference product was intended to minimise wastage of excipients particularly and
to screen formulation and process variables investigated using a Plackett-Burman experimental
design. The SR effect and quality attributes were assessed against the guidelines stipulated in the
USP for SR effects [218]. Amounts of excipients in CPT-001 were blended for 20 minutes and 10
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% SSC used to granulate the powders. The granules are extruded at 25 rpm extrusion speed and
spheronised at 1500 rpm for 6 minutes residence time. Wet beads are dried in a fluidized bed
processor for 25 minutes and coated using 15 % SSC dispersions at a rate of 2 g/min. The coating
temperature is 40 °C and cured at 40 °C for 1 hour. In vitro CPT release of CPT-001 reference
bead dosage form using the USP Apparatus 3 system in triplicate (n=3) generated the release

profile Figure 4.7.

100 -
90 -
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40
30
20
10
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=—CPT-001

Cumulative % CPT release

Time (hours)

Figure 4.7 In vitro dissolution profiles of CPT release from CPT-001.

The in vitro release profile of reference CPT-001 depicted in Figure 4.7 reveal 21.7 % of CPT
release at 2 hours, 68.8 % release at 6 hours and 85.6 % released at 12 hours. It is evident that
CPT-001 comply with USP pharmacopeia [218] which stipulates that a dissolution profile for
modified and SR formulations should exhibit at least 20 - 30 % of an API in 2 hours, at least 50 %
in the middle percentile range and at least 80 % after 12 hours. The reference formulation was
used for statistical comparison to evaluate the release profiles of CPT from experimental runs and

optimized batches.
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4.4.2 Plackett—-Burman design
The outputs monitored for the Plackett-Burman experimental design were percent yield, AOR,

friability, AR, sphericity, coating efficiency and percent CPT released at 2, 6 and 12 hrs. The
results are summarised in Table 4.7. All batches of CPT beads were manufactured to have a 20 %
w/w payload with a fixed concentration SSC (10% w/w) added as appropriate and coated with a
15 % w/w SSC to a target weight gain of 20 %. Talc was used to improve the flow properties of
the beads due to the cohesive nature of the tacky wet mass and was added to the formulation prior
to extrusion. The significance of the each response was tested using the ANOVA function of
Design-Expert® 8.0.4 software program (Stat-Ease Inc., Minneapolis, USA) and the resultant
responses are summarised in Table 4.8. The significant response models included yield, AR,

sphericity, coating efficiency and cumulative percent CPT release at 2 and 12 hrs.
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Table 4.7 Responses observed using a Plackett-Burman experimental design.

Run Y1 Y2 Y3 Ys Ys Ys Y7 Ys Yo
Yield AOR Friability AR Sphericity Cumulative % Cumulative % Cumulative % Coating
(%) °) (%) CPT released at CPT released at  CPT released at Efficiency
2hrs 6hrs 12hrs (%)
CPT-013 7041 28.5 0.79 1.27 1.43 45.4 72.1 88.8 82.4
CPT-014 91.38 25.1 1.31 1.23 1.41 43.5 67.2 88.3 97.9
CPT-015 75.13 29.5 0.92 1.02 1.17 38.8 82.8 95.6 86.1
CPT-016  74.39 30.5 0.86 1.22 1.29 33.0 72.9 84.9 89.1
CPT-017 7441 26.7 0.99 1.04 1.14 19.4 59.7 78.4 78.7
CPT-018 87.69 28.3 0.53 0.91 1.29 24.5 70.2 86.5 90.7
CPT-019 81.86 21.3 0.89 0.81 1.31 30.5 69.5 92.8 76.4
CPT-020 69.21 321 0.92 1.08 1.17 34.6 69.9 934 92.1
CPT-021 85.85 28.3 0.43 0.91 1.27 40.0 69.2 86.5 98.6
CPT-022 84.78 311 0.52 0.98 1.01 51.1 81.2 99.7 84.6
CPT-023 81.85 30.3 0.56 1.01 0.98 24.6 70.2 89.7 83.1
CPT-024 8381 29.4 0.43 1.06 1.18 28.5 75.4 98.2 98.4

Table 4.8 ANOVA: Model fit summary for coated beads.

Source Y1 Y2 Y3 Ya Ys Ys Y7 Ys Yo
Yield AOR Friability AR Sphericit Cumulative % Cumulative %  Cumulative % Coating
(%) °) (%) y CPT released at CPT released at CPT released at  Efficiency

2hrs éhrs 12hrs (%0)

Model 0.028 0.108 0.149 0.031 0.046 0.033 0.092 0.027 0.014

SS* 562 95.2 0.799 0.214 0.215 1004 401 562 635

Sp** Significan Not Not Significan  Significan Significant Not Significant Significant

t Significant  Significan t t Significant

t

*Sum of Squares, ** Significance of parameter
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4421 Yield
The percentage yield of coated beads achieved using an experimental design approach ranged

between 69.21 and 91.38 %. The use of sieving to evaluate production efficiency was simple, cost
effective and rapid, despite the potential of screen skewing to alter bead shapes. Usually a process
yield > 80 % is acceptable with values greater than 95 % most preferred. However, lower yields
of 60 % are acceptable for establishing cost-effective production of coated beads and is indicative
of the successful application of extrusion-spheronisation. The range of 60 — 95 % vyield was
observed in the experimental desgn. ANOVA responses for the percent yield are summarised in
Table 4.9.

Table 4.9 ANOVA data for % yield.

Source Sum of Squares  p-value (Prob > F)

Model 561.82 0.0279 Significant
X1-MCC 40.08 0.0271 Significant
X2-K100M 8.15 0.0597

X3-E4AM 6.35 0.0676

X4-RS PO 1185 0.0157 Significant
Xs-Extrusion Speed 7.99 0.0603

Xe-Spheronisation Speed 1.45 0.1397

X7-Residence Time 85.71 0.0185 Significant
Xo-AFR 47.56 0.0248 Significant
Xio-Spray Rate 104.37 0.0167 Significant
X11-Curing Temp 141.66 0.0144 Significant
Residual 0.072 1 0.072
Cor Total 561.89 11

Std. Dev. 0.27 R? 0.9999
Mean 80.06 Adj R? 0.9986
CV.% 0.34 Pred R? 0.9815
PRESS 10.38 Adeq Precision 85.649

These results suggest that the main effects of model process optimization can be used to fit data
from the design matrix, as indicated by a p value of < 0.05. The predicted R? value of 0.9815 was
in reasonable agreement with the adjusted R?value of 0.9986, with eleven degrees of freedom. The
linear model terms for % w/w MCC (X1), % Eudragit® RSPO (X4) residence time ( X7), AFR (Xo),
spray rate (X10) and curing time (X11) were significant. The adequate precision was > 4 and the R?
of 0.9999 indicating that the data can be described adequately by a linear mathematical model and

can be used to navigate this design space.
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These results were further supported by evaluation of the predicted versus actual normal

probability plot, with most points distributed in a straight line as depicted in Figure 4.8.
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Figure 4.8 Actual responses versus predicted response plot for % yield.

The linear regression equation for the % yield in terms of the actual factors can be described using
Equations 4.5:
Yield =+80.06 + 1.83*MCC - 0.82*K100M - 0.73*E4M + 3.14* Eudragit® RSPO + 0.82*

Extrusion speed + 0.35*Spheronisation Speed + 2.67*Residence time + 1.99*Atomising air flow
rate - 2.95*Spray rate + 3.44*Curing temp Equation 4.5

The contour and 3D-surface response plots for percent yield as a function of Methocel® K100M
and Methocel® E4M content are depicted in Figures 4.9 A and B. The plots show relatively high
percent yield > 84 % for all batches manufactured. Formulations in which the higher molecular
weight HPMC K100M at high levels led to the formation of wet sticky mass and the extrudate had
a “shark skin” morphology, which resulted in the production of fines and consequently a decrease
in the yield of beads in the desired size range. The wet mass had tendency to adhere to walls and/or

friction plate of the extruder leading to agglomeration into particles of large and unacceptable size.
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Figure 4.9 A) Contour plots showing the effect of Methocel® K100M and E4M on the % yield

(Ya).
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Figure 4.9 B) Response surface plot depicting the effect of Methocel® K100M and E4M on the %

yield (Y2).
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The response surface plot of percent yield as a function of spheronisation speed and residence time
is depicted in Figure 4.10. An increase in the speed of spheronisation while maintaining a constant
residence time resulted in an increase in the yield whereas longer residence times resulted in a
decreased yield. Longer residence times tended to increase particle-to-particle interactions,
resulting in the formation of agglomerates and oversized beads that consequently decrease the
yield of beads of the target size. Cohesive and destructive forces are involved in the spheronisation
process and an increase in residence time limits bead growth and results in a decrease in the

average bead diameter, as indicated by the decrease in yield of beads in the desired range [152].
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Figure 4.10 Response surface plot showing effect of spheronisation speed and residence time on
% yield (Y1).

4422 Scanning Electron Microscopy (SEM)
SEM images permits the visualisation of changes in the characteristics of the beads, including

parameters such as shape and texture, as experimental conditions are varied. SEM illustrates the
presence of discrete, spherical or oval beads that appear to have rough surface prior to coating as
depicted in Figure 4.11 A.
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SEM MAG: 100 x HY: 20.00 kv —_ ) SEM MAG: 180 x Hy: 20.00 kv )
VAC: Hivac DET: SEDetector 500 pm Vega ©Tescan VAC: Hivac DET: SEDetector 200 pm Vega ©Tescan
DATE: 072012 Device: VG1760481J Rhodes University SEM DATE: 0712012 Device: VG1760481J Rhodes University SEM

L 100pm JEOL 10/9/2012 100pm JEOL 10/8/2012
15.0kV SEI NOR WD 11.3mm 12:41:25 b NOR WD 11.3mm 12:50:24

— 10pm  JEOL 10/9/2012
15.0kV SEI NOR WD 11.3mm 13:31:19

Figure 4.11 SEM images showing an uncoated bead (A), a cross-section of an uncoated bead
(B), a coated bead (C), a cross-section of a coated bead (D) and a magnified coated surface of a
bead (E).
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The cross-section of an uncoated CPT bead depicted in Figure 4.11 B reveals that the bead is
spherical in shape and has visible pores with a compact matrix around the peripheral regions. The
quality of the coating layer inspected using SEM image shown in Figure 4.11 C reveals the
presence of a smooth coat. The use of the 121 mm Wiirster insert in a fluidised bed dryer facilitated
the uniform deposition of the coat resulting in beads with a smooth surface. The cross-section of a
coated bead depicted in Figure 4.11 D permits visualisation of the porosity difference between the
core and the coat. The cross-section of the coated bead reveals the core and polymer coating layer
are uniform and the coat is likely to control CPT release. The coating layer formed by coalescence
of ethylcellulose in the presence of a plasticiser and stabiliser results in the formation of a compact
film that is less friable with fewer when compared to the uncoated beads. At higher magnification
the coating layer depicted in Figure 4.11 E is clearly shown to have fewer pores and smooth surface

with a limited number of irregularities.

4423 Aspect Ratio (AR)
The shape of the beads was evaluated using the AR and sphericity. The determination of the AR

requires the measurement of the Feret diameter of beads from all possible orientations from an
image of that bead, unlike establishing sphericity that ultimately compares the shape of the bead
to a circle [203]. Bead shape in multi-particulate dosage forms is critical to ensure uniformity of
coating and filling processes. The value for AR for all batches ranged between from 0.81 - 1.27 as
summarised in Table 4.7, indicating that minor deviations occurred when the process parameters

were altered, despite the beads being visually assessed as spherical.
ANOVA data for the AR indicate that the model was significant with a p-value < 0.05 and a

reasonably good correlation adjusted R? value of 0.9983, which was in close agreement with the

predicted R? value of 0.9776 as summarised in Table 4.10.
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Table 4.10 ANOVA data for Aspect Ratio and Sphericity.

Aspect Ratio Sphericity
Source Sum of p-value Source Sum of p-value
Squares Squares
Model 0.21 0.0307 Significant | Model 0.22 0.0459 Significant
X1-MCC 8.33E-04 0.1257 X1-MCC 6.75E-04 0.2048
Xs-E4M 0.028 0.0219 Significant | X2-K100M 0.029 0.0323 Significant
X4-RS PO 0.011 0.0353 Significant | X3-E4M 0.035 0.0294 Significant
Xs-Extrusion Speed 0.015 0.0303 Significant | X4-RS PO 4.08E-04 0.2578
Xes -Spheronisation Speed 0.015 0.0303 Significant | Xs-Extrusion Speed 7.50E-05 0.5000
X7-Residence Time 0.062 0.0148 Significant | Xe-Spheronisation Speed 0.092 0.0182 Significant
Xs-Coating Inlet Temp 0.051 0.0163 Significant | X7-Residence Time 0.01 0.0544
Xo-AFR 6.53E-03 0.0454 Significant | Xs-Coating Inlet Temp 0.02 0.0389 Significant
Xio-Spray Rate 0.012 0.0335 Significant | Xe-AFR 0.027 0.0335 Significant
X11-Curing Temp 0.015 0.0303 Significant | Xio-Spray Rate 6.75E-04 0.2048 Significant
Residual 3.33E-05 1 3.33E-05 | Residual 7.50E-05 1 7.50E-05
Cor Total 0.21 11 Cor Total 0.22 11
Std. Dev. 5.77E-03 R? 0.9998 Std. Dev. 8.66E-03 R? 0.9997
Mean 1.05 Adj R? 0.9983 Mean 1.22 Adj R? 0.9962
CV.% 0.55 Pred R? 0.9776 CV.% 0.71 Pred R? 0.9498
PRESS 4.80E-03 Adeq 83.217 PRESS 0.011 Adeq 53.669
Precision Precision
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The model can therefore be used to describe the data and optimise the manufacture of coated beads
containing CPT. The composition of Methocel® E4M, Eudragit® RSPO, extrusion speed,
spheronisation speed, residence time, inlet temperature during coating, AFR, spray rate and curing
time were significant model terms. The linear regression equation for AR in terms of actual factors

is listed as Equation 4.6:

Aspect Ratio = +1.05 +8.33E-003*MCC +0.048*E4M -0.030* Eudragit® RS PO -0.035*Extrusion
speed -0.035*Spheronisation speed -0.072*Residence time -0.065*Coating inlet temperature
+0.023*Atomising air flow rate -0.032*Spray rate -0.035*Curing temperature

Equation 4.6

A Pareto bar chart (Figure 4.12) was used to rank independent, but related factors in decreasing
order of significance in respect of the AR. The principle developed by Pareto [223] permits
separation of significant from trivial terms that may influence a response. In this case the purpose
was to improve the AR. The parameter that has the greatest effect on the AR was residence time

and all spheronisation process parameters had some influence on bead shape and the AR.
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Figure 4.12 Pareto chart showing the impact and rank of independent terms in respect of AR.
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The response surface plot of AR in terms of spheronisation and residence time is depicted in Figure
4.13. An increase in the spheronisation speed resulted in more spherical shaped beads. This was
due to higher energy resulting in fragmentation of extrudate through interaction with the frictional
plate, subsequently rounding the fragments into beads through particle to spheroniser wall and

particle-to-particle interactions.
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Figure 4.13 Response surface plot showing effect of spheronisation speed and residence time on
AR.

4424 Sphericity
The sphericity parameter compares the perimeter of beads to that of a circle of equivalent area

[203] and the more irregular the shape of the bead, the longer is its perimeter and the lower the
sphericity value for that bead. The sphericity values for the bead manufactured in these studies
range from 0.98 to 1.43 and the data are summarised in Table 4.7. The results suggest that beads
from most batches were spherical, and values for sphericity > 1.80 indicate the presence of a

dumbbell shaped product.
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The model design was checked for appropriateness using sequential sum of squares, correlation
values and press statistic (Table 4.10). ANOVA data for the linear model for sphericity suggest
that the model is significant and correlated well with the adjusted R? of 0.9962. The Methocel®
K100M and Methocel® E4M composition, spheronisation speed, inlet coating temperature and
AFR had a significant influence of the sphericity of the beads.

The regression equation for beads sphericity in terms of the actual factors is summarised in
Equations 4.7:

Sphericity = + 1.22 + 7.500E-003*MCC - 0.049*K100M - 0.054*E4M - 5.833E-003* Eudragit®

RS PO - 2.500E-003*Extrusion speed - 0.087*Spheronisation speed - 0.029* Residence time -

0.041*Coating inlet temperature + 0.047*Atomising air flow rate +7.500E-003*Spray rate
Equation 4.7

A contour plot revealing the impact of Methocel® K100M composition and and spheronisation

speed on sphericity is depicted in Figure 4.14.
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Figure 4.14 Contour plot showing effect of Methocel® K100M and spheronisation speed on
sphericity.
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A contour plot depicting the impact of Methocel® E4M and spheronisation speed on sphericity is
depicted in Figure 4.15.
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Figure 4.15 Contour plot showing effect of Methocel® E4M and spheronisation speed on
sphericity.

Increasing the amount of either Methocel® K100M or E4M at a constant spheronisation speed
resulted in a decrease in the overall sphericity of the beads. Increased amounts of HPMC resulted
in an increase in the tackiness of the wet mass and produced rough and irregular shaped beads that
exhibited a characteristic “shark skin” extrudate prior to Spheronisation that causes beads to break
unevenly during spheronisation. An increase in the spheronisation speed did not necessarily
increase mechanical forces to a sufficient level to facilitate fracture and eventual rounding of the
extrudate.
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4425 Dissolution test

44251 Effect of different levels of granulating fluid
During spheronisation moisture from the granulating fluid migrates towards the surface of the

particles and provides additional plasticity capacity to round the beads [137]. The strength of
agglomerates during wet massing depends on the liquid saturation level in a uniformly blended
powder mixture and that strength can be increased following the addition of more adhesive and
viscous binders such as ethylcellulose that form solid bridges due to capillary effects during the
granulation process [207]. During the drying phase in which solvent(s) is/are completely removed
via evaporation the mechanical strength of the bead is primarily due to the formation of solid
bridges between the particles [137, 207].

To investigate the effect of different amounts of granulation fluid on CPT content an assay for
CPT content in beads was undertaken and the results are summarised in Table 4.11. The assay
results indicate that the percent CPT recovered from 250 mg of the coated CPT beads theoretically
equivalent to 50 mg of CPT.The actual amount recovered is approximately equal to the predicted
label claim. The low standard deviations indicate the CPT is uniformly distributed in the batches

tested and provide an indication that dose uniformity is likely.

Table 4.11 Content uniformity of CPT beads manufactured to different granulation level.

Sample % SSC  Theoretical Amount of CPT  *Analysed Amount *SD %
Number present per 250mg beads (mg) of CPT (mg) + Recovery
CPT-003 5 50 49.1 2.47 98.2
CPT-004 10 50 49.2 0.641 98.4
CPT-005 15 50 48.7 0.408 97.4
CPT-006 20 50 49.4 0.832 98.8

*Mean and SD is for six determinations.

The release profiles of CPT from coated beads using purified water (control- CPT-002) and

different levels of SSC as the granulating fluid using the dissolution conditions described in
84.3.2.9 are depicted in Figure 4.16.
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Figure 4.16 Release profiles of CPT from beads granulated with purified water (control) and
different levels of SSC.

The percent CPT released in batch manufactured using purified water released 55 % within the
first two hours of testing. This shows the burst effect usually associated with high water solubility
compounds and that can diffuse rapidly across the matrix and through pores in the coating and
dissolve immediately once in contact with the dissolution medium prior to formation of an
extensive gel layer. The initial burst release appears to be followed by slow release of CPT for the
balance of the test period. In order to reduce the burst effect and develop a SR system for a water
soluble drug, such as CPT, Surelease® coatings or inclusion as a binder may suppress the initial
burst effect. Surelease® contains ethylcellulose dispersions with the aqueous solvent completely
removed via evaporation during the curing process to form a thin film membrane around the bead
core formed with solid bridges of ethylcellulose particles. Furthermore, the presence of film
membrane around the bead core may enhance the stability of the bead formulation, since CPT

degrades in water to form captopril disulphide.
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MCC facilitates the extrusion of granulations with minimal resistance and limited heat due to
friction resulting in the formation of even fragments of extrudate that can easily be spheronised.
In addition since MCC exhibits good wetting properties and readily liberates granulating fluid that
can be used as a lubricant during the spheronisation process [129, 142, 202]. The use of Surelease®
dispersion as granulating fluid can therefore result in polymer deposition, increased cohesiveness
and the production of fewer fines.

Increasing the amount of SSC from 5 % w/w to 20 % w/w resulted in a decrease in the rate of CPT
release. Moreover, the cumulative amount of CPT released was considerably lower at higher levels
of SSC. The releaseof CPT from formulation with a lower level of SSC was more variable, as
depicted in Figure 4.16. At lower SSC levels, the amount of ethylcellulose present is less, and this
creates a less homogenous dispersion of the polymer in the granules resulting in pockets of more
erodible materials that create erratic release. At higher SSC levels, the degree of homogeneous
dispersions increase and the release rates depend not only on the solubility, but also on the

polymer/dissolution medium partition coefficient [161].

44252 Dissolution testing of bead formulations
The percent CPT release after 2 and 12 hours were selected as dependent variables since the p

value for these parameters were < 0.05 and therefore these terms reflect that the model is
significant and can be used to navigate the design space. The USP pharmacopeia [218] stipulates
that a dissolution profile for modified and sustained release formulations should exhibit at least 20
- 30 % of an API in 2 hours, at least 50 %in the middle percentile range and at least 80 %after 12

hours. These limits were used for the purposes of assessing CPT release at 2, 6 and 12 hours.

The pH of the dissolution media was based on physiological pH of sites located along the GITand
the duration exposure of dosage forms to each pH was based on published transit times through
the GIT [218, 219]. USP Apparatus 3 is useful for assessment of bead type modified release dosage
forms since information on multi-unit dosage performance at three time points are readily
obtained. This permits the characterisation of in vitro release with a change of dissolution medium
[218]. Multiple time point data is essential for approval purposes in relation to assessment of the

percent released at all times to futher permit evaluation of dose dumping characteristics [219].
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The dissolution profiles of CPT beads generated for each batch manufactured for the experimental
design are depicted in Figures 4.17 and 4.18. The impact of different input factor combinations
resulted in different release profiles for CPT. The cumulative percent CPT released at 2 hours (Y')
ranged from 24.5 % to 51.1 % and 12 hours (Yg) ranged from 78.4 % - 99.7 %.
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Figure 4.17 Dissolution profiles of CPT for batches 1-6 (CPT-013-CPT-018).
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Figure 4.18 Dissolution profiles of CPT for batches 7-12 (CPT-019-CPT-024).
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44253 Percent drug release at second hour
ANOVA data obtained for CPT release at 2 hours revealed a p value of 0.0336, suggesting that
the model was significant to fit the Plackett-Burman design space.The results of modelling are

summarised in Table 4.12.
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Table 4.12 ANOVA of percent CPT released at 2 and 12 hours.

2" hour 12™ hour
Source Sum of p-value Source Sum of p-value
Squares Squares

Model 1004.2 0.0336 Significant | Model 561.82 0.0279  Significan
t

X1i-MCC 113.47 0.0259 Significant | X1-MCC 40.08 0.0270  Significan
t

X2-K100M 171.01 0.0211 Significant | X2-K100M 8.15 0.0203  Significan
t

Xs4-RS PO 35.71 0.0461 Significant | X3-E4M 6.35 0.0144  Significan
t

Xs-Extrusion Speed 8.50 0.0939 X4-RS PO 118.5 0.0157  Significan
t

Xe-Spheronisation Speed 7.84 0.0977 Xs-Extrusion Speed 7.99 0.0676

X7-Residence Time 3.52 0.1444 Xe-Spheronisation Speed 1.45 0.1397

Xs-Coating Inlet Temp 2.71 0.1638 X7-Residence Time 85.71 0.0597

Xo-AFR 2.71 0.1638 Xo-AFR 47.56 0.0248  Significan
t

Xio-Spray Rate 227.94 0.0183 Significant | Xio-Spray Rate 104.37 0.0167  Significan
t

X11-Curing Temp 430.8 0.0133 Significant | X11-Curing Temp 141.66 0. 0354  Significan
t

Residual 0.19 1 0.19 Residual 0.072 1 0.072

Cor Total 1004.39 11 Cor Total 561.89 11

Std. Dev. 0.43 R? 0.9998 Std. Dev. 0.45 R? 0.9985

Mean 34.49 Adj R? 0.9979 Mean 71.69 Adj R? 0.9945

CV.% 1.26 Pred R? 0.9731 CV.% 0.63 Pred R? 0.9761

PRESS 27 Adeq 76.463 PRESS 9.85 Adeq 60.019

Precision Precisio
n
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A value of probability < 0.05 indicates that the model terms were significant. In this case the
composition of MCC, Methocel® K100M and Eudragit® RS PO, spray rate and curing temperature
were established as significant model terms. The equation for the percent CPT released at 2 hours

in real terms is listed in Equation 4.8:

Cumulative % CPT Released at 2 hours (Ys) = + 34.49 + 3.08*MCC - 3.77*K100M + 1.73*
Eudragit® RS PO + 0.84*Extrusion speed - 0.81*Spheronisation speed -0.54*Residence time -
0.48* Coating inlet temperature - 0.48*Atomizing air flow rate - 4.36*Spray rate - 5.99*Curing
temperature Equations 4.8
The initial burst effect characteristic of SR dosage forms manufactured with water soluble
compounds can be controlled by manipulation of the content of different grades of HPMC and
application of a coat to the beads. The formulation composition and coating process parameters
were investigated in an attempt to reduce the burst effect for CPT. The effect of release modifying
polymers content on CPT released at 2 hours is illustrated as a contour plot in Figure 4.19. The
percent CPT released decreases with an increase from 15 - 25 % w/w HPMC K100M with the
content of HPMC E4M is constant. In contrast changing the amount of HPMC E4M in the
formulation has no impact on CPT release suggesting that only HPMC K100M may reduce the
extent of burst release of CPT due to the increased viscosity of the higher grade HPMC polymer.
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Figure 4.19 Contour plot depicting the effect of Methocel® K100M and Methocel® E4M on CPT
release at 2 hours.
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The rate-limiting step for CPT release at 2 hours is the rate of dissolution medium into the core of
the bead across the ethylcellulose coat and polymer composition of the bead. The contour plot
depicted in Figure 4.20 depicts influence of coating parameters in controlling the initial burst
effect. An increase in the spray rate decreased the amount of CPT released at 2 hours, possibly as
a result of the increased spray rate producing smaller droplets of the coating dispersion and their
subsequent deposition on the surface of the bead. Surface deposition of small droplets sprayed
rapidly is associated with the production of thicker coats that may retard liberation [157]. The
application Surelease® onto the surface of the beads retards CPT release and prevents the initial

burst effect of CPT due to the presence of this permeable film.
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Figure 4.20 Contour plot depicting the effect of spray rate and curing temperature on
cumulative percent CPT released at 2 hours.

44254 Percent CPT released at 12 hours
Model adequacy was assessed for the percentage CPT released at 12 hours and the model had a p

value of 0.0279, indicating that the model was significant and that the data can be navigatedin the
design space. The data are summarised in Table 4.12. The model generated significant terms with
p values > 0.05 for the amount of MCC, HPMC K100M, HPMC E4M, Eudragit® RS PO and the

process parameters AFR, spray rate and curing time.
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The equation for percent CPT released at 12 hours in specific terms is described in Equations 4.9:

Cumulative % CPT released at 12 hours (Ys) = + 66.22 — 1.58*MCC - 13.38*K100M —
19.36*E4M — 1.12*Eudragit® RS PO + 2.61*Extrusion speed + 2.78*Spheronisation speed +
0.86*Residence time - 0.86*Atomizing air flow rate + 0.04*Spray rate + 0.76*Curing
temperature Equations 4.9

The contour plot depicted in Figure 4.21 reflects that the products comply with an acceptance
criterion of 80 % CPT release at 12 hours. As the composition of HPMC K100M and HPMC E4M
is increased, the rate of CPT release retarded, possibly due to an increase in the diffusion path
length for CPT within the hydrated matrix within the beads. HPMC is a non-ionic polymer
hydrates rapidly to form a viscous gel layer to produce swelling-controlled release systems. In the
dissolution media the matrix materials within the coated beads hydrate and the rate limiting step
for release at 12 hours is the rate of formation of a partially hydrated gel layer at the surface of the
bead between the ethylcellulose coat and core materials. Consequently, the highly viscous gel

forms a matrix that retards the release of the entrapped CPT.
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Figure 4.21 Contour plot depicting the effect of Methocel® K100M and E4M on cumulative
percent CPT released after 12 hours.

An increase in the amount of Eudragit® RS PO from 7.5 to 15 % w/w in the formulation resulted
in a decrease in the cumulative percentage CPT released at 12 hours (Figure 4.22). The impact of
this polymer may be due to the presence of insoluble quaternary ammonium functional groups that
are less porous than other polymers, reducing effective CPT diffusion resulting in slower release.
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Figure 4.22 Contour plot depicting the effect of Methocel® K100M and Eudragit® RS PO on
cumulative percent CPT released at 12 hours.

4.4.2.6 Coating

4426.1 Effect of different coating levels
The release profiles of CPT from uncoated beads exhibited a burst effect and to ensure that

sustained release was possible, preliminary studies were undertaken to evaluate the effect of
different coating levels on release. The CPT beads were coated to 15 %, 20 % and 25 % weight
gain (CPT-007 — CPT-009) and the resultant dissolution profiles are depicted in Figure 4.23.
Uncoated CPT beads released CPT rapidly with at least 50 % of the dose released within the first
two hours of testing. The addition of an ethylcellulose coat and increasing the level from 15 to 25
% resulted in reductions in the rate and extent of CPT release since an increase in the level of
coating creates a larger physical barrier between the core bead, reducing water penetration and
delaying water uptake and producing a slow rate of release of CPT. Beads coated to a target 20 %
weight gain release approximately 27 % CPT at 2 hours, which is within the range set for a
modified release profile that is recommended in the USP [218, 219].
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Figure 4.23 Effect of different levels of coating level on CPT release.

44.26.2 Curing
During coating processes coating materials are deposited on the surface of beads and the efficiency

of the process is a function of inlet temperature, which initiates evaporation of the carrier solvent,
the atomising air flow rate that modulates pneumatic mass transport within the chamber and the
spray rate the coating dispersion. The release rate of CPT from beads coated at 60 °C and cured at
40 °C for 0 (CPT-010), 1 (CPT-011) and 2 hours (CPT-012) are depicted in Figure 4.24 and these
results indicate that the amount of CPT released decreases as the duration of curing increases, and
is due to improved coalescence of coating polymer on the surface of the beads during the curing

process.
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Figure 4.24 Effects of curing time on CPT release.

The formation of film coats is often only completed after completion of a curing process in which
complete coalescence of the coating polymers on the substrate eventually leads to the development
of a smooth and homogeneous coat [35]. An increase in the curing time therefore facilitates
complete coalescence of the membrane through evaporation of the aqueous phase via capillary
forces, resulting in the formation of a less permeable membrane that reduces CPT release or water

uptake.

4.4.26.3 Coating efficiency
Coating operations are complex procedures in which the efficiency of the process may be affected

by many factors. The efficiency of the coating process was evaluated by assessing the physical
appearance of the coated beads and the weight gained relative to the theoretical weight gain. The
coating efficiency of all 12 batches ranged between 76.4 % and 98.6 % as the data are summarised
in Table 4.7. Of the individual input process variables, the AFR and spray rate had a more

significant effect on coating process as illustrated, in the Pareto chart depicted in Figure 4.25.
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Figure 4.25 Pareto chart depicting the significance and rank of independent terms on coating

efficiency.

The results of ANOVA analysis for coating efficiency are listed in Table 4.13 and the model was

found to be significant with a predicted R? value of 0.9953, which was in close agreement to the

adjusted R? value of 0.9996.

Table 4.13 ANOVA data for coating efficiency.

Source Sum of Squares p-value

Model 635.04 0.0141 Significant
Xi1-MCC 3.97 0.0461 Significant
X2-K100M 8.17 0.0321 Significant
Xs3-E4M 4.2 0.0448 Significant
X4-RS PO 19 0.0211 Significant
Xs-Extrusion Speed 8.84 0.0309 Significant
Xe-Spheronisation Speed 11.8 0.0267 Significant
X7-Residence Time 14.3 0.0243 Significant
Xo-AFR 475.02 0.0042 Significant
Xi1o-Spray Rate 84.8 0.0100 Significant
X11-Curing Temp 4.94 0.0413 Significant
Residual 0.021 1 0.021
Cor Total 635.06 11

Std. Dev. 0.14 R? 1
Mean 88.18 Adj R? 0.9996
CV.% 0.16 Pred R? 0.9953
PRESS 3 Adeq Precision 160.645
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All individual input variables were significant to coating efficiency and the regression equation

for efficiency in actual values is described in Equation 4.10:

Coating Efficiency = + 88.18 + 0.58*MCC + 0.83*HPMC K100M - 0.59*HPMC E4M + 1.26*
Eudragit® RS PO + 0.86*Extrusion speed + 0.99*Spheronisation speed - 1.09*Residence time +
6.29*Atomizing air flow rate - 2.66*Spray rate - 0.64*Curing temperature Equation 4.10

An interaction plot for coating efficiency is depicted in Figure 4.26 and reveals that high AFR are
important for better coating efficiency. Coating efficiency was more affected by spraying than
environmentally related coating variables, such as inlet air temperature. Higher AFR are associated
with continuous pneumatic mass transport of air within the coating chamber and consequently
results in an increased evaporative capacity in the coating unit, ensuring complete delivery of the
coating dispersion to the product bed, thereby eliminating over wetting and agglomeration of beads
[157, 158].
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Figure 4.26 Interaction diagram depicting the effect of spray rate and AFR on coating
efficiency.

An increase in the spray rate resulted in a decrease in coating efficiency, since spray rate affects
droplet size distribution and subsequently droplet spreading and these data are depicted in Figure

4.27. An increase in the spray rate results in smaller droplets that move with increased velocity
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and momentum that promotes the extent of droplet spreading [157]. The increased spray rate
therefore affects the rate of droplet drying and may reduce the degree of coalescence. The use of
low spray rate results in the formation of large droplets that could overwet beads and consequently

agglomeration.
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Figure 4.27 Contour plot depicting impact of AFR and spray rate on coating efficiency.

Increasing the curing temperature decreases the coating efficiency as depicted in the contour plot
in Figure 4.28 in which the impact of spray rate and curing temperature on coating efficiency is
highlighted. The curing temperature affects evaporation during drying and can have an effect on
the uniformity of coating polymer deposition. High temperatures during curing process result in
an increase in the rate of water evaporation from coating dispersions and excessively high
temperatures result in premature drying of the sprayed dispersion, thereby affecting coating
efficiency as the temperature may not impede film formation and sufficient coalescence of droplets
on the bead surface may be impossible. At low rates of evaporation, polymer particles are able to

move freely facilitating droplet coalescence prior to drying thereby improving film integrity.

178



Chapter 4

Design-Expert® Software

Factor Coding: Actual

Coating Process Efficiency
98.6

76.4

X1 = K: Spray rate
X2 = L: Curing temp

Actual Factors

A: MCC =0.05

B: K100M CR = -0.22
C:E4M CR=0.24

D: RS PO =-0.27

E: Extrusion speed = 0.00

F: spheronization speed = 0.30

G: Residence time =-0.35

H: Coating inlet temp = -0.27
J: Atomizing air flow rate = 0.00

L: Curing temp

-0.50 —

Coating

Efficiency

0.50 —

0.00 —

91.0287

-1.00 T

86.7263

-1.00 -0.50

0.00

K: Spray rate

0.50

1.00

Figure 4.28 Contour plot depicting impact of spray rate and curing temperature on coating

efficiency.

4427

Density

The bulk and tapped density of the beads manufactured using experimental design was established

for beads retained in the size range 0.80 mm to 1.25 mm. In addition the CI and HR were

calculated. A summary of the results of this assessment is listed in Table 4.14.

Table 4.14 Powder densities of coated CPT beads.

Run Bulk Density Tapped Density HR Cl Friability
(9/mL) (9/mL) (%)

CPT-013 0.667+0.002 0.729+0.016 1.09 0.084 0.79+0.52
CPT-014 0.652+0.036 0.721+0.007 1.10  0.095 1.31+0.79
CPT-015 0.631+0.003 0.709+0.014 1.12  0.110 0.92+0.28
CPT-016 0.626+0.004 0.693+0.031 1.11  0.097 0.86+0.21
CPT-017 0.670£0.007 0.705£0.011 1.05  0.051 0.99+0.87
CPT-018 0.594+0.007 0.663+0.024 1.11  0.103 0.52+0.25
CPT-019 0.626+0.005 0.716+0.042 1.14  0.125 0.89+0.39
CPT-020 0.615+0.001 0.666+0.016 1.08  0.076 0.92+0.65
CPT-021 0.683+0.013 0.721+0.002 1.05  0.051 0.43+0.05
CPT-022 0.683+0.039 0.761+0.051 1.11  0.101 0.52+0.05
CPT-023 0.665+0.002 0.727+0.016 1.09  0.083 0.56+0.31
CPT-024 0.629+0.002 0.719+0.002 1.14  0.125 1.28+0.68

179



Chapter 4

The bulk and tapped densities of CPT coated beads were used to calculate Cl and HR as described
in 83.2.3.4 and §3.2.3.5. According to the data listed in Table 3.2, which summarizes CI for powder
flow, all batches of CPT beads exhibited satisfactory to good flow properties. The values for HR
for all batches were < 1.25 indicating the beads exhibited good flow properties. Coated beads
containing HPMC K100M exhibited higher bulk densities than those with lower levels of the
polymer, possibly due to particle size of the beads. The slightly higher densities of coated beads
may in part be attributed to dense packing of the polymers in voids between the MCC micro fibrils.
Difference in flow properties may affect the potency of the finished capsule products and

ultimately content uniformity.

443 Optimisation Process
Based on the acceptance criteria and the desirability factor data derived using Design-Expert®8.0.4

(Stat-Ease Inc., Minneapolis, USA) revealed a possibility of sixteen optimised formulation
compositions with desirability values between 0.95 and 1.00. A desirability value close to 1 was
considered the target and therefore the most favourable composition and this is summarised in
Table 4.15. Three batches of beads manufactured using this formulation were manufactured and

assessed.
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Table 4.15 Composition and process parameters for the manufacture of the optimal formulation.

Independant Factor

Value

MCC (%)

HPMC K100M (%)

HPMC E4M (%)

Eudragit® RS PO (%)
Extrusion Speed (rpm)
Spheronisation Speed (rpm)
Residence Time (min)

Coating Temp (°C)

Atomising Airflow rate (m*/h)
Spray Rate (g/min)

41.2
23.1
24.95
8.4
35
1800

5.6
63.6
116.8
2.02

Desirable Dependant Response

Target

Yield (%)

AOR (%)

Friability (%)

AR

Sphericity

Cumulative % CPT released at 2 hours
Cumulative % CPT released at 6 hours
Cumulative % CPT released at 12 hours
Coating Efficiency (%)

60 - 100
<30
<l
0.80-1.20
0.80-1.20
20—-30
50-60
80— 100
80 — 100

4.4.4 Validation of optimised model
The physical evaluation and micromeritic properties of beds manufactured (n=3) using the

formulation and process parameters are listed in Table 4.15 and summarised in Table 4.16 and

were within predefined limits.

Table 4.16 Micromeritic properties of CPT beads in optimized batches.

Response CPT-025 CPT-026 CPT-027
Yield (%) 84.5+4.87 85.2+5.18 85.4+4.63
AOR (°) 28.3+0.89 28.6+1.05 28.5+0.93
Friability (%) 0.78+0.33 0.84+0.47 0.82+0.26
AR 1.04+0.09 1.05+0.12 1.04+0.04
Sphericity 1.03+0.16 1.02+0.06 1.05+0.09
Cumulative % CPT released at 2hrs 24.5+1.66 29.1+3.06 25.8+1.52
Cumulative % CPT released at 6hrs 70.2+2.43 72.4+0.56 70.5+1.98
Cumulative % CPT released at 12hrs 86.7+3.06 90.5+7.34 87.3+2.06
Coating Efficiency (%0) 91.2+ 2.85 90.8+3.53 91.5+2.95
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The batches manufactured using the optimised formulation (CPT-025 — CPT-027) exhibited good
flow properties, sphericity and released CPT in a sustained manner (Figure 4.29). The prediction
error varied between -1.44 % and +0.78 %, which was considered reasonable and of low magnitude

and the R? value of 0.9996 is indicative of a high degree of reproducibility.
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Figure 4.29 Dissolution profiles of CPT release from the optimized batches CPT-025-CPT-027.

A SEM image of a coated bead from anoptimised batch manufactured using optimal conditions is
depicted in Figure 4.30 and reveals a smooth surfaced, spherical shaped bead indicating the success
of the optimisation procedure used to facilitate formulation development and process optimisation

studies.

i

—— 100pm JEOL 10/9/2012
15.0kV SEI NOR WD 11.3mm 12:46:29

Figure 4.30 SEM image depicted a coated CPT bead from an optimized batch.
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The reproducibility of the manufacturing process was evaluated using ANOVA and the cumulative
percent CPT released at two and twelve hours for the three batches manufactured using the
optimised conditions and the statistical data were 0.0267 and 0.173 with confirmation that the
difference was not significant at an error probability of p = 0.05. The sphericity for batches (CPT-
025 —CPT-027) were 1.03 + 0.16, 1.02 + 0.06 and 1.05 + 0.09 and therefore the batches of coated
beads can be considered spherical with moderate surface irregularity that would not adversely

impact capsule filling.

445 DSC
The DSC thermograms for powder obtained following pulverisation of the coated CPT beads is

illustrated in Figure 4.31 and the curve reveals the presence of a sharp endothermic event between
102 °C and 112 °C with a melting temperature range between 106 and 109 °C that is characteristic

of the endothermic melting event for pure CPT.
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Figure 4.31 Typical DSC thermogram for optimized coated CPT determined at a heating rate of
10 °C/min.

The thermal transition at a Tpeak 0F 108.70 °C with a Tonset 0f 105.68 °C were slightly lower for the
coated beads when compared to that of pure CPT and reported in 83.4.6. The slight change in the
melting endotherms of the ground beads may be due to the mixing of CPT and the excipients,

which lowers the purity of CPT and does not necessarily indicate that a possible incompatibility
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exists. The AHsusion Of —40.5 J /g was lower than previously reported data [185] and the endotherms
were unchanged which is generally considered as an indication that no potential incompatibility

exists.

4.4.6 IR spectroscopy
The IR absorption spectrum of a sample from an optimised batch is depicted in Figure 4.32 and

reveals all relevant absorption bands for CPT are present although a slight shift was observed at 1
744 cm™ that is assigned to a C=0 stretching vibration of a carboxylic acid, 2980 cm™ assigned to
CH3 stretching and 1 246 cm™ that corresponded to C-H and/or C-Hs bending. The slight shift in
the bands observed may be attributed to an artificial reduction in purity of CPT due to sample
preparation and doesnot necessarily indicate that possible incompatibilities exist.
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Figure 4.32 FT-IR spectrum of pulverised coated beads.
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4.5 CONCLUSION
Coated CPT SR beads with the potential for further optimisation have been developed and

manufactured using extrusion-spheronisation. The coated beads were manufactured and met all
desired quality attributes in respect of micromeritic and flow properties, content uniformity and
friability. Different rates of CPT release were achieved by altering the amount of SSC in the
granulation and coating stages of manufacture. In addition, release retarding polymers of HPMC
and methacrylic acid co-polymers were included to modulate release that was further assessed
through concurrent screening and optimisation with manufacturing and coating process

parameters.

An increase in the amount of granulating fluid from 5 % w/w to 20 % w/w resulted in a decrease
in the extent of CPT. SR of CPT was achieved by the use of Surelease® as a granulating fluid that
suppressed the burst effect. At lower SSC levels the amount of ethylcellulose present is low thereby
creating a less homogenous dispersion of the polymer in the granules, resulting in pockets of more
erodible materials that consequently result in erratic release. At high SSC levels, the homogeneity
of the dispersion increases and the release rates depend on the solubility and polymer/dissolution

medium partition coefficient.

SEM images of extrudate revealed cylindrical extrudate that were rounded at the edges initially
during spheronisation and an increase in residence time in the spheroniser produced spherical
beads [137]. Low spheronisation speeds led to formation of dumb-bell shaped particles due to low
energy input, resulting in incompletely rounded beads whereas at higher energy input levels the
extrudate is converted into spherical beads. A short residence times of approximately 6 minutes in
the spheroniser was sufficient to produce beads at maximum yield levels with an acceptable degree
of sphericity. Longer residence times resulted in the production of agglomerates and oversized
beads due to increased particle-particle interactions with a decrease in the yield of beads of the
desired size. An increase in coating level from 15 % w/w to 25 % wi/w resulted in a decrease in
the rate of release of CPT, since the higher coating level increased the physical barrier between the

core of the bead and the dissolution medium thereby retarding the release of CPT.
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A Plackett-Burman design was preferred as it permitted the screening of a larger number of
formulation and process factors in a two level equal allocation design with size-run efficiency in
order to establish a balance and to ensure that the design was complete and efficient. Eleven
independent formulation and process variables were investigated in an attempt to produce a SR
dosage form with desirable quality attributes and was achieved by altering formulation
composition, extrusion-spheronisation variables and coating parameters. ANOVA data revealed
that several significant response models were achieved, specifically for yield, AR, sphericity,

coating efficiency and cumulative percent CPT released at 2 and 12 hours.

The SR beads exhibited good quality attributes with adequate flow characteristics and an
acceptable yield. The yield of coated beads ranged between 69.21 and 91.38 %. Formulations in
which higher molecular weight HPMC was used in increased concentrations resulted in the
formation of a sticky wet mass and extrudate with a shark skin appearance that resulted in the

production of excessive fines and a decrease in the yield of beads.

CPT release at two hours was significantly affected by the burst effect phenomenon. Consequently,
the rate of aqueous dissolution medium infiltration into the matrix through the coating layer on the
beads was considered a rate-limiting step in CPT release from beads. The application of a
permeable film of Surelease® onto the surface of the bead established a barrier that complemented
the activity of the hydrophilic matrix in preventing rapid dissolution and retarded the release of
CPT from the beads. An increase in the spray rate resulted in a decrease in CPT release at two
hours. An increase in curing temperature facilitated complete coalescence of the coating membrane
through evaporation of the aqueous phase through capillary forces, resulting in a less permeable
membrane coat. The film coat therefore reduces aqueous medium infiltration and CPT diffusion

from the core of the beads through the coating layer into the dissolution medium.

The model generated for CPT release at 12 hours revealed that the amount of MCC, HPMC
K100M, HPMC E4M and Eudragit® RS PO, the AFR, spray rate and curing time were significant
in controlling the release of CPT. An increase in the amount of the higher molecular weight and
more viscous HPMC K100M entrapped CPT more efficiently in the matrix resulting in slow rate
of CPT release. The rate-limiting step of release is the rate of water transport across the coating
and the rate of formation of a partially hydrated gel layer within the bead surface on contact with
the dissolution medium. An increase in Eudragit® RS PO content from 7.5 % w/w to 15 % w/w
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increased the amount of insoluble quaternary ammonium functional groups in the bead matrices
resulting in slow release of CPT. The presence of HPMC [149, 150, 151] and Eudragit® RS PO
[152] in the CPT bead and change in release characteristics has been reported and is a well-known
phenomenon [147, 148].

The coating efficiency for all 12 batches ranged between 76.4 % and 98.6 %. The AFR and spray
rate had a more pronounced effect on coating efficiency than any other of the process variables
investigated. A high AFR modulated the delivery of the coating dispersion to the product bed and

eliminate over wetting and associated agglomeration of the product being coated.

Following preliminary investigations and optimised formulation composition and manufacturing
process conditions were identified. Three batches of the optimised formulation (Batches CPT-025
— CPT-027) were manufactured and the quality attributes assessed and compared. Comparison of
the observed responses to the theoretical or anticipated responses resulted in a reasonable
prediction error ranging between -1.44 % and +0.78 % and was considered of low magnitude and
the R? of 0.9996 is an indication of the reproducibility of the method.

The use of experimental design was a successfully applied to the development of SR CPT beads
that can be used for twice-daily dosing of this ACE inhibitor. All batches of beads that were
manufactured exhibited satisfactory to good flow properties and demonstrated SR profiles over 12
hours that met the USP criterion for SR dosage forms [218]. The SR technology may prove useful

for the treatment of hypertension in paediatric and adult patients.

Spherical CPT beads with a smooth surface are also unlikely to pose a challenge during hand-
filling of capsules. The use of coated beads in hard gelatin capsules may be a solution to the
challenges posed when treating paediatric patients and may facilitate adherence to
pharmacotherapy, as different doses can be easily achieved when compounding extemporaneous
CPT formulations. The distribution of coated beads in food and filling in smaller sized capsules
that are easy for children to swallow as an advantage.The bead formulations can be further
investigated using mathematical modelling in order to develop and optimise scale-up production
with RSM approaches such as CCD or Box- Behnken design. In addition, the stability of the beads
and scale-up product must be investigated to assess the shelf life and long-term compatibility of

this technology.
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CHAPTER FIVE
KINETIC MODELLING OF CPT RELEASE FROM COATED
BEADS

5.1 INTRODUCTION
Investigations into controlled drug delivery technologies is the most rapidly advancing area in

pharmaceutical sciences since coated beads offer advantages in respect of improved safety,
stability and efficacy [226]. Evaluation of controlled drug delivery systems requires the use of
mathematical models to predict delivery technology performance. Mathematical modelling
permits elucidation of information relating to drug release mechanisms, which can be manipulated
by the formulation scientist to design and control drug release from delivery systems [150, 227-
229]. Coated matrix systems intended to produce a SR effect have been effectively used to control
the release of an API [150, 227-231].

Models that have been used to describe API release were either empirical [227, 232] or
mathematically [150, 200, 233, 234] derived. Several published reports summarise the release
models of API from coated formulations [230-232] and focus on the use of a semi-permeable
membrane film coats as a vital factor affecting the mechanism of API release. The focus has been
on models that describe osmotic pumping mechanisms for the release of API from coated
formulations or beads in which cracks develop in the coat due to the hydrostatic pressure build-up
in the core [227].

Mechanistic models have also been studied [227] in an effort to understand release mechanisms of
API from coated, swelling and dissolving matrix systems, whereas empirical models are used to
describe the manner in which beads develop cracks in the coat due to the osmotic and
hydrostaticpressure build-up. The selection of suitable mathematical models to elucidate drug
release mechanisms depends on the nature of API [235], type of excipients [226, 236], core
composition and coating system [227, 231, 237]. Experimental characterisation of dosage forms
can also facilitate discrimination of model parameters specifically in the case of hydrostatic

pressure build-up and/or in swelling systems [238, 239].
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API release from coated formulations follow an osmotic pumping mechanism since the film coat
is semi-permeable to dissolved API [240, 241]. It is therefore fundamental to understand the
principles of diffusion and/or osmotic pumping to supplement empirical conclusions in
understanding drug delivery. Several reports [226, 229, 241] indicate that it is vital to understand
API release from the core dosage form following comprehensive analysis of that API, excipients
and the characteristics of polymers to design polymeric matrix formulations intended for SR

delivery of compounds.

Mathematical models take into account solute transport processes and structural characteristics of
polymer/s that may facilitate understanding of potential transport mechanisms of API within and
out of delivery systems [240]. Consequently, there is a need to develop adequate mathematical
theories specific to coated SR systems to elucidate chemical and physical processes associated
with the coating of beads that have been manufactured using extrusion and spheronisation. The
objective of kinetic modelling in these studies was to model changes in the release kinetics of CPT
from a coated oral delivery system of different polymer compositions in the core, granulation fluid

levels and coating levels.

52 DRUG RELEASE FROM COATED BEADS
The level and composition of the coating system and polymer compositions of the core of beads

provide the impetus and control for API release from coated systems [231, 241]. Drug release
models can be classified as empirical or mechanistic [233] and a review of mechanistic model
approaches that have been used to describe API release from coated systems is presented here[154,
231, 237]. Mechanistic models are used to describe drug release facilitated by osmotic pumping
and diffusion or cracking due to hydrostatic pressure build-up inside the coated beads.

521 Hydrostatic pressure
The hydrostatic pressure model [154] is suitable to describe the manner in which coated systems

that consist of a solid core surrounded by a porous semi-permeable membrane release API. The
main processes that occur in such coated systems involve the influx of a solvent driven by the
difference in osmotic pressure between the core and medium the core is in, followed by dissolution
of the API followed by release via diffusion [15]. It is likely that the beads will swell due to solvent

accumulation after uptake followed by the hydrostatic pressure build-up inside the coated bead,
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resulting in stress fracturing or cracking of the coating [18, 20] if no pores or cavities are present

in the coating.

In order to evaluate CPT release using models it is essential to understand the suitability and
accuracy of the model and the application of the model for prediction and description of API
release. In this context the release of CPT, a highly water soluble and poorly permeable molecule
in an HPMC based matrix that it coated with ethylcellulose coating as described in 84.4.3, will be
a function of its physicochemical properties and the mechanism of release is complex. Initially
there is an osmotic gradient between the core and external medium due to the high water solubility
of CPT. This becomes a driving force for the influx of the dissolution medium into the technology,
resulting in hydration and swelling of the polymer and dissolution of the CPT as illustrated in
Figure 5.1. As the polymer swells there is an increase in the pressure on the interior of the bead,

which coated with the semi-permeable membrane.

——  Drug dissolution

|:> Solvent transport
:> Solute transport

Figure 5.1 Schematic representation of API release process from a bead coated with a semi-
permeable membrane and facilitated by hydrostatic pressure build up and diffusion [240].
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5.3 STATISTICAL COMPARISON AND MATHEMATICAL MODELLING
OF API RELEASE PROFILES
Several approaches have been used to compare API release profiles for the characterisation of the

kinetics of release from different dosage forms [228, 229, 243-247]. The methods of assessment
of in vitro release profiles are model-dependent [154], statistical [243] and model-independent
[248] approaches be used to establish pharmaceutical equivalence of technologies. These methods
can be used for the evaluation and comparison of dissolution profiles generated following in vitro
dissolution testing of prototype dosage forms. Furthermore, the statistical methods can be used to
compare the different formulations under investigation under the same experimental conditions in
addition to providing a tool, albeit with limited application, for dissolution data for the same

formulation tested under different conditions.

53.1 Model-independent methods
Model-independent methods do not allow for assumptions regarding the shape of the curves under

investigation [228, 245-247] when a comparison of API release profiles from different data sets is
undertaken. The most common model-independent approach used to compare release profiles is
the technique in which a difference (f1) and similarity factor (f2) proposed by Moore and Flanner
[248] is calculated.

The comparison of dissolution profiles using the f1and f> fit factors is well established [245, 246,
248, 249]. The difference factor f1 measures the percent error between the dissolution profile of a
test and a reference product at all times and a percent error of zero (0) implies that the in vitro
release profiles of the test and reference product are identical. The value for f1 increases as the
dissolution profiles become less similar [245, 246, 248, 249]. The difference factorcan be

calculated using Equation 5.1.

f = {Z?:#Rt‘Tt'} % 100 Equation 5.1

t=1R¢

Where,
n = sampling number,
Rt¢= percent API from the reference product dissolved at time t, and
Tt = percent API from the test product dissolved at time t.
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The similarity factor, f2, is the logarithmic transformation of the sum-squared error of the
difference in dissolution of an API from a test and reference product over all time points [248].
The value of f> lies between 0 and 100, and a value of 100 is indicative that the dissolution profiles
of a test and reference product are identical. The FDA guidance on development, evaluation and
application of in vitro-in vivo correlations on extended release oral dosage forms [249]
recommends that at least three or four dissolution time points are to be used to calculate the

similarity factor, f», effectively. The similarity factor is calculated using Equation 5.2.
f2 =50 xlog{[1 + (=) B, welR. — T:1?| x 100} Equation 5.2

Where,
n = number of dissolution time points,
Rt = percent API from a reference product dissolved at time t,
T= percent API from a test product dissolved at time t, and
wi= an optional weight factor, usually set at 1.

A value for f1< 15 and for f» between 50 and 100 indicates that the dissolution profiles being
compared are considered similar [248]. The Centre for Drug Evaluation and Research at FDA
[249] has adopted the use of the similarity factor f> as a valid criterion for the comparison of in
vitro dissolution profiles between test and reference products. Recommendations for the use of the
f2similarity factor include that the number of sample points included in the calculation should not
be limited to three or four time points and that at least one or more time point after 85 % of the
label claim for the API has been released from the product [227, 228, 245, 250].The sensitivity of

the test after this point may fail to permit discrimination between the two curves.

A major advantage of the f1 and f» factors is that they are easy to compute and result in a single
value that is used to indicate the degree of closeness between the two in vitro dissolution profiles
being compared. There are, however, limitations in the use of the similarity factor, including the
fact that itfails to account for the shape of the dissolution profile, unequal spacing between time
pointsof the profile and number of test units for each release profile data set [244, 245].
Furthermore, it is difficult to evaluate false positive and negative values using the similarity factor.
Correlation of the similarity factor to a specific time point is difficult due to variability and

therefore it is a challenge to evaluate the similarity of dissolution profiles.
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A newer model-independent approach for the comparison of dissolution profiles of test to
reference products has been developed by Gohel and Panchal [247] and themodel is used to

calculate a similarity factor, (Sq¢) for thiscomparison. The Gohel similarity factor can be calculated

n-1i AUCRt
_ Zt:l lOg AUCTt A
Sq = Equation 5.3

n—1

using Equation 5.3.

Where,
n= number of data points collected during in vitro release testing,

AUCR; = area under the curve of API release from a reference product at time t, and

AUCT = area under the curve of API release from a test product at time t.
An Sq value close to or zero is indicative that the dissolution profiles under investigation are
similar. The advantage of using the Gohel similarity factor for the comparison of dissolution
profiles is that this is a simple and flexible approach, since the dissolution data may be expressed
as either an amount or percent release/dissolved [247] and the value for Sq can be used to infer a

difference between the formulations tested as a percentage.

Other model-independent approaches that can be used to compare drug release profiles include the
calculation of dissolution efficiency (DE) [251] and mean dissolution time (MDT) [252]. The DE
of adosage form is defined as the area under the dissolution curve up to a specific time, t, expressed
as a percentage of the area of a rectangle representing 100 % release after dissolution at that time,
t[251]. DE can be calculated using Equation 5.4.

J§ yxat .
DE =2——x100%  Equation 5.4

V100X

Where,

y= the percent API dissolved at a time, t.
The MDT is a ratio test procedure that is an evaluation of the ratio of percent released/dissolved
at a certain time point based on the calculation of AUC [252]. The MDT ratio is the sum of a
specific fraction of the total dose in a dosage form that is released at specific times of the
dissolution test [252].
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The f1 and f> factors were calculated and used to analyse dissolution data in this study as described
by the FDA [249]to assess the similarity of dissolution profiles. In addition, Sq values were
calculated due to the simplicity and ease of interpretation of this approach, and the value of the Sq

was compared to f1 and f> factors to establish whether a relationship existed between these factors.

5.3.2 Statistical methods
Statistical methods usinganalysis of variance canbe distinguished as one-way analysis of variance

(ANOVA) ormultivariate analysis of variance (MANOVA) [253]. The statistical approach can be
used to assess the difference between the mean of two sets of dissolution data at a single time point
(ANOVA or t-student test) or at multiple time points (MANOVA). The advantage of using
statistical methods for analysis of dissolution data is that variability and correlation factors are

taken into account when comparing release profiles [243].

Repeated measurements may be necessary for the comparison of in vitro release profiles, of which
time may be one. ANOVA is used to establish whether differences, if any, exist at specific time
points of the dissolution profiles under comparison [243, 250]. A number of post hoc tests can be
performed to determine the exact points of difference between dissolution profiles. These include
the Least Significant Difference, Tukey’s Multiple Range, Scheffé Method, Newman-Keuls and
Dunnett’s tests [243].

ANOVA-based methods of analysis do not rely on curve fitting procedures and do not reveal
information about differences in the shape and levels of the dissolution data under comparison
[229]. ANOVA analysis is criticised for being too discriminatory for the purposes of testing for
difference ofdissolution profiles that may not necessarily reflect pharmaceutical differences during

product use or assessment [253].

53.3 Model-dependent methods
Model-dependent methods have been extensively used as tools to provide information on the

mechanisms that govern the release of API from a dosage form [254]. In addition, a model can be
used to quantitatively predict the kinetics of API release from specific technologies[238].

Commonly used model-dependent methods that have been used to characterise dissolution profiles
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include zero order [255], first order [256], Higuchi [257], Hixson-Crowell [258], Weibull [259,
260] and Korsmeyer-Peppas models [261].

5331 Zero order
The dissolution of dosage forms that do not disintegrate or deaggregate prior to releasing at a

constant rate per unit time can be fitted to a zero order model [245, 246]. Zero order release is the
ideal target for sustained release technologies to facilitate prolonged pharmacological activity

[255, 262]. The mathematical depiction of a zero order model is depicted by Equation 5.5.

Q: = Qo + Kyt Equation 5.5
Where,
Q: = the amount of API released at time t,
Qo = the initial amount of API in solution att =0,
Ko= Zero order release rate constant, and
t =time.
5.3.3.2 First order

A first order kinetic model described by Gibaldi and Feldman [256] was used to characterise the
absorption and/or elimination of certain molecules from biological systems. The first order Kinetic
model presented in Equation 5.6 may be applied to the modelling of dissolution test data in which
sink conditions had been met [256, 263].

InQ; =InQy + K;t Equation 5.6

Where,
Q= the amount of API released at time =1t,
Qo= the initial amount of API in solution att =0,
Ki= the first order release rate constant, and
t = time.

Water-soluble API formulated into porous matrices are released according to a first order kinetic
process and the rate of API release is usually proportional to the amount of API remaining to be
released from the matrix [263]. The rate of release therefore declines over time as the amount of
API remaining in the dosage form diminishes. This model can therefore be used to describe release

from systems in which the release rate is concentration dependent [256].
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5.3.3.3 Higuchi
The Higuchi model can be used to describe release of poorly soluble API from non-eroding

matrices such as ointments and polymeric based systems [234, 257]. Higuchi described drug
release as a diffusion process, fundamentally based on Fick’s law. However, it is dependent on
square root of time. This approach to describing API release can be used to characterise the
dissolution process from several types of modified release technologies [152, 200, 234, 238, 257]

and a simple form of the Higuchi equation is shown mathematically in Equation 5.7.

Q; = KHtl/z Equation 5.7

Where,

Q: =amount of API released at time t,

Kh = I_—|iguchi dissolution constant, and

t = time.

The Higuchi model can be modified to describe diffusion through polymeric membranes that may
occur in technologies where an insoluble film coatis used and solvent filled pores or cracks exist
in the membrane [236]. To completely describe API transport through a polymeric membrane, the
solute diffusion coefficient(s) of the molecule in the polymer phase in water , partitioning and pore
size distribution must be considered to fully apply theHiguchi model [263]. The diffusion-based
model of API release from coated systems identifies transport through the polymeric film as the

rate-limiting step in the release process [227].

The Higuchi model has been made modified to facilitate the prediction of release kinetics from
coated dosage forms [227, 236] through the use of Fick’s 2" law, provided the diffusion coefficient
of the API in the film coating is known. Assuming that the beads exhibit a spherical geometry with
a uniform coating and dissolution is tested under sink conditions, the relationship described in

Equation 5.8 can be applied to the data.
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Tt =1—¢ (— M) Equation 5.8

Meo (rex_rin)rizn

Where,
m: = absolute cumulative amount of API released at time t
M. = absolute cumulative amount of API released at time infinity,
D =diffusion coefficient of the APl within the membrane,
kpart =partition coefficient of the API between the membrane andreservoir,
rin and rex are the inner and external radii of the coated bead.

5.3.34 Hixson-Crowell
The Hixon and Crowell model [258] describes the release of API from systems in which the area

of the particle is directly proportional to the cube root of its volume. They developed a
mathematical relationship to describe this relationship and this is defined in Equation 5.9. The
cube root law can be applied to pharmaceutical dosage forms in which dissolution occurs in planes
that are parallel to the surface ofthe dosage form for which the dimensions diminish proportionally
while the geometrical shape of the dosage form is retained [244, 245]. The model assumes that the
rate of release of APl from a dosage form is limited by the dissolution rate of that compound and

not by diffusion through a polymeric matrix.

Q1/3—Q1/3 = K.t Equation 5.9
0 t S )

Where,
Qo = the initial amount of API in the dosage form,
Q: = the amount of API remaining in the dosage form,
s = a constant incorporating the surface volume relationship of the technology, and
t = time.

5335 Weibull
The linearisation of the dissolution rates model [260] states that the empirical relationship

proposed by Weibull [259] for the quantitation of dissolution rate data can be used to describe
common types of dissolution curves as it combines the advantages of first order and log-normal
data distributions . The Weibull model can be used to approximate the best linearisation of API
release data from experimental and commercially available formulations.The general empirical

equation for this model is depicted in Equation 5.10.
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log [— In (1 - (5—f)>l = Blogt — loga Equation 5.10

Where,

Q: = the amount of API remaining in a dosage form at time = t,

Q== the maximum amount of API that can be released at infinite time from a dosage form,

[ = shape parameter, obtained from the slope of the line,

a = scale parameter, and

t = time.
The Weibull model can be used to characterise the shape of a dissolution curve with the use of the
Weibull shape parameter, 3, and when assigned case 1 (p = 1) represents a sigmoidal or S-shaped
with an upward curvature followed by a turning point, (case 2) in which case > 1 or is parabolic.

A higher initial value for slope that becomes consistent (case 3) will be reflected by p < 1 [259,
260].

5.3.3.6 Korsmeyer-Peppas
The Kosmeyer-Peppas model is a simple, semi-empirical model that is used to analyse API release

data from dosage forms [261]. The model relates release to elapsed time by means of an
exponential function [235, 264]. The relationship is referred to as the power law and is represented
mathematically as Equation 5.11.

A’:’—t = Kt" Equation 5.11

Where,

% = the fraction of API released at time = t,

E: Kinetic constant, and

n = Diffusion exponent for API release.
The model has been applied to different systems for the analysis of the API of a different solubility.
The value of the exponent n is used to describe different release mechanisms [200, 234, 238, 239,
261, 264]. Specific values of n represent different mechanisms and/or types of release that may

occur from specific geometries of dosage form and Table 5.1 provides a summary.
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Table 5.1 Relationship between the release exponent n and mechanism of API transport.

Release Exponent Shape Transport Mechanism Reference
0.43 Sphere Fickian [13, 17, 41]
0.43<n<0.85 Sphere Anomalous [5, 17, 24, 41]
0.85 Sphere Case Il transport [5, 17, 24, 41, 45]
>1 Sphere Super Case Il transport [11, 24, 41, 45]
0.45 Cylinder Fickian [5, 45]
0.5<n<0.89 Cylinder Anomalous [5, 45]
0.89 Cylinder Case Il transport [5]

The relationships described in Table 5.1 reveal that API release from polymeric matrices described
using Equation 5.11 may occur by one of four mechanisms of release, viz. Fickian diffusion,
anomalous diffusion, Case Il and super Case Il transport. In order to understand Fickian or non-
Fickian diffusion mechanisms, the release characteristics of the polymeric matrix used must be
clarified [265]. Fickian diffusion occurs when n values are close to 0.5 and API release follows a
diffusion process through a thin film. This is best described by Ficks 2" law of diffusion.
Anomalous transport occurs when API release deviates from Ficks law and where the mass transfer
of APl is both diffusion and swelling controlled [233, 265]. Case Il transport represents API release
that is zero-order and is generally observed when macromolecular relaxation of the rate controlling
polymer controls release [246]. Super Case Il transport occurs when delivery rates increase over

time. The initial phase of the dissolution process can be characterised using Equation 5.11.

5.3.3.7 Determination of goodness of fit
Commonly used approaches to establishing a best fit model for API release use the correlation

coefficient (R) [238], coefficient of determination (R?) [266] and adjusted coefficient of
determination (adjusted R?) [266]. When comparing models with different numbers of parameters,
it is recommended that the adjusted R? approach be used as it is a more meaningful criterion for
the selection the best fit, compared to the R? [239, 266]. The R? value may increase or remain
constant following the addition of new model parameters, whereas the adjusted R? may decrease
to indicate whether or not the additional parameter improves the model or leads to over-fitting of

experimental data [266].
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The criterion of choice for establishing the best-fit model for CPT release from coated beads was
the adjusted R? parameter. Models with the highest adjusted R? value were considered as those
that the data were best fitted to were close to ideal release kinetics charactorised with R? value of
1. A value for the adjusted R?> 0.950 was considered acceptable for the purposes of comparison
of the dissolution profiles for experimental dosage forms. The adjusted R? value was calculated
using Equation 5.12 after fitting dissolution rate data for CPT to different models.

adjusted R? = 1 — 8:3 (1— R?) Equation 5.12
Where,
n = number of dissolution data points,
p = number of parameters in the model, and
R? = coefficient of determination.
534 Selection of appropriate statistical and mathematical models

A number of studies [228, 244, 246, 247] have evaluated dissolution profile data using model
independent methods. There is a lack of standardisation as to which models should be used for the
evaluation of dissolution from SR dosage forms. Model independent methods such as the use of
f1, f2 and Sq have been described as useful for the comparison and assessment of dosage forms
[228, 249], yet they provide little or no information on the kinetics and mechanisms of API release
from a variety of modified release dosage forms. The approaches used for the analysis of the
dissolution data in this study include f1 and f> as they are advocated by regulatory authorities such
as the FDA [249] and Human Medicine Evaluation Unit of The European Agency for the
Evaluation of Medicinal Products (EMEA) [267]. Models based on statistical methods such as
ANOVA and MANOVA, while having a place in academic research studies and being proposed
for comparison of dissolution data [252, 253], are not advocated by the FDA and EMEA agencies
and hence analyses using this approach were not performed. The FDA [249] and EMEA [267]
recommend the use of only the f>factor for the comparison of dissolution profiles. For the purposes
of these studies, f1andf> factors were calculated and both parameters had to meet the specifications

for dissolution profiles to be declared similar or different.
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Model-dependent mathematical approaches include empirical and semi-empirical models that can
be applied to the evaluation of dissolution rate data. The use of model-dependent mathematical
models permits elucidation of the mechanism and type of release that can be expected from
modified release dosage forms that are based on a polymeric matrix scaffold [150, 156, 226, 229].
The adjusted R? value was used as the criterion to ascertain to which mathematical model the
dissolution data for CPT were best fitted and Table 5.2 lists the studies.

Table 5.2 Mathematical models used for the analysis of dissolution data.
Mathematical models used to describe drug dissolution profile

Zero order t = Qo + Kot
First order InQ; =InQ, + Kt
Higuchi model 0, = Kyt'/2

Hixon-Crowell model 1 1
0, -0, = Kit

Weibull model log I_ In <1 - (QQ_t))l = flogt —loga

(0]

Korsmeyer-Peppas model M, Ken
T

[0e]

As previously mentioned, in vitro dissolution testing is an essential quality control tool used to
inform the development of safe and effective medicines [249]. Mathematical modelling is an
important approach for assessing the mechanism of API release from a dosage form during the
early stages of formulation development. The use of models facilitates the optimisation of API
release characteristics from a delivery system, dosage form performance evaluation and evaluation
of the impact of excipients on the mechanism of release. For the purposes of this study, a model-
dependent mathematical approach was used to enhance the understanding of the impact of different
levels of granulation fluid coating and curing conditions on the liberation of CPT from the coated

beads delivered in a hard gelatin capsule.
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5.4 RESULTS AND DISCUSSION

54.1 Similarity and difference factors
The dissolution data was assessed and the similarity and difference factors calculated for test

batches CPT-002 — CPT-027 to a reference formulation that was batch CPT-001. The lack of a
commercially available SR CPT formulation in South Africa led to development of CPT-001 that
was used as reference since it was the initial formulation that satisfied the recommendations for
modified/SR dissolution profiles in the USP [48] prior to screening and optimisation process. Test
formulations included batches manufactured using different amounts of granulating fluid (CPT-
003 — CPT-006), coated to different coating levels (CPT-007 — CPT-009) and batches
manufactured using different curing conditions (CPT-010 — CPT-012), experimental design
batches runs 1 to 12 (CPT-013 — CPT-024) and CPT release from optimised batches (CPT-025 —
CPT-027). The results of model-independent analysis of dissolution profiles, viz. calculation of f1,

f2and Sq, are summarised in Table 5.3.
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Table 5.3 f1, f>.and S¢ for CPT batches compared to CPT-001.

Formulation f1 f2 Sd

CPT-002 0.80 32.1 0.416
CPT-003 22.7 45.1 0.171
CPT-004 11.2 57.3 0.083
CPT-005 8.20 67.6 0.103
CPT-006 1.70 81.3 0.001
CPT-007 16.7 51.1 0.219
CPT-008 10.5 59.8 0.085
CPT-009 514 24.7 0.255
CPT-010 39.9 33.5 0.378
CPT-011 13.7 53.1 0.212
CPT-012 14.7 53.3 0.015
CPT-013 20.2 44.9 0.259
CPT-014 17.9 45.6 0.271
CPT-015 27.9 41.4 0.287
CPT-016 11.2 56.2 0.188
CPT-017 11.9 55.9 0.034
CPT-018 7.50 66.8 0.121
CPT-019 15.1 52.9 0.212
CPT-020 17.4 50.2 0.222
CPT-021 14.7 49.3 0.243
CPT-022 39.7 33.2 0.396
CPT-023 12.2 55.1 0.093
CPT-024 19.3 48.8 0.171
CPT-025 7.50 66.8 0.121
CPT-026 12.7 57.9 0.172
CPT-027 8.70 64.3 0.138

The dissolution of CPT from beads that had been manufactured with different amounts of diluted
Surelease® dispersion 10 %, 15 % and 20 % w/w and then coated was investigated. Batches CPT-
004 to CPT-006 were found to be comparable with f» values > 50, f1 < 15, whereas the f2 value
for batch CPT-003 with 5 % w/w granulating fluid was 45.1 and f1 value of 22.7, suggesting that

there was a difference in the CPT release between the two formulations.

The f2 values calculated for the comparison of CPT batches manufactured with different levels of
coating revealed that batches CPT-007 and CPT-008 were similar to batch CPT-001. The
corresponding fivalues determined for the same batches suggest similarity with the fivalues

falling below 15. However, the CPT-009 batch prepapred to 25 % coating level was found to be

203



Chapter 5

different when compared to the reference batch, CPT-001. In general, increasing the coating level
led to a decrease in CPT releaseas depicted in Figure 4.24 in 84.4.2.6.1.

The dissolution profiles of batches of beads manufactured using different curing conditions, viz.
batches CPT-011 and CPT-012, reveal that CPT release is similar to that observed for batch CPT-
001 The fiand f» values were 13.7, 14.7, 53.1 and 53.3 respectively. A relationship between f>
and the similarity factor, Sq can be postulated since for batches in which the f2 values were > 50
the Sq values were < 0.212 and the larger the value for f2, the lower the value of Sq. As the value
for Sq tended towards a value of 0.25 increasing dissimilarity between dissolution profiles was
observed. When the value for Sq was approximately 0.008 and lower there was an increase in the
incidence of similarity of the dissolution profiles. It is therefore fairly difficult to set a limit for

establishing similarity based on Sqalone.

Comparison of the release from CPT beads formulations was based on dissolution data for which
at least 85 % CPT release was observed due to the sensitivity of f1 and f2. The calculation of f1
and f» is based on differences in data and includes all time points, resulting in one value. The f1
values for the optimised batches CPT-025 to CPT-027 ranged between 7.5 and 12.7 and f, values
ranged from 57.9 to 66.8, which indicate similarity between the optimised products and the
reference product. The results obtained supplement the results observed using exploratory methods

of data analysis when comparing dissolution profiles.

The mean in vitro dissolution profiles of CPT release from Batch CPT-001and Batch CPT-025 —
CPT-027, considered the test formulation,is depicted in Figure 5.2.
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Figure 5.2 In vitro dissolution profiles of CPT release from Batches CPT-001and CPT-025-
CPT-027.

The error bars observed at 1 hr, 6 hrs and 12 hrs overlap, suggesting that the two curves are similar
and that the dissolution data for both batches may be considered similar at these times. Despite the
simplicity and ease of using this approach, the method is not comprehensive. It does not
categorically conclude that the two dissolution profiles being compared are significantly similar,
as the error bars overlap only at some data points and not for all times under investigation. The
application of this method is limited to a comparison of data at specific time points only and serves
as an initial step in developing an understanding of data generated during dissolution testing. The
f1 values for all optimised batches were < 15 and the f» values were > 50, indicating that all

optimised batches were similar to the reference product.

54.2 Mathematical modelling

5421 Application of Korsmeyer-Peppas model
The mechanism by which CPT is released from the coated beads was determined by fitting

dissolution data to selected mathematical models that were described in §5.3.3. The Korsmeyer-

Peppas model was used to characterise the transport mechanism of CPT from each batch
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manufactured in these studies. CPT release data were fitted to the Korsmeyer-Peppas model, which
was modified to produce a linear plot of log of (M¢/M..) vs. log (t) to calculate the kinetic constants.

These data were used to predict the mechanism of CPT release and are summarised in Table 5.4.

Table 5.4 Korsmeyer-Peppas coefficients and best-fit parameters for batches CPT-001, and
CPT-002 - CPT-027.

Korsmeyer-Peppas Parameters

Formulation n R? Km
CPT-001 0.959 0.947 0.104
CPT-002 0.328 0.996 0.436
CPT-003 0.804 0.923 0.169
CPT-004 0.905 0.914 0.127
CPT-005 0.786 0.943 0.152
CPT-006 0.943 0.936 0.105
CPT-007 0.606 0.982 0.231
CPT-008 0.719 0.969 0.159
CPT-009 0.652 0.934 0.088
CPT-010 0.449 0.956 0.359
CPT-011 0.531 0.956 0.242
CPT-012 0.808 0.947 0.119
CPT-013 0.542 0.933 0.263
CPT-014 0.472 0.982 0.289
CPT-015 0.552 0.974 0.276
CPT-016 0.608 0.974 0.216
CPT-017 0.868 0.979 0.109
CPT-018 0.756 0.955 0.161
CPT-019 0.611 0.976 0.224
CPT-020 0.609 0.639 0.229
CPT-021 0.519 0.978 0.262
CPT-022 0.395 0.992 0.394
CPT-023 0.867 0.975 0.138
CPT-024 0.757 0.976 0.177
CPT-025 0.756 0.955 0.161
CPT-026 0.685 0.969 0.193
CPT-027 0.724 0.959 0.171

54.2.2 Effect of amount of granulation fluid

The release exponent n for batches CPT-003 and CPT-005 was found to be 0.804 and 0.786,
respectively suggesting that the mechanism of CPT release from these dosage forms is controlled
by an anomalous process. These results suggest that for these batches, the mechanism of CPT
release is controlled by more than one phenomenon, and therefore CPT is liberated by anomalous
transport kinetics. An n value of between 0.43 and 0.85 for spherical shaped dosage forms is
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usually indicative of anomalous transport (Table 5.1) and drug release that deviates from Ficks 2"
law. Several reports of complex dissolution profiles [147, 234, 238, 245, 246] have been
characterised by anomalous transport mechanisms and the complexity of the CPT release process
may involve diffusion, swelling and erosion of HPMC matrices. The values of n for batches CPT-
004 and CPT-006 were 0.905 and 0.943, indicating that a Case Il transport process was driving
release. In this process a zero-order kinetic model occurs, in which macromolecular relaxation of

polymers control CPT release [235].

54.2.3 Effect of coating levels
There was a slight increase in the n value from 0.606 to 0.719 for formulations manufactured using

different coating levels viz. batches CPT-007 and CPT-008. The release mechanism of CPT from
the beads was unaltered for all batches manufactured with different levels of coating. Despite the
increase in thickness of the coating, CPT release occurred primarily via a non-Fickian diffusion
controlled mechanism. The relationship between Kn and R?for the batches coated to different level
is depicted in Figure 5.3.
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Figure 5.3 Relationship between Kn, R?and coating level.

The increased level of coating results in a decrease in water permeability as there is a barrier
against the transport of water from the dissolution medium into the matrix within the bead. This is
manifested by a decrease in the value for Km to < 1, which falls into the realm of non-Fickian
release in which CPT release is controlled by diffusion and swelling.
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54.2.4 Effect of curing
The coefficient Kn incorporates aspects of the structure and geometric characteristics of dosage

forms. An increase in the time for curing viz. batches CPT-010 to batch CPT-012 relative to a
batch of coated beads that were not subject to curing, resulted in values of n value ranging between
0.449 and 0.808. The value for Kr decreased from 0.359 to 0.119. The results reveal that there is
no direct relationship between the cumulative percent CPT released and the value of Kp, since
batches CPT-010, CPT-011 and CPT-012 had different values for Kn. The different values for K,
can be partially attributed to a change in the geometric characteristics of the dosage form, primarily
the coalescence of ethylcellulose particles over the bead surface through capillary effects during
prolonged curing. The glass transition of the polymeric ethylcellulose affects the diffusivity of the
poorly permeable CPT molecules in the membrane layer due to curing. Polymers with low glass
transition temperatures possess higher diffusivity for APl and do not hinder diffusion across film
coats [268].

5.4.25 Effect of formulation composition
The value for the release exponent for batches CPT-013 - CPT-024 varied in the range of 0.472 to

0.868, indicating that the release mechanism from these dosage forms was controlled by an
anomalous diffusion process. The value of n for batch CPT-022 was 0.395, and this is < 0.43,
which implies that CPT release cannot be readily explained by the Korsmeyer-Peppas model. The
inability to ascribe a mechanism of release to batch CPT-022 may in part be explained by changes
in geometry of the dosage forms during dissolution testing and the excipients used to manufacture
the batch. The value for n is affected by the change in the shape of matrices. In systems in which
diffusion and transport within a matrix is important, the value will depend on the nature and type
of excipients, degree of adhesion of binders and compatibility of excipients used in the technology
[226]. Eudragit® RS PO, which contains a methacrylic acid copolymer, occupies free volume
within the polymeric matrix. This creates a tortuous path for diffusion and results in a decreased
diffusivity of dissolved CPT. The degree of tortuosity is dependent on the volume fraction of
Eudragit® RS PO and the orientation and shape of these particles in the polymeric matrix [236].
As dissolution occurs, the matrix becomes more porous due to an increase in the void volume, as
depicted in Figure 5.4 B. Incompatibility between excipients within the polymeric matrix may
result in the formation of additional voids, leading to an increase in the free transport of CPT
facilitated by concentration gradient or difference across the matrix.
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Figure 5.4 SEM image of a coated bead prior to (A) and after 12 hours of dissolution (B).

54.2.6 Application of other mathematical models
The dissolution data generated from testing batches manufactured during formulation and process

development of an extrusion-spheronisation process were used to establish the kinetics of CPT
release. The dissolution data were fitted to different models, including zero order, first order,
Higuchi, Hixon-Crowell and the Weibull model to determine dissolution kinetics. The results of

model fitting are summarised in Table 5.5.
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Table 5.5 Results of modelling CPT dissolution data for batches CPT-001 - CPT-027.

Zero order First order Hixon-Crowell Higuchi Weibull
Formulation Ko *R? K1 *R?  KHc *R? Ku *R2 *R2 B a
CPT-001 7603 0.898 0.171 0.986 0.289 0.617 28.353 0.953 0.983 1.275 0.101
CPT-002 6.775 0.777 0314 0.937 0.249 0.443 27.422 0.962 0.915 0.736 0.489
CPT-003 8.241 0.825 0.252 0.943 0.302 0.608 31.821 0.931 0.975 1.241 0.166
CPT-004 7.784  0.827 0.188 0.937 0.304 0.632 29.834 0.919 0.957 1.255 0.126
CPT-005 7307 0.852 0.164 0.942 0.289 0.618 27.968 0.944 0.974 1.091 0.153
CPT-006 7253 0.867 0.149 0.946 0.299 0.661 27.346 0.933 0.968 1.231 0.104
CPT-007 7518 0.895 0.227 0.989 0.279 0.578 28.737 0.989 0.996 0.971 0.231
CPT-008 6.965 0.935 0.159 0.992 0.281 0.627 26.004 0.985 0.992 0.995 0.159
CPT-009 3.142 0.889 0.041 0.931 0.211 0.589 12.011 0.982 0.947 0.713 0.091
CPT-010 7461  0.779 0318 0.997 0.267 0.487 30.056 0.957 0.991 0.914 0.387
CPT-011 6.359 0.834 0.137 0.949 0.259 0.533 24.964 0.972 0.983 0.772 0.263
CPT-012 6.466 0916 0.121 0.975 0.281 0.658 24.078 0.968 0.988 1.038 0.119
CPT-013 6.939 0.882 0.183 0.978 0.267 0.525 27.392 0.973 0.983 0.849 0.286
CPT-014 6.674  0.852 0.173 0.989 0.259 0.515 26.147 0.988 0.993 0.753 0.316
CPT-015 7.824 0851 0.276 0.981 0.279 0.551 30.388 0.971 0.981 0.988 0.279
CPT-016 7102 0.867 0.169 0.953 0.276 0.576 27.307 0.968 0.981 0.908 0.224
CPT-017 7.022 0927 0.139 0.969 0.294 0.689 25.779 0.941 0.987 1.131 0.106
CPT-018 7489 0876 0.178 0.975 0.291 0.625 28.411 0.953 0.981 1.077 0.161
CPT-019 7557 0.898 0.218 0.996 0.281 0.587 28.748 0.982 0.985 0.968 0.224
CPT-020 7551 0.887 0.224 0.995 0.283 0.578 28.912 0.984 0.995 0.975 0.231
CPT-021 6.763 0.855 0.166 0.984 0.263 0.533 26.412 0.986 0.998 0.801 0.282
CPT-022 7.314 0.806 0.464 0.901 0.261 0.476 29.282 0.976 0.922 0.946 0.395
CPT-023 8637 0931 0351 0937 0.314 0.679 31.869 0.958 0.989 1.383 0.118
CPT-024 8592 0915 0.369 0.948 0.305 0.641 32.151 0.969 0.799 0.898 0.212
CPT-025 7489 0876 0.178 0976 0.291 0.625 28.411 0.953 0.981 1.077 0.161
CPT-026 7593 0.885 0.201 0.995 0.287 0.605 28.908 0.971 0.993 1.031 0.193
CPT-027 7474 0.879 0.181 0.982 0.288 0.617 28.394 0.959 0.984 1.048 0.173

*R?=adjusted R? calculated using Equation 5.12
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The release kinetics of batches CPT-003 — CPT-006 manufactured with different amounts of
Surelease® E7-19010 as the granulating fluid were best fitted to the Weibull, first order and
Higuchi models, using adjusted R? values as the best fit model determinant. The adjusted R?
value for the Weibull model ranged between 0.957 and 0.975 and exhibited a better goodness
of fit than that the first order and Higuchi models. Use of the Korsmeyer-Peppas model
produced n values of 0.786 and 0.943, indicating that CPT transport was facilitated by an
anomalous mechanism where the diffusion process of CPT and swelling of polymers modulate
the release of CPT from the core. Dissolution data from CPT-007 — CPT-009 were well fitted
to first order, Higuchi and the Weibull models. The adjusted R? for the Higuchi model was
between 0.982 and 0.989, suggesting that the mechanism of CPT release is a diffusion-
controlled process. An increase in coating levels from 15 % to 25 % weight gain (CPT-007 —
CPT-009) appeared to have different effects on the adjusted R? value, but CPT release is

primarily diffusion-controlled.

The results of fitting CPT release data and using the adjusted R? selection criteria identify the
first order, Higuchi and Weibull models as the best models to describe CPT release from the
optimised batches CPT-025, CPT-026 and CPT-027. The adjusted R? values for the optimised
batches were in the range 0.953 -0.995.The magnitude of the adjusted R? for the first order and
Weibull models were considerably closer to 1 compared to the adjusted R? value for the
Higuchi model, which ranged between 0.953 -0.976. This suggests that diffusion is not the only
mechanism that controls CPT release from the coated dosage forms. The results support the
phenomenon that anomalous transport processes with some osmotic potential and hydrostatic

pressure build-up play a role in CPT release.

The results indicate that mathematical modelling and identification of key parameters are
important when evaluating CPT release mechanisms from bead dosage forms. Furthermore,
the model parameters must be comprehensively defined before fitting experimental data to the
models, as the shape of the dissolution profiles may be affected by experimental variables and
consequently the results obtained from modelling studies may be skewed. When fitting
dissolution data from coated formulations [237, 240, 241], it is necessary to correct the
experimental lag time parameter to describe drug release from coated systems. However, this
is tedious and involves the calculation of internal diameter, external diameter, diffusion
coefficient of API in the core and coating. This was beyond the scope of this study and should

be explored in future studies.
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55 CONCLUSION
Mathematical modelling was used to elucidate mechanistic aspects of the transport processes

specific to CPT release from coated bead formulations. Developing and understanding a
comprehensive model for coated bead formulation is important for the development of in vitro
release test methods for quality control in cases where the mechanism of release may be known
or where a specific mechanism of release in vivo, is desirable. In such cases the in vitro release
test may be optimised based on specific mechanistic requirements for CPT release. The
optimisation of an in vitro release test method is essential for the exploration of an in vitro-in
vivo correlation for a specific technology. This is pivotal in establishing a logical next step in

the development and optimisation of novel formulations [147, 225, 234].

The evaluation of CPT release data formulations with different levels of granulating fluid using
the Korsmeyer-Peppas model revealed that this approach was a discriminatory method and
therefore most suitable as a tool for further product optimisation. The release exponent n was
found to range between 0.786 and 0.943, suggesting that the release mechanism from the
dosage form is controlled by anomalous diffusion and Case Il transport mechanisms. The
results suggest that there is a complex release process of CPT from coated spherical beads.
This may involve osmotic potential and cracking of coating due to hydrostatic pressure build-
up in the core of the beads. Increasing the amount of Surelease® E7-19010 from 5 % wi/w to

20 % wi/w resulted in variable effects on model fitting outcomes.

The effect of different coating levels resulted in a slight increase from 0.606 to 0.719 for the n
value. The release mechanism of CPT from the coated beads was unaltered for all batches
manufactured using different coating levels and the mechanism appeared to be primarily non-
Fickian diffusion controlled. The increase in % weight gain resulted in a decrease in the
permeability of the film coat that acts as a barrier to transport of water into the core of the bead
matrix, with a resultant decrease in Kmto < 1 within the realm of non-Fickian mechanisms in

which release deviates from Ficks law and is controlled by diffusion and swelling.

An increase in the time of curing up to 2 hours (CPT-010 - CPT-012) revealed that the value
for the release exponent increased from 0.449 to 0.808 and the value for K varied between
0.359 and 0.119. The variability of the Km values can be explained in part by the change in
geometric characteristics of the dosage form primarily due to the coalescence of ethylcellulose

particles on the surface of the beads through capillary effects as curing time was lengthened.
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The glass transition of ethylcellulose may affect the diffusivity of poorly permeable CPT
molecules due to the formation of a coherent film on the beads. The results of model fitting for
the optimised batches CPT-025 — CPT-027 evaluated using adjusted R? values were in the
range between 0.953 and 0.995. The magnitude of adjusted R?was close to 1 compared to the
adjusted R? value of theHiguchi model, which was in the range 0.953 to 0.976. This indicates

that diffusion is not the only mechanism that controls CPT release from the coated beads.

In general, these results support the hypothesis that the hydration and swelling of polymers
play a significant role in CPT release. The release mechanism includes transport of dissolution
medium from the vessel reservoir into the core of the bead due to osmotic potential, dissolution
of CPT, mass transfer of the dissolved CPT within the core, partitioning between the solution
and polymeric film, and mass transfer of dissolved CPT through the film, ultimately to reach
the bulk of the dissolution fluid.

Mathematical modelling has been successfully used to characterise and understand the

mechanisms by which CPT is released from a bead technology manufactured using extrusion,

spheronisation and coating processes.

213



Chapter 6

CHAPTER SIX
CONCLUSIONS

CPT is an orally active ACE inhibitor that exhibits a diverse in vivo pharmacological profile.
The primary activity of CPT is to block the conversion of AT-1 to AT-Il. CPT is used

therapeutically for the treatment of hypertension, cardiac failure and diabetic nephropathy as it
has an ability to alter binding on the ACE enzyme to reduce the conversion of AT Il and
increases plasma renin activity to lower the diastolic and systolic arterial blood pressure. CPT
is prescribed to chronically ill patients and long-term use requires appropriate management due
to limited toxicity. The antihypertensive effects of CPT last for up to 6 hours, which is related
to the short plasma elimination half-life of the molecule. The presence of the sulphydryl moiety
in the CPT molecule results in a sulphurous odour and facilitates oxidation of the parent
compound to captopril disulphide conjugates that are eliminated via the kidneys. CPT exhibits
undesirable adverse effects in patients who exhibit hypersensitivity to sulphur. These patients
produce macula-papular skin rash. In addition, CPT may disturb taste, manifested by the loss
of taste or the presence of a metallic taste. The development of a once or twice daily oral
formulation of CPT would be of significant advantage and enhance patient adherence. In
addition, the challenges exhibited by CPT use that include taste disturbance, instability and the
characteristic sulphur odour may be minimised using sustained release delivery technologies.

CPT lacks the presence of a strong chromophore and therefore does not absorb in the UV-Vis
region of electromagnetic spectrum. The quantitation of CPT was achieved using a validated
HPLC method and a PDA detector with a fast scan spectrophotometer that has a low S/N ratio
and wide wavelength range for scanning. This enhances the sensitivity of the method and can
assess peak purity. CPT is a weakly acidic molecule and the pH of the mobile phase can affect
the distribution of charged entities, thereby affecting the separation of CPT. In particular, the
resolution and retention time of CPT can be altered through silanol interactions between the
molecule and the stationary phase. A DOE approach using CCD was successfully used to
optimise the chromatographic conditions for the analysis of CPT. The method was
advantageous in respect of saving costs through minimal reagents and effective time use. The
CCD approach permitted the investigation of interactive factors such as pH, MeOH content
and column temperature on the chromatographic responses of the retention time of CPT and
resulted in identification of method parameters that yielded an optimised separation with well-

resolved and symmetrical peaks for CPT and the IS, SCY.
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ANOVA was used to identify the significant factors that affected retention time and the
resolution factor. The MeOH content in the mobile phase had the greatest impact on the
retention time of CPT. An increase in MeOH content increased the overall polarity of the
mobile phase, resulting in overall decrease in the retention time of CPT due to a decrease in
solute particle interactions with silanol functional groups of the stationary phase. ANOVA
revealed that the interaction of pH-MeOH content and pH-column temperature had significant
and antagonistic effects on the symmetry of the CPT peak. The pH of the mobile phase is the
most significant factor in the interactive model. It affects peak shape significantly, particularly
if the compound of interest has ionisable functional groups that will elute at a different rate to
unionised compounds, resulting in peak tailing. A quadratic polynomial equation was used to
describe the relationship between the input variables and responses (output variables). The
relationship was then used to establish the retention time of CPT and the optimum conditions
for the separation. It permitted an evaluation of the combined effects of independent variables

such as pH, MeOH content and column temperature due to linear antagonistic contributions.

The optimum chromatographic conditions were selected based on experimental data for which
the CV was used as an indicator of the degree of precision with which the experiments were
performed. The CV was 10.16 and 1.75 for retention time and As. The peaks for CPT and SCY
were adequately separated with retention times of 3.5 and 6.8 minutes for the analytes. The
analytical method was validated using ICH guidelines and was found to be simple, precise,
accurate, selective, rapid and accurate and was appropriate to use for the analysis of CPT in its
pure form over the concentration range 2 - 60 pg/mL and for the analysis of CPT in

commercially available and prototype formulations.

The stability indicating RP-HPLC method revealed that CPT degrades in 0.1 M NaCl (100%),
30 % v/v H202(98.02%), 0.1 M HCI (43.20%) and after exposure to 500W/m? (43.60%) light
following exposure to these media for up to 8 hours. The stress studies yielded degradation
products following exposure to neutral hydrolytic conditions at an elevated temperature of 80
°C and 0.1 M NacCl (46.3%) for 8 hours.

A number of preliminary studies were undertaken to establish the properties of CPT and
potential excipients to ensure a suitable risk assessment for the development of a coated bead
dosage form. SEM images of raw materials revealed the particle size and shape of the
excipients.Materials had to be sieved prior to blending to facilitate the production of
homogenous blends of powder of uniform content that would be suitable for further processing.
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The results of powder flow analysis revealed that CPT, MCC and Eudragit® RS PO exhibited
satisfactory flow properties, whereas HPMC K100M and HPMC E4M exhibited poor flow
properties. These data were based on an assessment of the AOR, Cl and HR. A glidant such as
talc had to be included for successful blending and granulation prior to manufacturing beads.
Following the addition of talc, most blends had measured values for the AOR and calculated
values for CI and HR that fell within the range to suggest that the flow properties of the
materials would be satisfactory to good.

DSC studies were used to assess the compatibility of CPT and CPT-excipient mixtures and
revealed no significant shift in the melting point of CPT. The thermogram for CPT exhibited a
Tpeak at 110.93 °C. Similarly, FT-IR studies did not reveal any significant shifts in the
absorption bands for CPT in the presence of excipients for all combinations except talc. Despite
the limitations of FT-IR when it comes to providing insight into molecular changes that are
necessary to fully understand prospective CPT-excipient interactions, the studies provide
valuable information relating to the behaviour of blends of binary mixtures of CPT and
excipients. No interactions were noted, and based on the combination of studies of flow
properties, SEM, TGA, DSC and FT-IR, it was established that Methocel® K100M, Methocel®
E4M, Avicel® PH102, Eudragit® RS PO and talc were suitable for use in formulation
development studies designed to produce CPT beads. The dissolution of CPT in the presence
and absence of ammonium oleate was studied and it was concluded that the anionic oleate did
not interact with CPT, as shown by the similar release profile in the presence and absence of
ammonium oleate. These results indicate that no potential interactions are likely to occur during
processing and coating of CPT beads using Surelease® E-7-19010 as a granulation and coating

material.

An increase in the amount of solid content in the granulation fluid from 5 % w/w to 20 % w/w
resulted in a decrease in the extent of CPT release. SR was achieved using Surelease® as the
granulating fluid in an attempt to suppress the initial burst effect usually observed with water
soluble compounds. In addition, the concurrent use of hydrophilic HPMC K100M and E4M
polymers that form a gel matrix on hydration in dissolution media further retarded CPT release.
When the CPT dissolution data were fitted to the Korsmeyer-Peppas model for batches with
increased granulation fluids, values of n between 0.786 and 0.943 emerged, suggesting that
CPT release occurs via anomalous and Case Il transport mechanisms. The results suggest that

CPT release from the spherical coated beads may involve anomalous transport mechanisms
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and the complexity of the CPT release process may encompass diffusion, swelling and erosion
of HPMC based matrices.

CPT release diminished when the level of coating was increased from 15 — 25 % since the
increase in coating levels increased the physical barrier around the core bead, which retards the
release of CPT. A slight increase in the value for n from 0.606 to 0.719 suggested that the
release of CPT from the coated beads was via a non-Fickian diffusion controlled mechanism.
The increase in coating levels hinders the permeability of the coating and acts as a barrier to

the transport of water.

CPT is classified as a BCS class 111 compound for which permeability is the rate-limiting step
for absorption across epithelial cells of the GIT. Since CPT solvates rapidly, the rate of release
is rapid and consequently absorption may be controlled by altering the availability of CPT with
a coated multi-particulate bead technology. Preliminary prototype formulations were
developed using different amounts of polymer, different levels of granulating fluid and coating,
and curing time to identify a suitable composition and process that would produce SR beads
with a dissolution profile that met the specifications for SR products in the USP. All batches
of coated beads were manufactured by extrusion and spheronisation. Excipients such as
Methocel® K100M, Methocel® E4M, Avicel® PH102, Eudragit® RS PO and talc were
successfully used to produce SR beads that were then coated and have the potential to be used
as a twice-daily drug delivery system. The coated beads formulations were selected for further
optimisation as they offer several benefits in respect of flexibility in titrating doses for
paediatric patients and reduce the risk of dose dumping, which is a characteristic observed

when delivering water soluble API drugs.

A Plackett-Burman experimental design was used to screen the formulation composition of
MCC, HPMC K100M, HPMC E4M, Eudragit® RS PO and process parameters such as
extrusion and spheronisation speed, residence time, coating temperature, atomising airflow,
spray rate and curing time on the manufacture of beads. The aforementioned factors were
critical input variables for the manufacture of coated CPT beads. The Plackett-Burman design
was used since it is an efficient approach that permits screening of a large number of significant
factors in a short time and requires minimal resources. The responses monitored for the design
included percent yield, AOR, friability, AR, sphericity, coating efficiency, cumulative percent
CPT released at 2, 6 and 12 hrs. The limits for some of the responses were set to meet USP
recommendations for the dissolution of API from the SR/modified release dissolution profile.
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Chapter 6

The quality attributes of the beads after production using extrusion-spheronisation and coating
were also measured against appropriate specifications. The model that was developed
demonstrates significant responses for the yield, AR, sphericity, coating efficiency and the
amount of CPT, released at 2 and 12 hours. The p value were < 0.05, indicating that the beads
exhibited satisfactory to good flow properties, were smooth and spherical, indicating that a
capsule filling would be efficient. CPT release from this technology was sustained over the 12-

hour test period.

The response variables for all formulations and process factors were analysed using Design-
Expert® 8.0.4 software. ANOVA revealed that CPT release at 2 hours (p=0.0336) was
significantly affected by the linear terms of MCC, Methocel® K100M and Eudragit® RS PO,
spray rate and curing temperature in the model that were necessary to control the initial burst
effect. The application of Surelease® E-7-19010 onto the surface of the beads produced a
barrier that complements the rate of release retardant properties of the hydrophilic polymeric
core, thereby reducing the rapid dissolution of CPT in the core and its release into the
dissolution medium. An increase in the spray rate during coating was reflected by a decrease
in the amount of CPT released at two hours. An increase in the spray rate resulted in smaller
droplets that are deposited onto the surface of the bead rapidly.This associated with a thicker
coating layer that retards release more effectively when compared to coats manufactured at
lower spray rates. An increase in curing time facilitates complete coalescence of the polymer
coat, resulting in production of a less permeable membrane that reduces the rate of CPT release
and overcomes the burst effect.

CPT release at 12 hours was significantly affected by the MCC, HPMC K100M, HPMC E4M
and Eudragit® RS PO content, AFR, spray rate and curing time. The use of contour plots
verified the acceptance criterion of ensuring that at least 80 % CPT was released at 12 hours.
HPMC is a hydrophilic non-ionic polymeric material that hydrates rapidly and swells to form
a gel layer that can control the release of CPT. An increase in the amount of the more viscous
HPMC K100M from 15 — 25 % resulted in a slower rate of CPT release due to the slower
diffusion of the molecule through the viscous matrix. An increase in Eudragit® RS PO content
from 7.5 to 15 % w/w increased the number of insoluble quaternary ammonium functional
groups in the matrix, resulting in fewer pores and channels through which CPT can diffuse.This

subsequently resulted in slower release.
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Chapter 6

ANOVA data for coating efficiency revealed that all individual parameters investigated were
significant in ensuring the efficiency of the process. The coating efficiency ranged between
76.4 % and 98.6 % and the AFR and spray rate had the greatest impact on efficiency. A high
AFR is associated with continuous mass transport of air in the coating chamber and
consequently increases the evaporative capacity of the coating unit, which minimises over-

wetting and agglomeration of beads.

The prediction error when comparing the responses for three batches of the optimised
formulation (CPT-025 — CPT-027) with that from a reference product (CPT-001) was between
-1.44 % and +0.78 %. This is a reasonable error of low magnitude that is reproducible (R? =
0.9996). The use of the Plackett-Burman approach was suitable for formulation composition
and process parameter screening during the development of SR CPT beads. The beads were

manufactured at an acceptable yield level with target quality attributes of good flow properties.

The use of an HPMC-based matrix coated with ethylcellulose to modulate the delivery of the
highly water soluble and poorly permeable CPT molecule may result in release of the APl by
one of a number of mechanisms. As the API is water soluble, an osmotic gradient may in part
provide a driving force for the influx of dissolution medium across the coating to dissolve CPT.
The hydration and swelling of the polymers in the bead result in an increase in the diffusional

path length for CPT and may increase the pressure in the interior of the bead.

The experimental design was successfully applied to the development of SR CPT beads that
can be used for twice-daily dosing. The technology can be used to reduce the dosing frequency
and this may enhance patient adherence to prescribed dosing regimens. The coated beads also
provide a potential solution to the challenges of treating paediatric patients as dose adjustment
when manufacturing extemporaneous products is easily achieved. It is likely that the coated
beads will deliver CPT in a manner that will maintain drug levels in the therapeutically
desirable range while reducing potential side effects such as the dry hacking cough, taste
disturbances and maculo-papular rash associated with CPT. Further development and
optimisation of the formulation and manufacturing process using RSM approaches such as
CCD or Box-Behnken design studies are required to establish a scaled-up process for an
optimised formulation. Furthermore, additional studies would be necessary to establish the

long-term stability and shelf life of the optimised and scaled-up formulations.
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APPENDIX I
BATCH PRODUCTION RECORDS

Note that only the production records for batch CPT-001 is included here. The batch
production records for batches CPT-002 to CPT-027 are available on request.
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH PRODUCTION RECORD

Product name: Captopril beads Page: lof4
Batch ID:" CPT-001 Batch size: 200 g

MANUFACTURING APPROVALS

Batch record issued by Date

Master record issued by Date
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH PRODUCTION RECORD

Product name: Captopril beads

Page:

20f4

Batch ID: CPT-001 Batch size: 200 g
MATERIALS AND QUANTITIES
Material Rhodes No. Quantity Amount Dispensed | Checked
(% wiw) dispensed (g) by by
CPT 5103-02-348-C 20 40
Avicel® PH 102 RMO000038 42.5 75
Methocel® K100M RMO000024 15 30
Methocel® E4M RM000032 10 20
Eudragit® RS PO RM000023 7.5 15
Talc RMO000050 5 10
EQUIPMENT VERIFICATION
Description Type Verified by | Confirmed by
Mixing Silversonmagnetic stirrer
Sieve 1400 um mesh size

0.315, 0.80 and 1.25 mm Mesh DIN 4188

Weighing balance

Mettler AG 135 top loading balance

Blender

Kenwood Multi-Pro FP580planetary mixer

Extrusion

Model 20 Caleva® extruder

Spheroniser

Caleva® MBS 250 spheroniser

Fluid bed drier

STREA-1™ Classic Fluid Bed Processor
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH PRODUCTION RECORD

Product name: Captopril beads Page:
Batch ID: CPT-001 Batch size: 200 g

30f4

MANUFACTURING PROCEDURE

Step

Procedure

Time

Done by

Checked by

Dilute 25 % m/v Surelease® E-7-19010 to 15 % m/v
solids (SSC) stirring at 400 rpm for 2 hoursusing a
magnetic stirrer.

Separately screen weighed amounts of the following
materials through a 1400 pm mesh size screen: CPT,
Avicel® PH 102, Eudragit® RS PO, talc, Methocel®
K100M and E4M.

Blend the powders using a Kenwood Multi-Pro
FP580planetary mixer at low speed for 20 minutes.

Manually spray diluted SSC dispersion (1) onto the
powder mixture while blending at low speed for an
additional 3 minutes.

Load the granules into the gravimetric feeder of Model
20 Caleva® extruder with the impeller speed set at 35
rpm.

Spheronise the extrudate forl 6 minutes in a 300
mmdiameter crosshatched friction plate Caleva® MBS
250 spheroniser immediately on harvesting.

Dry the wet beads in a fluid bed processorfor 25 minutes
withthe inlet air temperature was set at 50 °Cand an
atomising air flow rate of 115 m®/hr.

Coat the dried beads using fluid bed processor fitted with
121 mm Wiirster insert, diluted SSC dispersion (1)
sprayed at a rate of 2.0g/min, through a 1.2 mm nozzle
with an atomising air flow pressure set at 115 m%/hr. The
inlet air temperature was set at 60+2°C.

Cure beads at 40 °C for 1hour. Sieve dried beads using a
set of standard sieves with a nominal screen sizes of 1.25
mm, 0.80 mm and 0.3125 mm.

10

Calculate the % yield and load the coated beads into
opaque yellow size 1 hard gelatin capsules. Pack the
capsules in a sealed plastic bag until analysis.
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH PRODUCTION RECORD

Product name: Captopril beads Page: 40f4
Batch ID: CPT-001 Batch size: 200 g

SIGNATURE AND INITIAL REFRENCE

Full Name (Print) Signature Initials Date
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APPENDIX 11
BATCH SUMMARIES
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-001

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00
Product: Captopril beads (end): 10:10
Manufactured date: 14/06/2012 Coating time (start): 10:10
Batch number: CPT-001 (end): 11:30
Batch size: 200 g
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.34
Avicel® PH 102 RMO000038 40 80.15
Methocel® K100M RMO000024 15 30.09
Methocel® E4M RMO000032 7.5 15.12
Eudragit® RS PO RMO000023 15 30.05
Talc RM000050 2.5 5.14
Release profile of CPT-001 SEM
100 -
H
L
> 70 -
5 60 -
R 50 -
< 40 -
& 30 ——CPT-001
2 20
o 10
0 T T T T 1
0 2 4 6 8 10 12
Time (hours) R —
DATE: 07/20/112 Device: VG1760481J Rhodes University SEM
Temperature: 23.8°C Friability: 0.43£0.05 %
Humidity: 60.0% Aspect ratio: 1.04+0.74
Weight obtained: 171.2g Drug content: 96.4+0.9 %
Yield: 85.6 % Coating efficiency: 84.6 %

Comments

Smooth spherical beads obtained

246



Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-002

Formulator: Farai Mhaka Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 14/06/2012 Coating time (start): 14:10
Batch number: CPT-002 (end): 15:30
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.08
Avicel® PH 102 RM000038 40 80.11

Methocel® K100M RMO000024 15 30.07

Methocel® E4M RM000032 7.5 15.32

Eudragit® RS PO RM000023 15 30.24
Talc RMO000050 2.5 5.13
Release profile of CPT-002 SEM

» 100 -

§ 90 -

I 80 -

= o |

@)

< 50 -

S 40 1

g 301 ——CPT-002

‘_35 20

g 10

8 O T T T T T 1

0O 2 4 6 8 10 12
Time (hours) o T WA W 1t.om 12:tses

Temperature: 23.7°C Friability: 0.96+0.18 %
Humidity: 59.5% Aspect ratio: 1.01+0.62
Weight obtained: 166.4 g Drug content: 98.4+1.9 %
Yield: 83.2 % Coating efficiency: 86.9 %
Comments

Smooth spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-003

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 16:00
Product: Captopril beads (end): 17:10
Manufactured date: 14/06/2012 Coating time (start): 17:10
Batch number: CPT-003 (end): 18:30
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 39.87
Avicel® PH 102 RMO000038 40 80.13
Methocel® K100M RMO000024 15 29.89
Methocel® E4M RMO000032 7.5 15.17
Eudragit® RS PO RMO000023 15 29.93
Talc RMO000050 2.5 4,98
Release profile of CPT-003 SEM
G}OO .
§90 .
380 -
p—
70 -
560 -
50 -
240
30 ——CPT-003
£20
310
0 T T T T 1
0 2 4 6 8 10 12 _ gl b ]
Time (hours) s Sy T
Temperature: 235°C Friability: 0.74+0.13 %
Humidity: 59.8% Aspect ratio: 1.08+0.28
Weight obtained: 185.23 g Drug content: 87.1+2.2 %
Yield: 92.6 % Coating efficiency: 77.2%
Comments

Smooth spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-004

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00
Product: Captopril beads (end): 10:10
Manufactured date: 16/06/2012 Coating time (start): 10:10
Batch number: CPT-004 (end): 11:30
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.07
Avicel® PH 102 RM000038 40 79.79
Methocel® K100M RMO000024 15 30.06
Methocel® E4M RMO000032 7.5 15.10
Eudragit® RS PO RMO000023 15 29.87
Talc RMO000050 2.5 5.18
Release profile of CPT-004 SEM
CIJ100 .
§ 90 -
© 80 -
— 70 -
S 60 -
X 50 -
240 1
< 30
ERD —o—CPT-004
£
3 10

0

0 2 4 6 8 10 12
T|me (hou rS) SEM MAG: 143 x HV: 2000 K L

N P T T
VAC: HiVac DET: SEDetector 500 pm Vega @Tescan
DATE: 07/2012 Device: VG1760481J Rhodes University SEM

Temperature: 23.1°C Friability: 0.67£0.17 %
Humidity: 60.2% Aspect ratio: 1.03+0.12
Weight obtained: 187.06 ¢ Drug content: 91.4+0.8 %
Yield: 93.6 % Coating efficiency: 92.6 %
Comments

Smooth spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-005

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 16/06/2012 Coating time (start): 14:10
Batch number: CPT-005 (end): 15:30
Batch size: 200 g
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.58
Avicel® PH 102 RMO000038 40 80.12
Methocel® K100M RMO000024 15 30.07
Methocel® E4M RMO000032 7.5 14.85
Eudragit® RS PO RMO000023 15 30.06
Talc RM000050 2.5 5.25
Release profile of CPT-005 SEM
100 -
%90 -
I 80 -
— 70 -
& 60 -
X 50 -
240 -
T30 -
= =4—CPT-005
£20
310
O T T T T 1
0 2 4 6 8 10 12
Time (hours) S Fo
Temperature: 22.9°C Friability: 0.83+0.34 %
Humidity: 60.0% Aspect ratio: 1.09+0.14
Weight obtained: 17176 ¢ Drug content: 86.7+3.4 %
Yield: 85.9 % Coating efficiency: 84.7 %

Comments

Smooth spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-006

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:00
Product: Captopril beads (end): 18:10
Manufactured date: 16/06/2012 Coating time (start): 18:10
Batch number: CPT-006 (end): 19:35
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 39.95
Avicel®PH 102 RMO000038 40 80.05
Methocel® K100M RM000024 15 30.17
Methocel® E4M RMO000032 7.5 15.21
Eudragit® RS PO RM000023 15 29.96
Talc RMO000050 2.5 5.07

Release profile of CPT-006

100 -
%90-
?:_"80_
= 70 -
S 60 -
£ 50 -
240 -
&30
gzo
310

0

=4—CPT-006

O 2 4 6 8 10 12 SEMNAG Yux HV. ZUUUKY
) VAC: Hivac DET: SEDetector 500 pm Vega @Tescan
Time (hours)

DATE: 07/20112 Device VG1760481J Rhodes University SEM

Temperature: 22.7°C Friability: 0.52+0.07 %
Humidity: 59.5% Aspect ratio: 1.14+0.09
Weight obtained: 176.27 ¢ Drug content: 83.415.1 %
Yield: 88.1 % Coating efficiency: 86.8 %
Comments

Smooth spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-007

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 08:00
Product: Captopril beads (end): 09:10
Manufactured date: 18/06/2012 Coating time (start): 09:10
Batch number: CPT-007 (end): 10:25
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.14

Avicel® PH 102 RMO000038 40 80.23

Methocel® K100M RMO000024 15 30.31

Methocel® E4M RMO000032 7.5 14.86

Eudragit® RS PO RMO000023 15 30.04

Talc RMO000050 2.5 5.11
Release profile of CPT-007 SEM

100 -

=—CPT-007

0 T T T T

0 2 4 6 8
Time (hours)

23.0°C
60.0 %
163.95¢g
81.9 %

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

Spherical beads obtained

10

12

SEM MAG: 99 x HY. 20.00 kv

YAC: HiVac DET: SEDetector 500 pm ‘Yega @Tescan

DATE: 0712012 Device: VG1760481J Rhodes University SEM
Friability: 0.75%0.27 %
Aspect ratio: 1.18+0.15
Drug content: 90.6+2.3 %

Coating efficiency: 83.7 %
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-008

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 12:00
Product: Captopril beads (end): 13:10
Manufactured date: 18/06/2012 Coating time (start): 13:10
Batch number: CPT-008 (end): 14:25
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.11

Avicel® PH 102 RMO000038 40 80.05

Methocel® K100M RM000024 15 30.25

Methocel® E4M RMO000032 7.5 15.09

Eudragit® RS PO RMO000023 15 30.04

Talc RMO000050 2.5 5.16
Release profile of CPT-008 SEM

100 +
90 -
80 -
70 -
60 -
50 -
40
30
20
10

0

Cumulative % CPT release

—=—CPT-008

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

4 6 8
Time (hours)

23.0°C
60.0 %
168.85 g
84.4 %

Smooth spherical beads obtained

10 12

SEM MAG: 115
VAC: Hivac
DATE: 07120112

Friability:
Aspect ratio:
Drug content:

HY: 2000 kY L
DET: SEDetector
Device: VG1760481J

|
Vega @Tescan
Rhodes University SEM

el
500 pm

0.47+0.11 %
1.01+0.13
94.7£3.5%

Coating efficiency: 92.5%
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-009

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 18:00
Product: Captopril beads (end): 19:10
Manufactured date: 18/06/2012 Coating time (start): 19:10
Batch number: CPT-009 (end): 20:25
Batch size: 200 g
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 39.86
Avicel® PH 102 RM000038 40 80.15
Methocel® K100M RM000024 15 30.07
Methocel® E4M RMO000032 7.5 14.88
Eudragit® RS PO RM000023 15 30.19
Talc RMO000050 2.5 5.16
Release profile of CPT-009 SEM
100 -
(<5}
§90 .
E,SO 1
70 -
3560 -
x50 - =4—CPT-009
240
®30
-}
£20
510
0 T T T T T 1

0 2 4 6 8 10 12
Time (hours) - oom o 10/s/200

15.0kV SEI NOR WD 11.3mm 14:07:40

Temperature: 22.7°C Friability: 0.24+0.04 %
Humidity: 60.0 % Aspect ratio: 1.27+0.15
Weight obtained: 131.37 ¢ Drug content: 77415 %
Yield: 65.7 % Coating efficiency: 95.8 %
Comments

Spherical beads obtained
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RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-010

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00
Product: Captopril beads (end): 10:10
Manufactured date: 20/06/2012 Coating time (start): 10:10
Batch number: CPT-010 (end): 10:40
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 39.93

Avicel® PH 102 RMO000038 40 80.07

Methocel® K100M RMO000024 15 30.14

Methocel® E4M RM000032 7.5 15.31

Eudragit® RS PO RMO000023 15 30.07

Talc RM000050 2.5 5.13
Release profile of CPT-010 SEM

100 -

%90 -

E_,80 .

70 -

3560 -

50 -

240 =4—-CPT-010

=30 -

220

10

0

0 2 4 6 8 10 12
Time (hourS) SEM MAG: 108 x HY: 20,00 kv

VAC: HivVac DET: SEDetector 500 pm Vega @Tescan
DATE: 05/14/12 Device: VG1760481J Rhodes University SEM

Temperature: 22.8 °C Friability: 0.16+0.06 %
Humidity: 60.0 % Aspect ratio: 1.37+0.28
Weight obtained: 12451 ¢ Drug content: 72.912.1%
Yield: 62.2 % Coating efficiency: 76.5%
Comments

Beads obtained tend to agglomerate due to incomplete coalescence and resulted in low yield.
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-011

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 20/06/2012 Coating time (start): 14:10
Batch number: CPT-011 (end): 15:25
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.11
Avicel®PH 102 RMO000038 40 80.48
Methocel® K100M RMO000024 15 29.76
Methocel® E4M RMO000032 7.5 15.15
Eudragit® RS PO RMO000023 15 30.44
Talc RMO000050 2.5 5.32
Release profile of CPT-011 SEM
mlOO .
290 -
80 -
[
70 -
G 60 -
x50 -
[<B)
= 40 =—CPT-011
© 30
>
% 20
310
0 T T T T 1
0 2 4 6 8 10 12
Time (hours) BGE G, L i
DATE: 07120112 Device: VG1760481J Rhodes University SEM
Temperature: 22.9°C Friability: 0.73£0.23 %
Humidity: 59.0 % Aspect ratio: 1.08+0.25
Weight obtained: 158.32 ¢ Drug content: 83.4+3.7 %
Yield: 79.16 % Coating efficiency: 89.8 %

Comments

Spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-012

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 18:00
Product: Captopril beads (end): 19:10
Manufactured date: 20/06/2012 Coating time (start): 19:10
Batch number: CPT-012 (end): 21:30
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.25

Avicel®PH 102 RMO000038 40 80.18

Methocel® K100M RMO000024 15 30.25

Methocel® E4M RMO000032 7.5 15.15

Eudragit® RS PO RMO000023 15 30.23

Talc RMO000050 2.5 5.16
Release profile of CPT-012 SEM

100 -
N
2
70 -
560 -
$50 -
240 -
&30
220
310
0

=—CPT-012

0 2 4 6 8 10 12
Time (hours)

Temperature: 22.9°C
Humidity: 59.0 %
Weight obtained:  186.43 g
Yield: 93.2%
Comments

Spherical beads obtained

SEM MAG: 102 x HY. 20.00 kv
VAC: Hivac DET: SEDetector
DATE: 07/20/12 Device: VG1760481J

Friability:

Aspect ratio:

Drug content:
Coating efficiency:

500 pm

Vega ©@Tescan

Rhodes University SEM

0.41+0.35 %

1.09+0.12
84.1+4.3 %
79.7 %
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-013

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00
Product: Captopril beads (end): 10:10
Manufactured date: 04/07/2012 Coating time (start): 10:10
Batch number: CPT-013 (end): 11:30
Batch size: 2009
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.46
Avicel® PH 102 RMO000038 40 80.09
Methocel® K100M RMO000024 15 30.93
Methocel® E4M RM000032 15 30.05
Eudragit® RS PO RMO000023 7.5 16.95
Talc RM000050 2.5 5.09
Release profile of CPT-013 SEM
100 -
$90 -
<80 -
[
70 -
560 -
x50 -
£40 -
220
310

0

0 2 4 6 8 10 12
Time (hou I’S) SEM MAG: 130 x HY: 2000 kY [ 1

— -
VAC: Hivac DET: SEDetector 500 pm Vega ©Tescan
DATE: 0742012 Device: VG1760481J Rhodes University SEM

b, el

Temperature: 22.9°C Friability: 0.79£0.23 %
Humidity: 59.0 % Aspect ratio: 1.27+0.12
Weight obtained:  140.82 g Drug content: 86.1+3.3 %
Yield: 70.4 % Coating efficiency: 82.4 %
Comments

Slightly dumb-bell shaped beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-014

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 04/07/2012 Coating time (start): 14:10
Batch number: CPT-014 (end): 15:30
Batch size: 255¢

Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.31

Avicel®PH 102 RMO000038 50 100.35

Methocel® K100M RMO000024 15 30.53

Methocel® E4M RMO000032 25 50.22

Eudragit® RS PO RMO000023 15 30.61

Talc RMO000050 2.5 5.02
Release profile of CPT-014 SEM

100 -
%90 .
E_,SO -
Em .
560 -
$50 -
240
&30
220
310

0

——CPT-014

0 2 4

6 8

Time (hours)

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

23.0°C
60.0 %
233.07 g
91.4 %

Slightly dumb-bell shaped beads obtained

SEM MAG: 108 x
VAC: Hivac
DATE: 07/20/12

Friability:
Aspect ratio:
Drug content:

HYy. 20.00 KV
DET: SEDetector
Device: VG1760481J

500 pm Vega @Tescan

Rhodes University SEM

0.79+0.23 %
1.31+0.07
88.8+4.1 %

Coating efficiency: 97.9 %
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-015

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:00
Product: Captopril beads (end): 18:10
Manufactured date: 04/07/2012 Coating time (start): 18:10
Batch number: CPT-015 (end): 19:30
Batch size: 255¢
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.31

Avicel® PH 102 RMO000038 50 100.36

Methocel® K100M RMO000024 25 49.89

Methocel® E4M RMO000032 15 29.70

Eudragit® RS PO RMO000023 15 29.78

Talc RM000050 2.5 5.06
Release profile of CPT-015 SEM

100 -
%90 .
E"80 -
'570 .
560 -
50 -
240 -
&30
220
310

=—CPT-015

0

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

6 8

Time (hours)

22.5°C
60.0 %
191.51 g
75.1 %

Smooth spherical beads obtained

10

12

SEM MAG: 107 x
VAC: HivVac
DATE: 0772012

HY: 20.00 kY

Friability:
Aspect ratio:
Drug content:

DET: SEDetector
Device: VG1760481J

500 pm Vega @Tescan

Rhodes University SEM

0.92+0.17 %
1.02+0.02
94.1+0.9 %

Coating efficiency: 86.1 %
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-016

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:30
Product: Captopril beads (end): 10:40
Manufactured date: 05/07/2012 Coating time (start): 10:40
Batch number: CPT-016 (end): 12:00
Batch size: 260 g
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 41.58

Avicel®PH 102 RMO000038 50 100.51

Methocel® K100M RMO000024 25 49.82

Methocel® E4M RMO000032 25 49.46

Eudragit® RS PO RMO000023 7.5 15.89

Talc RMO000050 2.5 5.81
Release profile of CPT-016 SEM

100 -

[<B]

§90 .

E80 .

70 -

560 -

x50 -

£40 -

=30 =—CPT-016

220

310

O T T T T 1
0 2 4 6 8 10 12
Time (hOUI’S) SEM MAG: 107 x HY: 20.00 K
DATEDIN  Dece vOITO0MB Rnodes Uneraty SN

Temperature: 225°C Friability: 0.86+0.08 %
Humidity: 60.0 % Aspect ratio: 1.22+0.14
Weight obtained: 1934149 Drug content: 91.8+1.5%
Yield: 74.4 % Coating efficiency: 89.1 %

Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-017

=—CPT-017

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 14:30
Product: Captopril beads (end): 15:40
Manufactured date: 05/07/2012 Coating time (start): 15:40
Batch number: CPT-017 (end): 17:00
Batch size: 255¢
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.39
Avicel® PH 102 RMO000038 40 80.14
Methocel® K100M RMO000024 25 49.25
Methocel® E4M RMO000032 25 50.35
Eudragit® RS PO RMO000023 15 30.03
Talc RM000050 2.5 5.24
Release profile of CPT-017 SEM
100 -

$90 -

380 .

L

=70 -

560 -

50 -

240 -

3

>

S

=}

O

30
20
10
0 . . . .
0 2 4 6 8 10 12
Time (hours) Witmac " Der sty S VepGren
DATEOT0M2  Deves: vot7aD4S1s Rhades Unhersiy SEM
Temperature: 23.0°C Friability: 0.99+0.17 %
Humidity: 60.0 % Aspect ratio: 1.04+0.10
Weight obtained:  189.75¢g Drug content: 84.9+£0.7 %
Yield: 74.4% Coating efficiency: 78.7 %
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-018

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:30
Product: Captopril beads (end): 18:40
Manufactured date: 05/07/2012 Coating time (start): 18:40
Batch number: CPT-018 (end): 20:00
Batch size: 2159
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 41.08
Avicel® PH 102 RM000038 40 80.16
Methocel® K100M RM000024 15 30.69
Methocel® E4M RMO000032 15 29.71
Eudragit® RS PO RMO000023 15 31.18
Talc RMO000050 2.5 5.24
Release profile of CPT-018 SEM
100 -
290 -
280 -
S
70 -
360 -
50 -
240

——CPT-018

=30
220
310
O T T T T 1
0 2 4 6 8 10 12 _
Time (hours) M e e Veni
DATE: 07/20/112 Device: VG1760481J Rhodes University SEM
Temperature: 22.8 °C Friability: 0.53+0.11 %
Humidity: 60.0 % Aspect ratio: 0.91+0.22
Weight obtained: 188.55 ¢ Drug content: 87.412.1 %
Yield: 87.7% Coating efficiency: 90.7 %
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-019

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 08:00
Product: Captopril beads (end): 09:10
Manufactured date: 06/07/2012 Coating time (start): 09:10
Batch number: CPT-019 (end): 10:30
Batch size: 2209
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.75
Avicel® PH 102 RMO000038 50 99.44
Methocel® K100M RMO000024 15 29.82
Methocel® E4M RM000032 15 30.05
Eudragit® RS PO RMO000023 7.5 15.24
Talc RM000050 2.5 4.42
Release profile of CPT-019 SEM
100 -
%90 -
§80 .
70 -
560 -
x50 -
240
£30 =—CPT-019
220
310
0 . . . . .

0 2 4 6 8 10 12
Time (hours)

SEM MAG: 125 x HY: 20.00 kv | N——— —
VAC: Hivac DET: SEDetector 500 pm Vega @Tescan
DATE: 07120112 Device: YG1760481J Rhodes University SEM

Temperature: 23.0°C Friability: 0.89£0.24 %
Humidity: 60.0 % Aspect ratio: 0.81+0.12
Weight obtained: 180.09 ¢ Drug content: 79.7£1.9 %
Yield: 81.9% Coating efficiency: 76.4 %
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-020

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 12:00
Product: Captopril beads (end): 13:10
Manufactured date: 06/07/2012 Coating time (start): 13:10
Batch number: CPT-020 (end): 14:30
Batch size: 2209
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.12
Avicel®PH 102 RMO000038 40 80.77
Methocel® K100M RM000024 15 30.30
Methocel® E4M RM000032 25 49.39
Eudragit® RS PO RM000023 75 15.73
Talc RMO000050 2.5 5.37

Release profile of CPT-020

SEM

100 -
%90 .
E’80 .
=70 -
3560 -
$50 -
240 -
&30
220
310

0

=—CPT-020

0 2 4 6 8
Time (hours)

10 12

PO N S R |
Vega @Tescan

Rhodes University SEM

HY: 20.00 kv —_
DET: SEDetector 500 pm
Device: VG1760481J

SEM MAG: 148 x
VAC: Hivac
DATE: 07/2012

Temperature: 23.0°C Friability: 0.92+0.30 %
Humidity: 60.0 % Aspect ratio: 1.08+0.05
Weight obtained:  152.26 g Drug content: 86.5+£3.9 %
Yield: 69.2 % Coating efficiency: 92.1 %
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-021

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:00
Product: Captopril beads (end): 18:10
Manufactured date: 06/07/2012 Coating time (start): 18:10
Batch number: CPT-021 (end): 19:30
Batch size: 2359
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)
CPT 5103-02-348-C 20 40.74
Avicel®PH 102 RMO000038 40 80.88
Methocel® K100M RMO000024 25 50.50
Methocel® E4M RMO000032 15 30.40
Eudragit® RS PO RMO000023 15 30.18
Talc RMO000050 2.5 6.08
Release profile of CPT-021 SEM
100 -
(b}
§90 .
E"80 .
70 -
560 -
R50 -
£40 -
=30 =4—-CPT-021
220
310
O T T T T 1
0 2 4 6 8 10 12
Time (hours) SEMMAG: 102 x HY: 20.00 kv S I S |
DTE oz Deweeverzanns Rnodes Unnerty 56N
Temperature: 23.0°C Friability: 0.43+0.04 %
Humidity: 60.0 % Aspect ratio: 0.91+0.22
Weight obtained: 211.15¢ Drug content: 89.4+1.1 %
Yield: 85.9 % Coating efficiency: 98.6 %
Comments

Smooth spherical beads obtained

266



Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-022

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00
Product: Captopril beads (end): 10:10
Manufactured date: 07/07/2012 Coating time (start): 10:10
Batch number: CPT-022 (end): 11:30
Batch size: 255¢
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.65

Avicel®PH 102 RMO000038 50 100.95

Methocel® K100M RMO000024 15 30.05

Methocel® E4M RMO000032 25 49.81

Eudragit® RS PO RMO000023 15 30.52

Talc RMO000050 2.5 5.82
Release profile of CPT-022 SEM

100 -
%90—
E’8O_
= 70 -
S 60 -
£ 50 -
240 -
&30 -
2 20
310

0 :

=—CPT-022

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

4

6 8 10

Time (hours)

23.0°C
60.0 %
216.19 g
84.8 %

Smooth spherical beads obtained

12

SEM MAG: 134 x
VAC: Hivac
DATE: 07/20/12

Friability:
Aspect ratio:
Drug content:

HY: 20.00 kv
DET: SEDetector
Device: VG1760481J

PR R S |
Vega ©@Tescan
Rhodes University SEM

—_
500 pm

0.52+0.16 %
0.98+0.07
93.5+2.5%

Coating efficiency: 84.6 %
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-023

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 07/07/2012 Coating time (start): 14:10
Batch number: CPT-023 (end): 15:30
Batch size: 2409
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.07

Avicel® PH 102 RM000038 40 80.46

Methocel® K100M RMO000024 25 49.72

Methocel® E4M RMO000032 25 49.73

Eudragit® RS PO RM000023 7.5 16.35

Talc RMO000050 2.5 5.27
Release profile of CPT-023 SEM

100 -
%90—
< 80 -
E?O—
O 60 -
£ 50 -
240
& 30
220

o 10
0

=—CPT-023

Time (hours)

23.0°C
60.0 %
196.44 g
81.9 %

Temperature:
Humidity:
Weight obtained:
Yield:

Comments

Smooth spherical beads obtained

12

SEM MAG: 148 x Hy. 20.00 kv | - L P N bl I |
VAC: Hivac DET: SEDetector 500 pm Vega @Tescan
DATE: 07/20112 Device: VG1760481J Rhodes University SEM
Friability: 0.56+0.20 %
Aspect ratio: 1.01+0.03
Drug content: 95.8+3.0 %

Coating efficiency: 83.1%
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-024

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:00
Product: Captopril beads (end): 18:10
Manufactured date: 07/07/2012 Coating time (start): 18:10
Batch number: CPT-024 (end): 19:30
Batch size: 2409
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.69

Avicel®PH 102 RMO000038 50 100.29

Methocel® K100M RM000024 25 50.12

Methocel® E4M RM000032 15 30.15

Eudragit® RS PO RM000023 75 15.15

Talc RMO000050 2.5 5.29
Release profile of CPT-024 SEM

100 -

%90 .

E’SO .

70 -

560 -

50 -

240

——CPT-024

30
220
310

0

0 2 4 6 8 10 12
Ti me (hou rs) SEM MAG: 89 x HY. 20.00 KV

VAC: Hivac DET: SEDetector 500 pm

Vega ©Tescan

DATE: 0742012 Device: VG1760481J Rhodes University SEM

Temperature: 23.0°C Friability: 0.434£0.14 %
Humidity: 60.0 % Aspect ratio: 1.06+0.07
Weight obtained: 201.14 g Drug content: 95.3+2.6 %
Yield: 83.8 % Coating efficiency: 98.4 %
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-025

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 09:00

Product: Captopril beads (end): 10:10

Manufactured date: 25/08/2012 Coating time (start): 10:10

Batch number: CPT-025 (end): 11:30

Batch size: 2409

Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.76
Avicel®PH 102 RMO000038 41.2 82.45
Methocel® K100M RM000024 23.1 46.20
Methocel® E4M RM000032 24.95 50.12
Eudragit® RS PO RM000023 8.4 16.87
Talc RMO000050 2.5 5.15

Release profile of CPT-025 SEM

100 -

20 -

$0 -

1.

70 -

c50 -

S0 -

20

=—CPT-025

0 2 4 6 8 10 12
Time (hours)

- 100pm JEOL 10/9/2012
15.0kv SEI NOR WD 11.3mm 12:41:25

Temperature: 23.0°C Friability: 0.784+0.33 %
Humidity: 60.0 % Aspect ratio: 1.04+0.09
Weight obtained: 202.81 ¢ Drug content: 98.7+2.1 %
Yield: 84.5% Coating efficiency: 91.2%
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-026

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 13:00
Product: Captopril beads (end): 14:10
Manufactured date: 25/08/2012 Coating time (start): 14:10
Batch number: CPT-026 (end): 15:30
Batch size: 2409
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 40.64

Avicel®PH 102 RMO000038 41.2 82.38

Methocel® K100M RMO000024 23.1 46.17

Methocel® E4M RMO000032 24.95 49.87

Eudragit® RS PO RMO000023 8.4 16.74

Talc RMO000050 2.5 5.05
Release profile of CPT-026 SEM

100 -

20 -

30 -

[

20 -

350 -

0 -

201

B0 =—CPT-026

20

do

0 2 4 6 8 10 12
Time (hou rS) — 100pum JEOL 10/9/2012

15.0kV SEI NOR WD 11.3mm 14:07:40

Temperature: 23.0°C Friability: 0.84+0.47 %
Humidity: 60.0 % Aspect ratio: 1.05+0.12
Weight obtained: 204.48 g Drug content: 97.4+1.3 %
Yield: 85.2 % Coating efficiency: 90.8%
Comments

Smooth spherical beads obtained
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Appendix Il

RHODES UNIVERSITY, FACULTY OF PHARMACY
GRAHAMSTOWN, SOUTH AFRICA, 6140

BATCH SUMMARY CPT-027

Formulator: Farai Mhaka  Extrusion-spheronisation time (start): 17:00
Product: Captopril beads (end): 18:10
Manufactured date: 25/08/2012 Coating time (start): 18:10
Batch number: CPT-027 (end): 19:30
Batch size: 2409
Formula
Material Rhodes No. | Quantity (% w/w) | Amount dispensed (g)

CPT 5103-02-348-C 20 39.94

Avicel® PH 102 RMO000038 41.2 82.48

Methocel® K100M RMO000024 23.1 46.27

Methocel® E4M RMO000032 24.95 50.03

Eudragit® RS PO RMO000023 8.4 16.91

Talc RM000050 2.5 5.13
Release profile of CPT-027 SEM

100 -

70

0

|

70

opo0

550

20

B0

20

310

0 T T T T T 1
0 2 4 6 8 10 12
Time (hours) — 100m TEoL  10/9/202

Temperature: 23.0°C Friability: 0.82+0.26 %
Humidity: 60.0 % Aspect ratio: 1.04+0.04
Weight obtained: 204.96 g Drug content: 96.8+1.3 %
Yield: 85.4% Coating efficiency: 91.5%
Comments

Spherical beads obtained
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