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ABSTRACT

Angiotensin-converting enzyme (ACE) inhibitors amme of the most commonly prescribed
medications for hypertension. They are cited in ynpapers as the treatment most often
recommended by guidelines and favoured over othéhypertensive drugs as first-line
agents especially when other high-risk conditiores @esent, such as diabetic nephropathy.
The development of captopril (CPT) was amongstetiiest successes of the revolutionary
concept of structure-based drug design. Due treltgively poor pharmacokinetic profile or
short half-life of about 1 hour, the formulationsafstained-release microcapsule dosage form
is useful to improve patient compliance and to ehipredictable and optimized therapeutic

plasma concentrations.

Currently, CPT is mainly administered in tabletniorOne of the difficulties of CPT
formulation has been reported to be its instabifitaqueous solutions. CPT is characterized
by a lack of a strong chromophore and, therefaoé able to absorb at the more useful UV—
Vis region of the spectrum. For this reasan,accurate, simple, reproducible, and sensitive
HPLC-ECD method was developed and validated for the detetmom of CPT in dosage
forms. The method was successfully applied forddégermination of CPT in commercial and

developed formulations.

Possible drug-excipient and excipient-excipientenattions were investigated prior to
formulating CPT microcapsules because succesgfuuiation of a stable and effective solid
dosage form depends on careful selection of exuipie Nuclear magnetic resonance
spectroscopy, Fourier transform infra-red spectpgc (FT-IR), differential scanning
calorimetry (DSC) and thermogravimetric analysi€&A) were used for the identification
and purity testing of CPT and excipients. The #isdievealed no thermal changes during
stress testing of binary and whole mixtures whidfidate absence of solid state interactions.
There were no shifts, appearance and disappeaiatice endothermic or exothermic peaks
and on the change of other associated enthalpevaln thermal curves obtained with DSC
method. Characteristic peaks for common functigmaups in the FT-IR were present in all
the mixtures indicating the absence of incompatybilThe techniques used in this study can
be said to have been efficient in the characteomatnd evaluation of the drug and

excipients.
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The technique of microencapsulation by oil-in-odsvused to prepare CPT microcapsules.
The effects of polymer molecular weight, homogergzspeed on the particle size, flow
properties, morphology, surface properties andasglecharacteristics of the prepared CPT
microcapsules were examindd order to decrease the complexity of the analgsid reduce
cost response surface methodology using best palgi@quations was successfully used to
guantify the effect of the formulation variablesdadevelop an optimized formulation thereby

minimizing the number of experimental trials.

There was a burst effect during the first stagelis$olution. Scanning electron microscopy
(SEM) results indicated that the initial burst effeobserved in drug release could be
attributed to dissolution of CPT crystals presdrtha surface or embedded in the superficial
layer of the matrix. During the preparation of micapsules, the drug might have been
trapped near the surface of the microcapsules andght have diffused quickly through the
porous surface. The release kinetics of CPT fronstnformulations followed Fickian
diffusion mechanism. SEM photographs showed thifision took place through pores at
the surface of the microcapsules. The Kopcha mddglsion and erosion terms showed
predominance of diffusion relative to swelling aogion throughout the entire test period.
Drug release mechanism was also confirmed by MaRaitbkar and Korsmeyer-Peppas
models exponents which further support diffusiolease mechanism in most formulations.
The models postulate that the total of drug releasesummation of a couple of mechanisms;

burst release, relaxation induced controlled-raleasd diffusional release.

Inspection of the 2D contour and 3D response sesfadlowed the determination of the
geometrical nature of the surfaces and furtherignog results about the interaction of the
different variables used in central composite de${gCD). The wide variation indicated that
the factor combinations resulted in different dmajease rates. Lagrange, canonical and
mathematical modelling were used to determine thieire of the stationery point of the
models. This represented the optimal variablegairosiery points where there is interaction
in the experimental space. It is difficult to urstand the shape of a fitted response by mere
inspection of the algebraic polynomial when there many independent variables in the
model. Canonical and Lagrange analyses facilitétedinterpretation of the surface plots
after a mathematical transformation of the originariables into new variables. In
conclusion, these results suggest the potentialicagipn of Eudragit / Methocef

microcapsules as suitable sustained-release dtivgigesystem for CPT.
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STUDY OBJECTIVES

Hypertension is recognised as a major contributothe disease burden globally that is as
prevalent in many developing countries, as in teeetbped world. The capacity for the
management of hypertension varies considerably froumtry to country, but in general the

majority of diagnosed hypertensives are inadequatsttrolled throughout the world (1).

The renin—angiotensin—aldosterone system (RAAS)ysplan important role in the
pathogenesis of a variety of clinical conditions;luding atherosclerosis, hypertension, left
ventricular hypertrophy, myocardial infarction ameiart failure. Inhibition of the RAAS with
angiotensin converting enzyme (ACE) inhibitors bagn shown to be effective in lowering
blood pressure and reducing cardiovascular mortalid morbidity in many at-risk patient
populations. A number of studies have shown thatogail (CPT) is effective in reducing the
rate of renal disease progression in patients didibetic nephropathy. The importance of
diabetic nephropathy as a major cardiovascularfestor has been established by a number

of large epidemiologic and interventional studi2s (

CPT is one of the most commonly prescribed ACE bitbis and is a World Health
Organization (WHO) listed drug that is indicated floe treatment of several cardiovascular
diseases. It is available in 12.5, 25 and 50 migtabThe recommended dose of CPT is 25-
150 mg two or three times daily. The maximum peteditdaily dose is 450 mg. CPT should
be taken on an empty stomach one hour before ohtwaes after meals since absorption of
CPT is reduced when taken with food. CPT has at ¢hological half-life and is therefore
suitable for formulation as a sustained-releaselymbin order to reduce the frequency of
administration of doses and to improve patient esfinee.

The objectives of this study were therefore:

1. To develop and validate a suitable high performdigzed chromatographic method
with electrochemical detection (HPLC-ECD) for thmabysis of CPT.

2. To use spectroscopic and thermo-analytical teclasido evaluate the compatibility
of CPT with Eudragft RS, Methocél K100M, Methoce! K15M, microcrystalline

cellulose (MCC) and citric acid.
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3. To use response surface methodology (RSM) to igagstpharmaceutical excipients
and compositions for the manufacture of CPT migosaées using a solvent

evaporation technique.

4. To use mathematical flow models to study the flawperties of the microcapsules

and to evaluate their surface morphology usingrscgrelectron microscopy (SEM).

5. To study the dissolution kinetics and release maishas of CPT from microcapsules

using mathematical models.

6. To analyze fitted response surface plots of obskresponses using Canonical and

Lagrange techniques to establish the optimal foatmads from formulation studies.
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CHAPTER 1

CAPTOPRIL, AN ANGIOTENSION CONVERTING ENZYME INHIBI TOR

1.1. INTRODUCTION

Hypertension is a risk factor in the developmentaridiovascular disease and is responsible
for more deaths worldwide than any other cardioviscdisease (1, 2). The angiotensin |
(Al) converting enzyme is a causal factor for hyeesion and facilitates the production of
angiotensin 1l (All) that causes vasoconstrictiond adegradation of the vasodilating
compound, bradykinin. Therefore, inhibition of astgnsin converting enzyme (ACE) is
considered an important therapeutic approach indbtrol of hypertension. With the
development of a model structure of ACE, speciituhbitors that bind to the active site of the
enzyme active have been developed (3). Despit@attahat synthetic inhibitors of the ACE
are remarkably effective as antihypertensive drtiygsy often cause adverse and unwanted
side effects (1).

In the 1960s, Vane was actively investigating these(s) of hypertension and Ferreira, a
member of the research team, had an extract obthdykinin potentiating factor (BPF)
isolated from the venom of the Brazilian vipBothrops jararaca Ferreira had already
established that BPF potentiated the activity @idlgkinin through inhibition of the enzyme
that deactivated it. The BPF was tested on ACESD &8 found to be a potent inhibitor
thereof, precipitating a strong interest in the asthe ACE inhibitor for the management of

hypertension (4).

In order to elucidate the properties of other AC&euules, other peptide analogs were used
(5-7). There are two forms of ACE in humans, th&uitous somatic ACE and the sperm-
specific germinal ACE, both encoded by the same glerough transcription from alternative

promoters (8).

The crystal structures of the ACE were determingdgia multiple isomorphous replacement
technique at a resolution of 2.4 A. ACE is 615 asragids long and is structurally comprised

of 21 a-helices and three antiparalfebktrands (Figure 1.1).
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Captopril (CPT) is a competitive inhibitor of theCK, and binds to human ACE with an
enzyme affinity (Ks) of 1.4 which mimics the two carboxy-terminalide®s of the enzyme
substrate (9, 10). The sulfhydryl functional groefpCPT replaces the zinc-binding water
molecule and directly interacts with the zinc iorai distorted tetrahedral geometry as shown
in Figure 1.1 b. The carboxy-end of the proline etpiis held in place by three highly
conserved residuesz., GIn-265, Lys-495 and Tyr-504, through ionic drydirogen bonding.
The residues prevent sliding of the substrate fthm catalytic site in the large internal
channel of the enzyme. Locking mechanisms of tfpe tmay slip when the negative charge
of the carboxy terminus is masked by amidation. fRost substrates the ACE cleaves the
carboxy-terminal dipeptide and can hydrolyze theseino acids from substance P and
luteinizing releasing hormone where the carboxyater are also modified by amidation
(11). The sulfhydryl functional group and the temaliproline moieties of CPT are connected
by a peptide bond. The position of the carbonylgexyof the peptide bond is locked by three
hydrogen bonds of significant strength with resgltiés-337, His-497 and Tyr-507 (11).

Figure 1.1 (a, b).Schematic representation of the structure of tB& &inc ion and the bound CPT are shown
in green and red, respectively (11).

The ACE has a large internal channel encompaskmogghout the protein molecule and this
highly unusual substrate-binding channel is conegrisf two chambers, similar to a peanut
shell. The zinc ion which is critical for catalysis located in a narrow bottleneck that

connects the two chambers.
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The ACE plays a critical role in cardiovasculardtianing and cleaves the carboxy terminal
His-Leu dipeptide from Al to produce a potent vassgor octapeptide, All (Figure 1.2).
ACE inhibitors are a first line of therapy for teeatment of hypertension, heart failure,
myocardial infarction and diabetic nephropathy (l@jerestingly, the ACE inhibitors were
developed without any knowledge of the moleculancitire of human ACE, and rather on
the basis of an assumed mechanistic homology ofetimyme with carboxypeptidase A
(11-13).

CPT is routinely used in the management of hypsrbenand is commercially available as
immediate release tablets ranging in dose from-%Q..hg (14). The acceptance of CPT
inspired the development of a new generation of A@€tbiting molecules as the ACE was a

well-validated therapeutic target.
Angiotensinogen
RENIN

Angiotensin |

\Q)—|

|

Angiotensin Il
Vasoconstriction <—| \—r Aldosterone
secretion
Increased peripheral Increased sodium
vascular resistance and water retention

—» Increased blood <+—
pressure

Figure 1.2 Site of action of ACE inhibitors (A) and receptidockers (BYadapted from 16).
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CPT has been widely used for the treatment of higpsion and congestive heart failure i
has a short elimination hdife following oral administration. ConsequentlyPT may be
suitable cadidate for inclusion in sustained release dosagadoThe development of a or
daily CPT formulation for oral administration wouloe a significant advantage in 1
promotion of patient adherence. Furthermore, tloedddvantage of a minimization ode
effects and reduced fluctuations in blood leveldamy term therapy may well result in bet
therapeutic outcomes (7). Attempts have been nadedign long acting technologies for
delivery of CPT and have taken the form of susthimecontroled release dosage forms (:

Current hypertension guidelines differ in their aewnendations for first lin
antihypertension therapy. In a study done in Canadaas observed that prescribing Al
inhibitors as first line therapy in patients withhocardovascular morbidity could not t
recommended ()7 In South Africa, ACE inhibitors have proved te keffective blooc
lowering agents with an excellent tolerability pkaf ACE inhibitors available in Sou
Africa have been classified by means of theem Objectified Judgement Analysis (SO.
method (18. In general, there are three classes of ACE itdrb(Figure 13) based on their
chemical composition, namely, sulfhyc-containing inhibitors exemplified by CP
dicarboxylatecontaining inhibitors xemplified by enalapril and phosphor-containing

inhibitors exemplified by fosinopr

ACE-INHIBITORS

I H |

sulfhydryl-containing dicarboxylate-containing | Phosphona-containing

Figure 1.3.Classification of ACE inhibitol

CPT and fosinopril are the lone representatives tldir respective chemical <-
classifications whereas the majority of the intakstcontain the dicarboxylate functionali
All of these compounds effectively block the corsien of Al to All and have imilar
therapeutic and physiological effects to each otfiee compounds differ primarily in the
potency and pharmacokinetic profil

Page | 4



1.2. PHYSICOCHEMICAL PROPERTIES OF CAPTOPRIL

1.2.1. Description

Captopril is known as 1-[3-mercapto-@-methyl-1-oxopropyl]S (L) proline (19, 20) and is
a crystalline powder that occurs as white crystdlse crystalline powder has a slight
sulfurous odour. It contains not less than 98.0%raot more than 102.0% of CPT calculated

on an anhydrous basis (20).

The chemical structure of CPT (21) is depictediguFe 1.4.

CH;
H’/
HS N

0 o
H

Figure 1.4.Chemical structure of CPT [H:sNO5S] (MW = 217.3)

Despite the fact that CPT has two stereogenic egnthe molecule was developed and is
marketed as a single enantiomer, as only one ofotlrepossible isomers can bind with the
active site of ACE (20).

1.2.2. Solubility

CPT has an aqueous solubility of 160 mg/ml at 2%2Z) and solubility versus temperature
is linear up to 40 °C, above which CPT shows exttiaarily high water solubility. CPT is
freely soluble at >100 mg/ml in methanol, ethansbpropanol, chloroform, or methylene
chloride but its solubility in oils is less thamig/ml at 25 °C (22).

1.2.3. Storage

CPT should be stored at room temperature in tigtithged containers and protected from

light, moisture and heat (23).
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1.2.4. pKa

CPT is a weakly acidic compound, whereas all of#@E inhibitors are amphoteric in nature.
The carboxylic acid functional group attached te thyrolle ring is a common structural
feature of ACE inhibitors. CPT has a pKa in thegeamof 2.5-3.5 and is ionized at
physiological pH. The pKa and ionization of the m®tary amine present in the
dicarboxylate chain depends on the adjacent fumatigroup and whether it is in the product

or active form (24).

1.2.5. Melting range
CPT melts over a 1-3 °C temperature range at betd@é-109 °G25).

1.2.6. Optical rotation
The optical rotation of CPT in ethanol wag® = -127.8 °. The R, S isomer rotates

approximately + 5 ° (22).

1.2.7. Ultraviolet absorption spectrum

A solution of CPT in methanol, water, 0.1 M soditwdroxide and 0.1 M hydrochloric acid
yield two wavelengths of maximum absorption, whadtur at around 200 nm (due to the
thiol functional group) and 225 nm (due to weakhswryl absorption) (22).

1.2.8. Polymorphism
An unstable, low (86° C) melting and stable, hipg" C) melting form of CPT have been
observed) (22).

1.3. SYNTHETIC PATHWAY

1.3.1. Synthetic Procedure

Chirumamilla et al (26) have used chiral intermediates in the symhes CPT. These
intermediates were obtained by resolution of racesampounds or by chemical, biocatalytic
methods and or by asymmetric synthesis by biochempiocess (26). The synthesis of CPT
with 3-acetylthio-2-methylpropanoic acid as thertstg material was first reported by
Cushmaret al (27) and the resultant overall yield was approxetyal2%. More recently, a
simple synthetic procedure for CPT has been repd28). The resultant yield from this
synthesis was approximately 26%, however, the asioe of methacrylic acid to the

optically active starting material, R-3-hydroxy-2thylpropanoic acid, using a microbial
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oxidative transformation, was poor (29, 30). A mooavenient synthetic procedure for CPT

using methacrylic acid as a starting material maghin Figure 1.5 (31).

o 0
Ao T
OH X * R
|

II; X=ClI,R=0HR,S
I1l; X=Br, R=0H,R,S
IV; X=CIl,R=CI,R,S

V; X=Br, R=0HRS ‘ HN 5 ou

o

(@] (@]
s o S o
N —

VI Vig, X=CIl,R,S
Vib; X=CILR
Vlla; X =Br,R,S
Vlilb; X =Br,R

Figurel.5. Synthesis of CPT (31)

In order to develop a more reliable synthetic pdoce for CPT with, methacrylic acid as the
starting material, Groszkowskt aladded a hydrogen halide (32). The carboxlic adidsd

[l were converted to their corresponding acyl halid¥esndV in nearly 95% vyields, using
N, N-dimethylformamide as the catalyst (33). To avordt@ction of the carboxylic acid
function of L-proline withlV or V, a procedure defined by Hongt al was used with a
resultant 90% vyield (34). R, S3-Halogeno-2-methylpropanoyl)-L-prolin&/ia or Vlla)
was then separated into optically pure diastereoess using dicyclohexylamine. The
treatment of the halides ®b or VIIb with methanolic ammonium hydrosulfide produced a
28% overall yield of CPT. This synthetic procedig@n improvement over that reported by
Cushmaret al (27) and is more convenient than the method repgdsy Shimazaket al (28)

which also involves a fermentation step.

1.3.2. Structure Activity Relationships

ACE is a stereoselective drug target and the ctiyrapproved ACE inhibitors act as either
di- or tripeptide substrate analogs. Consequethlgir stereochemistry must be consistent
with the L-amino acids present in their naturaltdies. This criterion was established early

in the development of ACE inhibitors when compoundth carboxyl-terminal D-amino
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acids were discovered to be very poor inhibitorstied enzyme (35, 36) and this was
subsequently confirmed by Patchett al (37) and a 100- to 1000-fold loss in inhibitor

activity whenever the configuration of the carb@tgl was altered (35).

CPT was introduced as a useful and popular oraltive antihypertensive agent, and the
proof of principle demonstrating that a peptidomiménhibitor of the rennin-angiotensin-

aldosterone system would be an excellent way tdrabhypertension, is a remarkable
milestone in drug discovery. In order to enhanaapy, ACE inhibitors can be combined

with diuretics to produce a synergistic controbtfod pressure (38).

1.3.3. Stereospecificity

CPT has two chiral centres, one associated witlptbltne moeity and the other associated
with the 3-mercapto-2-methylpropionic acid side inha&ccordingly, there are three other
possible stereoisomers of whi@captopril is biologically active andR-captopril, 1-[3-
mercapto-29-methyl-1-oxopropyl]R (D)-proline possesses no inhibiting activity foreth
ACE (39).

Some commonly used drugs used in human medicineharal in nature and are sold as
racemic mixtures (40). CPT is manufactured and cerorally available as ar§ S

stereoisomer (40).

1.4. STABILITY

1.4.1. Solid state stability

No significant decomposition of CPT was observeditk samples when stored at 5 °C,
33 °C and 50 °C for up to 6 months or when expdee®00 foot-candles in a light box for
30 days, when compared to samples stored at -28i@les and which were used as the
control (22).

1.4.2. Solution stability

CPT undergoes a first order free radical oxidatioraqueous solution to yield captopril
disulfide (41). CPT is stable at pH 1.2 and aspiHancreases the stability decreases (42, 43)
CPT oxidation may be reduced by addition of chetatigents and antioxidants to solution or

by use of nitrogen or low oxygen headspace in ¢oats (44).
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1.5. CLINICAL PHARMACOLOGY

CPT reduces blood pressure in human patients with hormal, and high renin levels that
present with essential hypertension and in patievita renovascular hypertension and
hypertension associated with chronic renal faillmenypertensive patients with high plasma
renin activity, CPT exerts most of its pharmacatagjieffects through inhibition of ACE. The

exact mechanism by which CPT reduces high bloodspre associated with low or normal
plasma renin-angiotensin (PRA) is not known, busitlear that CPT does not act on an
overactive PRA system in these cases. The antiteqmve effect of CPT is enhanced when

it is given in combination with a diuretic or follang salt depletion (45).

The sulfhydryl functional group in the CPT is edsadrfor the excellent inhibitory activity of

ACE, but is however also the reason for the twotnsosxmon side effects; skin rashes and
taste disturbances such as a metallic aftertastessrof taste. These side effects usually
subside after a reduction in the dose or discoation of CPT use. The side effects are
similar to those observed for penicillamine thatused to treat Wilson’'s disease and

rheumatoid arthritis and where a sulfhydryl funobgroup is present (46, 47).

1.5.1. Interactions

It had been established that the simultaneous ashmation of CPT with commonly used

non-steroidal anti-inflammatory drugs (NSAID) suebl diclofenac sodium, flurbiprofen,

mefenamic acid, meloxicam and tiaprofenic may aherantihypertensive effect of CPT. In
order to establish the kinetic and thermodynamibab®r of CPT in the presence of
NSAID's, studies were performed in buffers of pl9,47.4 and 9.0 at 37 °C and at higher
temperatures. The studies revealed that most oN®8wID bind to CPT, forming charge-

transfer complexes that are likely to decreaseatadability of CPT and therefore concurrent
administration of NSAID with CPT should be avoidd8).

The effects of CPT on serum digoxin concentratiosese studied in patients with severe
congestive heart failure. Serum digoxin concerdretiwere measured prior to and following
administration of CPT for 1 week in patients onarhic digoxin therapy. Each patient that
was taking 0.25 mg of digoxin four times a day lgratas administered 12.5 mg of CPT
three times a day for 7 days, also orally. The psakim concentration of digoxin {&)

prior to and following CPT administration were h@/ml and 2.7 ng/ml, the time to peak

(tmaxy) Was 2.4 h and 1.3 h, and the area under the @i#dxin concentration-time curve
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(AUCop.24n) was 30.0 ng. h/ml and 41.7 ng. h/ml on days O anelspectively. It is clear that
CPT causes an increase in the peak serum conoaenteatd the area under the digoxin
concentration-time curve and the time to peakdsiced. However, no patients developed or
showed evidence of digoxin toxicity. The concomitadministration of CPT and digoxin
increases serum digoxin concentrations in patieftts severe congestive heart failure (49).

In this study, there was evidence of a direct pla@okinetic captopril-digoxin interaction.

H,-receptor antagonists block gastric acid secretimng some cardiovascular effects of
histamine presence. In view of this fact, the stamg#ous administration of CPT and
H,-receptor antagonists may alter the antihypertengffect of CPT, and combination

therapy should be avoided. However, in healthy esttbj cimetidine administration did not
affect the pharmacokinetic parameters of unchar@®d or the inhibition of plasma ACE

activity (50).

In other studiesin vitro availability studies of CPT in the presence of awonly used kB
receptor antagonists such as cimetidine, ranitidimeé famotidine was performed in buffers
of pH 4.0, 7.4 and 9.0 at 37 °C. These studieslgl@adicate that most of the #teceptor
antagonists bound to CPT, forming charge-transierpgexes. As a result, the availability of
CPT was affected by the concurrent administratibnHe-receptor antagonists and co-
administration of the drugs should be avoided (51).

The administration of an aluminium/magnesium comnie antacid reduced the bioavalability
of unchanged CPT by approximately 45 % in healtiiyviduals; therefore co-administration
should be avoided (52).

1.5.2. Precautions

1.5.2.1. Pregnancy

The widespread availability and use of ACE inhildtbas resulted in numerous reports on
their effect during pregnancy (53-57). The admmtsbn of CPT during pregnancy in
experimental animals is associated with an incréagbhe number of stillbirths and a high
incidence of intrauterine death (53, 54). CPT usend pregnancy is therefore opposed, as
adverse toxic effects on the foetus have been tegp@b5). Intrauterine growth retardation,
respiratory and circulatory abnormalities and pathrctus arterious have been reported in

children whose mothers were treated with CPT wiiligly were pregnant (56, 57). The
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mechanism underlying the toxic effects of CPT oa tbetus has not yet been elucidated;
however, a decreased maternal and foetal placbltatl flow appears to be an important
consideration (58, 59). CPT-induced foetal toxietay be explained by a decrease in All
levels leading to a reduction in uterine blood fl¢80) and consequently foetal oxygen
deprivation (58). Similarly, the toxic effect of TPmay also be a consequence of the
decreased formation of All on the foetal side oé tplacental circulation. It has been
concluded that the toxic effects of CPT may be tdua reduction of foetal placental blood
flow via a potentiation of the vasoconstrictor effof endogenous bradykinin, an effect

likely to be mediated via the release of prostasm@@l).

Although the deleterious effects of ACE inhibitans foetal development may be dependent
on the stage of pregnancy in which CPT is usedfdé&l effects of their use during the first
trimester of pregnancy remains controversial. suevey of Michigan Medicaid recipients,
there was no association between the use of ACHbiials during the first trimester of
pregnancy and congenital foetal defects (62). Tiszace of firm evidence for a teratogenic
effect of ACE inhibitors has prompted some investigs to state that it would not be
appropriate to terminate pregnancy due to CPT exposarly in pregnancy (63). The
adverse foetal effects may be a consequence giithemacologic effect of ACE inhibitors
and not a result of any dysmorphogenic or gendtece However, there are several reports
of malformed foetuses in mothers who have used A@ibitors during the first trimester of
pregnancy. The foetal effects noted include phodiasn@eath, omphalocele, congenital heart
defects, hypertrichosis, growth retardation, redpny failure, renal failure, and
intraventricular hemorrhage (64-66). The intergietaof these observations and the role of
early first trimester ACE inhibitor administratias confounded by the fact that use of such
drugs often occurs throughout pregnancy and wadimded to use in the first trimester.
Furthermore, virtually all mothers were taking atmeedications in addition to the ACE

inhibitors during their pregnancy.

The use of ACE inhibitors during the second ordhinmesters of pregnancy is believed to
have adverse effects on the foetus (67). The nwstronly reported adverse effects of ACE
inhibitors taken during these stages of pregnamcjude intrauterine growth retardation,
neonatal hypotension, renal failure, oligohydramsraad patent ductus arteriosus (64-67).
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1.5.2.2. Paediatric patients

Preterm infants with renovascular hypertension aeated with CPT, developed significant
trilineage bone marrow suppression (68). CPT-aasettipancytopenia is a rare complication
that was thought to be dose-related and causeddowyraulation of the drug through defective
renal tubular excretion. However, it appears thatdombination of renal artery stenosis and
renal tubular dysfunction of premature infants rhaye caused pancytopenia. CPT should be
used with caution in premature and newborn infatitat have underlying renal or
renovascular disease, even if overt renal dysfancts not evident. The monitoring of
creatinine clearance or free serum CPT levels nefy éstablish the degree of accumulation

of CPT before the manifestation of pancytopenig.(68

The safety and efficacy of CPT therapy in childvath severe and refractory hypertension
has been evaluated in a collaborative internatic@tatly which enrolled a group of 73

patients, 15 years of age or younger. Most patibats hypertension associated with renal
disease or vascular abnormalities. CPT was adrametfor periods of less than 3 months to
more than 1 year. A significant decrease in bostatig and diastolic blood pressures was
produced by the administration of CPT, usually amjanction with other antihypertensive

agents (most commonly diuretics and/or beta-blake€PT was demonstrated to be an

effective and safe drug for the treatment of cleitowith severe hypertension (68).

1.5.2.3. Geriatric patients

The safety and efficacy of CPT in geriatric patseewith mild to moderate hypertension was
examined in an eight-week multicenter study thatuided 99 patients. Following a placebo
period, patients were treated with 25 mg of CPTténdaily. Patients who were uncontrolled
after two weeks of active therapy were randomlgael to receive either 25 mg CPT and 15
mg hydrochlorothiazide or 50 mg of CPT twice dailfre average decrease in blood pressure
on completion of study completion was 16.9/11.9 ngmidr the diastolic and systolic
pressures respectively. At the conclusion of thal,t75.8% of patients had responded
positively to CPT. Furthermore, the CPT was welkitated and believed to be a good

therapeutic alternative for treating hypertensiothie elderly population (69).
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1.5.2.4. Smoking

A study was conducted to assess whether an int@mnaexists between the renin-angiotensin
system and the sympathetic nervous system at tle¢ ¢ the adrenal medulla in human
subjects that smoked. Thirteen habitual smokinginvelers were studied in a randomized,
single-dose, double-blind, cross-over fashion u&iigng CPT versus placebo followed by
smoking of two high nicotine content cigaretteshivit1l5 min of the dose. Blood samples
were withdrawn before, during and after smokingwls found that the increase in the
concentration of plasma adrenaline during cigarstteking was modest. There was no
difference in the adrenaline levels in all subjedtsus, the adrenaline response to cigarette
smoking was not reduced by acute blockade of tbdymtion of All. A significant increase
in heart rate and blood pressure was found in thgests. The plasma renin concentration
increased significantly during CPT treatment, whsré& decreased throughout the study
period in the placebo phase. Plasma All conceptratidecreased in both the CPT and
placebo groups throughout the study period, bstefiect was more pronounced during CPT
treatment. In conclusion, cigarette smoking-indueetivation of the sympathetic nervous
system was not affected by acute ACE-inhibitionhw@PT. This is an indication that All

does not facilitate smoking-induced activation yhpathoadrenal activity in humans (70).

1.5.2.5. Lactation

In a study of 12 normotensive lactating women whaveagiven 100 mg of CPT three times
daily, for 7 doses, the mean,& for CPT in breast milk was 4.7 = 0.7 ug/ml. Theamearea
under the curve (AUgsn) for CPT in blood was 1067.2 #ng /ml, while that for milk was
22.9 nghr /ml (71). Therefore, the concentration of CPTmitk was 1% of that found in the
blood, and the peak milk concentration occurred miater than the time-to-peak blood
concentration of CPT. The area under the milk cotraéon versus time curve was about 3%
of that under the blood curve. Based on theserfggjithe American Academy of Paediatrics

suggests that CPT is suitable for use in patiehts wish to breast feed (71).

In another study (72), thorough investigation of TCIA human plasma and breast milk
demonstrated a delayed excretion of CPT in the,milth levels in the range of 0.6% of the
maternal plasma levels. This study suggested sada@striction of the passage of CPT from
blood into milk and "safe" levels for breast-feegiotespite a relatively high daily dose of 300

mg per day.
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1.5.2.6. Food

The presence of food in the Gl tract has been tegdo reduce the absorption of CPT by
approximately 30 to 40%. Although more recent itigagions suggest that food is unlikely

to significantly alter the effects of CPT, it isvaghble to administer the drug one hour before
or two hours after meals. Food does not appealtd¢o the absorption of most of the other

angiotensin converting enzyme inhibitors (73).

1.5.2.7. Renal impairment

The major route of elimination of CPT is via uripaxcretion and it would be expected that
the diminished renal function that is often asseciavith severe hypertension and congestive
heart failure would prolong the elimination hafeliof CPT (74-76). The inhibition of ACE
activity by CPT has been shown to be prolonged atiepts with renal dysfunction as
compared to that observed in healthy subjects (If7¢refore there is a need to reduce the
dose of CPT when treating patients with renal fail{r8).

1.5.2.8. Adverse effects

CPT generally is well tolerated, and side effeats asually mild and transient. A dry,
persistent cough has been reported commonly welusie of CPT. Coughing resolves after
discontinuing the drug. Other side effects incliad®lominal pain, constipation, diarrhea,
rash, dizziness, fatigue, headache, loss of thse,of appetite and numbness or tingling in
the hands or feet. CPT may cause kidney failure inogkased levels of potassium in the
blood. Serious but fortunately very rare side ¢ffere liver failure and angioedema (1-3).

1.6. CLINICAL PHARMACOKINETICS

1.6.1. Absorption

CPT is rapidly absorbed and blood levels of thegdawe detected 15 minutes after oral
dosing (22). These findings are similar to thoseraports that suggest that the onset of
antihypertensive activity occurs as soon as 15 tesuafter a single dose of CPT to
hypertensive patients. CPT has a relatively shalftlife in plasma with estimates in humans
ranging from 1.6 to 1.9 h (22). Approximately 70%am ingested oral dose is absorbed in
healthy fasting human subjects, and an absolutavhitability of 60% has been reported

when compared to an IV dose (16).
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Kripalani et al (79) reported the possibility that CPT may exhibdmplex nonlinear
pharmacokinetics, yet this phenomenon has not gmnted by other authors (14, 20, 21). A
single-dose pharmacokinetic study of CPT givenitimee a 25 or 50 mg dose to a group of 12
volunteers was undertaken. CPT has been shown tadeély absorbed and angx was
observed 0.5-1.0 h following oral administrationoubling the dose from 25 to 50 mg
resulted in a GaxsdC maxes Of 1.914 suggesting that CPT does not exhibit diegendent or
non-linear kinetics. After reaching peak concemtrgtblood levels of CPT declined rapidly
and were generally undetectable at 6-8 h post-(Bihe

1.6.2. Distribution

CPT readily binds to serum albumin and other plagpmudeins (81). The drug also forms
mixed disulphides with endogenous thiol-containiogmpounds such as cysteine and
glutathione in addition to forming a disulphide d@mof the parent compound. These
components in blood and urine are measured colldgtas total CPT. Since the formation of
these inactive disulphides is reversible, the tatabunt of CPT may serve as a reservoir of
the pharmacologically active moiety and thus cbutie to a duration of action that is longer
than that predicted by the blood concentration n¢hanged CPT. To measure free or
unchanged concentrations of CPT, a chemical gabinust be added to biological samples
to prevent the formation of disulphides of CRX,vivo Following IV administration of CPT
intravenously to healthy subjects, the total bol@aance of CPT and steady-state volume of
distribution was about 0.7 L/h/kg and 0.8 L/kg mspvely. In healthy subjects, peak blood
concentrations are reached about 45 to 60 minufex @ral administration. The
bioavailability of CPT is altered neither in patigmf different ages nor those who are taking
concomitant medications including diuretics, proeanide, allopurinol, cimetidine or
digoxin (81, 82).

1.6.3. Metabolism

CPT is mainly eliminated by metabolism and its bakbility is 65 %. Methylation is one
of the major metabolic routes of CPT and the valitgbmay contribute to the modulation of
the intracellular concentration of CPT (83-85). Tiheer is the primary site of captopril
methylation, whereas the intestine plays only aomiole. The kidney may also contribute to
the excretion of CPT (84, 86). The methyltransferaszyme in human red blood cells (RBC)
has been implicated in tfi®methylation of CPT (83). The rate of methylatidriG® T ranged

over one order of magnitude in the liver and kidriaythe human liver, the mean rate of CPT
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methylation was greater in women than in men, wdeli@ the kidney no differences in
metabolism based on the sex of the volunteers wWeereed, and the mean rate of

methylation for all cases was 47 + 23 pmol/min/i88)(

1.6.4. Excretion

The concentration of CPT in blood and urine of tigakubjects and patients with chronic
renal failure following orahdministration of 50 mg were determined by highfgrenance
liquid chromatography.The maximum blood concentratof free CPT in healthy subjects
wasobserved within 1 hour of administration and wasdweiectable 6 hours after dosing and
41% ofadministered CPT was excreted in the urine as @B& andmetabolic products
within 2 hours of dosing and 58% was excreted withhours. In patients with chronic renal
failure, an average serum creatinine of 5.1 mg/dk wbserved and trabsorption rate
constant (K, Cnhax and AUC were not significantly different from tleosbserved in normal
subjects. However, the elimination rate constagt ékd biologicahalf-life (t;,) revealed
that the elimination of CPT from the plasma woul delayed. The cumulatiamount of
drug excreted in the urine as CPT and metabolidynts were decreased at 2, 4, and 6 hours
in patients with chronicenal failure. Consequently, impaired renal funtcti® an important
factor in the retention of CPT in the blood (87).

The elimination half-life of unchanged CPT was apmately 2 hours. The primary route of
elimination of CPT is via the kidney. The renalatknce of unchanged CPT exceeds the

glomerular filtration rate, due to active tubulaceetion of the drug (81, 82).

1.7. CONCLUSIONS

CPT is an orally effective Al converting enzyme ibitor and is used for the treatment of
hypertension and congestive heart failure. CPTahedatively short elimination half-life in
plasma. It is considered a drug of choice in amtniensive therapy due to its effectiveness
and low toxicity. It is usually prescribed to patie who are chronically ill and require long-
term therapy. The development of a once or twidky daal formulation of CPT would be a
significant advantage for the promotion of patiadherence, and in addition, the side effects
of the drug would be minimized as a result of reiucof concentration fluctuations in the
blood on long term therapy (7, 19). More particilasome of the challenges would be to
formulate a dosage form that may improve the tasleur of CPT and enhance its release.

An approach to use CPT loaded microcapsules whidhmvaintain a constant therapeutic
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concentration and reduce the number of times thg nhust be taken will be prepared using a

range of polymers.
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CHAPTER 2

CHARACTERIZATION OF CAPTOPRIL USING NMR SPECTROSCOP Y

2.1. INTRODUCTION

Half a century ago, nuclear magnetic resonance (N&ffectroscopy was first introduced as
an analytical tool for structure elucidation of $hoaganic molecules (88). Since then, NMR
spectroscopy has evolved at a tremendous pacehante¢hnique has subsequently been
applied in the fields of inorganic chemistry, stuual biology and medicine (88). Recent
improvements in sensitivity (88phave ensured thaiMR spectroscopy has become an
important technique in structural-based drug desiggh drug discovery, and it has shown its
potential for playing a greater role in the pharewdal industry (88, 89). Whilst the
reproducibility of NMR spectroscopic methods is auabtedly very high, the European
Pharmacopoeia limits the use of NMR to the iderdiion of drugs and reagents (88).

NMR is being increasingly applied to study the mmies and quality control of drugs (90).
To date, no data have been published on the asabfsiCPT Active Pharmaceutical
Ingredient (API) by physical methods such as NMRIRoffers high speed analysis and is
sufficiently informative to judge both the strualbmnd quality attributes of the substance
undergoing analysi¢91). During the last years, NMR spectroscopy and NMR gimg
(magnetic resonance imaging, MRI) have been usedndaitor drug delivery system
performance invitro and in vivo. However, the high installation and running cosfs
superconducting magnet technology limits the apgibnn range and prevents the further

spread of this technology (92).

Advanced NMR spectrometers with proton resonanequincies of 300 MHz and higher
have been used in analytical practice to study kbewnsity lipoproteins (LDL) (93),
carbohydrates (94-96), enalapriB7), lisinopril (98), ramipril (99), quinapril (100),
perindopril(101) and benazepri{102-105).This has also been used in analytical procedures
to study angiotensin Il receptor antagonists such as valsaftLl06), losartan (107),
irebesartan (108), telmisartan (109), candesatts)(and eprosartan (111).

The first and most obvious advantage of NMR at digmagnetic fields is the greater

potential for intrinsic separation of resulting srances. The chemical shift that occurs
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following application of the magnetic field is ufedted by changes in spectrometer magnetic
field-strength Bo) and the resonant frequencies of nuclei; hened, tibserved differences in
hertz change linearly with changes Bf. Moreover, homonuclear scalar couplings remain
constant withBy and therefore complex multiplets overlap less wigighbouring resonances

at higher field-strengths. This allows fine-struetito be interpreted relatively easily (96).

One of the most important criteria in the assessmedrug quality and quality assurance is
the determination of API content in bulk drug sabbses and in pharmaceutical dosage
forms. Conventional methods of analysis such agimtric and volumetric techniques are
the more common analytical tools recommended bierdiit Pharmacopeia’s and Drug
Standard suppliers. In spite of the simplicity, a@peity and accuracy of the modern
advanced instrumental analysis, techniques suapeagrophotometric (IR, UV, and NMR),
chromatographic methods (TLC, GC and HPLC) andrstlage used for analysis of drugs
(112). In fact, apart from UV analysis, there amyoa few examples of use of other
instrumental techniques reported in monographdéndifferent Pharmacopoeias. It seems
that official compendia are reluctant to adopt mafréhese techniques (112), which may well
be a consequena# the lack of such instrumental facilities in sopets of the world (112).

It must be noted that NMR is more specific (113anthother techniques such as UV
spectrophotometry. For example, several differembmounds may have the same or similar
Amax Value as CPT, which could result in an incorrectislen when using UV method

described in most pharmacopoeias. When compounds $imilar'H spectra due to their
related structures, it is usually impossible tdidguiish them, and as such 2D NMR should
be used, because it permits better separationabdspe

Since the development of high resolution NMR smgtiotometers in the 1950s, NMR
spectra have been a major means of studying batty ynthesized molecules and natural
products. Since drugs in clinical use are synthatisatural products, NMR spectroscopy has
been mainly applied to the elucidation and confiraraof their chemical structures. NMR
methods have also been applied to quantitativeysisabf compounds in order to determine
the impurity profile of these materials (114-11&),characterize the composition of drug
products and to investigate metabolites of drugsbialogical fluids (116-118). The
application of solid state measurements can prawfi@mation about polymorphism of drug

powders (119-120and theconformation of drugs in tablets.
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2.1.1. The instrument

NMR is a spectroscopic technique that relies @nebaluation of the magnetic properties of
an atomic nucleus. When placed in a strong magrfedid, certain nuclei resonate at
characteristic frequencies in the radio frequemanyge of the electromagnetic spectrum (121).

NMR is essentially an absorption phenomenon, sintitathat observed in UV and IR
techniques. However, the energy of NMR is from e@afliequency radiation by nuclei
exposed to the mass field. A magnet is the coranoNMR instrument and should create a
static, stable and homogeneous magnetic field vilneise. The magnet consists of a closed
loop (‘solenoid’) of conducting Nb/Ti alloy wire imersed in a bath of liquid helium (b.p.
4K). A large current flows around the loop, cregtia strong continuous field with no
external power supply. The helium container is liatd with a vacuum jacket and is cooled
further by the use of liquid nitrogen (b.p. 77Khelprobe is a coil of wire positioned around
the sample that alternately transmits and recea@i® frequency signals. A computer directs
the transmitter to send a high power, short dungtiaise of radio frequency to the probe coil.
Immediately after, the generation of the pulse waigkals called free induction decay (FID)
received by the probe coil are amplified, convetiechn audio frequency and sampled at
regular intervals of time by the analog digital eerier (ADC) to produce a digital FID
signal. The computer determines the timing andnsitg of the output pulse by the
transmitter and receiver and processes the digifarmation supplied by the ADC. The
computer performs Fourier transformation of thenalg to produce and plot NMR (121,
122).

Organic compounds are basically composed of thmezles hydrogen and carbon, and in
some cases phosphorus, nitrogen and oxygen. Addilyo halogens such as fluorine,
chlorine, bromine and iodine or metal atoms mayphlesent. Each of the aforementioned
elements has an isotopic nucleus which can be teéetdxyy NMR in appropriately designed
experiments. The low natural abundance®®f and *’O in nature prevents NMR being
routinely applied to these elements without the afsiabelled reference substances, i
13c-, F- and®P NMR spectroscopy have become routine technigoesldily analytical
work (123). Modern NMR spectrometers are availabta field strengths up to 18.8 Tesla or
a proton resonance frequency of 800 MHz (12#) at times 900 MH£L25-126). Routine
analysis is made at proton frequencies of betw@&&maBd 500 MHz (127).
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2.1.2. Spectra

Fundamentally, NMR spectra can be generated usihgrecontinuous wave or Fourier
transform acquisition (126-128). Continuous wave RIBpectra are generated along similar
principles to those recorded using optical specttens. A sample is placed into a strong
magnetic field and the frequency of the samplelasvly scanned. In Fourier Transform
NMR (FT-NMR), the magnitude of the energy changgssimall. This means that the
sensitivity is a major limitation. These instrungerdre not usually available (129). The
frequency at which an NMR signal appears dependslynan the magnetic field strength.
The chemical environment in which an active nuclsu®cated can lead to a small shift in
the resonance frequency and is referred to asGherical Shift'. The presence of different
functional groups finds their expression in thish&mical Shift'. The result is that an
intensity-/frequency-diagram or NMR spectrum is efated. In'H NMR spectroscopy the
presence of each H-atom leads to the generatioat déast one signal and since most
molecules of analytical interest contain more tlene H-atom, the resultant spectra are
generally more complex than conventional chromatog: What is crucial to interpreting the
information contained in NMR spectra is the spedatigpersion which is a linear function of
the applied magnetic field strength. The homonudgan coupling of protons leads to a low
dispersion inH NMR spectroscopy. I"H NMR spectra of complex mixtures, it is often not
possible to detect single components, but the dulunational groups in the mixture can be
determined. It°C NMR spectra, the dispersion is much higher.

Even though NMR spectroscopy is mainly a technigsed for structural analysis, it has
many applications as a quantitative analytical {@@6-130). The most attractive feature of
NMR spectroscopy is that in a given solution andarmappropriate conditions, the molar
response factor is exactly the same for all resogaflhis allows an analyst to perform
guantitative analyses without the need for anadystandard of the analyst through the use of
simple and well characterized primary standards, uaed for volumetric analysis.
Quantitative analysis using NMR is normally achibMay evaluation of the ratio of the
integral of a signal generated by a test compoumtthe integral of a signal produced by a
primary standard of that same compound. Furthermareler quantitative conditions,
matching integrals of signals with the structuaiiula of a compound are indicative of the
purity of that material (130).
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The European Pharmacopoeia promoted the use of Bip&Btroscopy for the identification
of drugs and reagents, and in some cases NMR apeglace the use of IR spectroscopy.
Thus, the'H NMR spectra are used in the same manner as &rapehich can be described
as a sort of pattern recognition. An increasing benof reagents, adenine, butoxycaine and
aesculin have been identified By and'*C-NMR spectra in the USP Pharmacopoeia (123).
NMR spectroscopy, being a primary ratio method a@fasurement, is highly suitable to
evaluate the quality of drugs. NMR spectroscopy lmamsed for the identification of a drug
substance, the identification and quantification imfurities arising from the synthesis
pathway and degradation or residual solvents, disaseghe determination of the content in
the assay (131).

Following the discovery of an active pharmaceuticegredient (API) with potential for
therapeutic use, it is vital to completely chareegethe solid-state form of the bulk API and
of any formulated product containing that API. Twodid-state form of an API - in particular
the crystalline, amorphous or solvate nature -ltare a dramatic effect on the dissolution
rate, solubility, bioavailability, physical stalbyiand potential for interaction with excipients
of that compound. Formulation and processing oABhhas been shown to impact some of

these physical properties (132).

There are many analytical techniques that can bd tes identify the solid-state form of an
API. Traditional techniques used for solid-statealgsis include differential scanning
calorimetry (DSC) (132), Fourier Transform Infrar8pectroscopy (FT-IR) (133), Raman
Spectroscopy (134), and Powder X-ray DiffractiorXiR®D) (135). While there are many
advantages to using these methods, one most nodiddevantage is that many of the
techniques cannot be easily used to charactergzenttividual components contained in a
formulated product. NMR can provide information abdoth the API and a formulated
product. Although NMR is currently not widely usetlie to its expense and lack of
availability, its use to characterize pharmaceulificaducts is becoming more prevalent since
information can be obtained from NMR spectra abautAPI and/or the drug product in

which the API is formulated.

The motivation for using NMR spectroscopy to chtgaze pharmaceuticals can be readily
ascertained by highlighting areas in which NMR gqaavide unique information about a

particular system. Such areas include the following
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a. NMR is a non-destructive and non-invasive technitjuet can be applied to the
analysis of an API or drug product (136),

b. Quantization of solid-state forms of API and detiveystems is possible (137),

c. Low levels of API in a drug product can be invgated using isotopic labelling
(138),

d. The conformation and arrangement of molecules eagskablished (139), and

e. The molecular dynamics of a system can be deteh{it%0).

The use of NMR is not currently widespread wittie pharmaceutical industry due firstly to
its expense (140-141). Secondly, lengthy analysie and low throughput are barriers in the
use of NMR, but the development of a multiple sampbbe, as well as other advancements,

are likely to increase the potential for use o$ tigichnique in the near future (140).

NMR is particularly rich in the number and type sgfectroscopic observables it can offer.
Chemical shifts, J-couplings and dipolar coupliags but a few of the parameters that can be
measured via NMR (135). However, for these NMR peters to have some utility, they
must be able to be applied to the structural eatmd of compounds. In this study, focus is

mainly on the chemical shift addcoupling.

2.1.3. Chemical shifts

Chemical shifts in NMR spectra are the cornerstoihthe technique. These shifts provide
positional information about individual NMR peakshich in turn can be ascribed or
assigned to individual atoms within the chemicalugure of the compound under
investigation. Unlike most other forms of spectay®g major spectroscopic values (chemical
shifts) in NMR are reported using a relative rattlean an absolute measure as chemical
shifts are field dependent and are fundamentallglaatronic phenomenon. As a result, all
chemical shifts are measured in parts per milligon{) as opposed to absolute frequencies in
Hertz (Hz). These shifts arise primarily due to tieometry or distribution of electrons

surrounding the nuclei that are monitored using N{I&2).
The theoretical treatment of chemical shifts fonglie systems comprised of a free atom with

no orbital or spin angular momentum can be detexthinsing Lamb’s formula (143h

Equation 2.1:
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Equation 2.1

p (r) = electron density from the nucleus,
r = distance of the electron density from the nugle

Bo = strength of the magnetic field of the NMR,
c = speed of light,

m = mass of light,

m =mass of an electron,

e = charge (cgs).

In essence, the chemical shift is proportional he electrostatic potential energy of

interaction between the nucleus and electrons (144)

If the nucleus is in a molecule where the electramsnot free to move in circles around the
direction of the applied magnetic field, a theaatiexpression for the chemical shift, defined
by Ramsey, is normally used (136, 145, 146).

It is evident that there is an inverse relationdbgween the distance of an electron from a
nucleus and the resultant chemical shift obsergethfat electron. When electrons are pushed
away from the nucleus the chemical shift is smadl the nucleus is said to be deshielded. In
NMR, these changes are generally plotted in revecs¢hat shielded nuclei have low or
upfield chemical shifts (around 1 ppm for H), areskielded nuclei have high or downfield
chemical shifts (around 8 ppm for H). Chemical tshifary according to the characteristic
electronic and nuclear structure of each elemena aholecule. Chemical shifts provide

detailed information about the covalent structudratoms and molecules in a structure (142).

Once a compound of interest is ready for NMR anslysnd suitable solution conditions
have been determined, a series of 2 or 3D expetsvare conducted. The outcome of such
experiments is the collection of sufficiently dégdi spectral data to assign every observed
peak or resonance to all detectable atoms in a eontp- a process called sequential
assignment. Two types of 2D experiments are noymaildertaken. Initially a Correlation
spectroscopy (COSY) experiment is performed in iotdeallow individual carbons to be
identified as a consequence of distinct chemicdtssh-ollowing the COSY, Heteronuclear
Multiple Quantum Coherence (HMQC) and Heteronucl®dultiple Bond Coherence
(HMBC) experiments are performed to develop spdb@bare almost identical to the COSY
spectrum. All of these spectra are displayed usingpftware package called MestRe-C
Version 4.3.6.0 or MestRe Nova (Mestrelab Rese@ahtiagale Compostela, Spain, 2006).
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Once the sequential assignment is completed pibssible to begin the structure elucidation

process (147).

2.1.4.J-coupling

Nuclei that are subject to the same chemical enment are equivalent, and those exposed
to different environments or having different cheatishifts are non-equivalent. Nuclei that
are close to one another also exert an influenadh@magnetic field of each other and which
are depicted in NMR spectra if the nuclei are nquielent. If the distance between non-
equivalent nuclei is less than or equal to threedblengths, this effect is clearly visible in
NMR spectra and is referred to as spin-spin cogpinJ-coupling.

One of the primary goals of an analytical labonate to identify and characterize any
impurities that may be present in bulk drug or folated products. The nature of impurities
that may be present is important to ensure thdtlesttormulations and interactions with

excipients can be respectively produced and idedtifFurthermore, regulatory agencies
require that impurities present at levels > 0.1%simibe identified. Complex mixtures,

especially those with low amounts of individual qgmnents, are a challenge to analytical
chemists working in pharmaceutical research aneldpment (148).

CPT contains two asymmetric centres, one assocwitidthe (S)-proline functionality and
the other with the 3-mercapto-2-methylpropioniadaside chain. The compound is normally
administered as enantiomerically pure, with bothties of dissymmetry being completely
resolved. The physicochemical and analytical charetics of CPT have been described by
Kadin (149) and by Caplaet al (150). Many of the details in these published ipgsfare
similar; however the ultraviolet absorption cunaes substantially different. Kadin showed
(149) UV spectrum with a single maximum around 2@®and no other absorption bands at
any other wavelength. This observation is in cattra that reported by Caplat al (150), in
which the spectrum of CPT consisted of two maxirhavavelengths of 207 and 327 nm
respectively. In addition, circular dichroism (C®jth band maxima at 225 and 242 nm was
also reported (151).

A distinguishing characteristic of CPT (Figure li8)hat it is a relatively simple chemical

compound that is comprised of condensed, simplen@racids. A hydrogen bond can be
presumed to exist between the hydrogen atom ofdahgoxylic acid and the carbonyl group,
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and another hydrogen bond is presumed to existdaetihe hydrogen from a sulfhdryl group

and a carbonyl group.

The reactions of thiol compounds with moleculargety are well documented (152), and it is
a challenge to resolve this difficulty as ambieniygen pressure is always present. The
reactions of oxygen with thiol compounds in aquesaisitions are most often described by
Equations 2.2 and 2.3:

2 RSH 4 G» RSSR 4,0, Equation 2.2
4 RSH % 0—» 2RSSR + HO Equation 2.3

The products of such reactions are disulfides apdrdgen peroxide or water (114).
However, it is known that the oxidation of thiolmpounds can produce products containing
a sulfur atom in different oxidation states depagdon the reaction conditions. Under mild
conditions (pH 7-9), thiol compounds are oxidisegtoduce disulfides (153), whereas at pH
12, these compounds are transformed predominantty sulfinic (RSQH) and sulfonic
(RSGH) acids (123).

Published data (154-155), reveal that the ratestbfoxidation of CPT is linearly dependent
on the concentration of oxygen. However, the reactian follow the zero- or first-order
kinetics with respect to the concentration of tliompounds and their source (15Bgspite
the prevalence ofubstantial information, the data on oxidation leblt compounds are
contradictory and it is difficult to estimate thaiability of many proposed reactions (156).

This study aims to show that 2D NMR can be usedhédorm precise and accurate
gualitative analysis of bulk material since the ditions of storage of raw material are

critically important for CPT powder, in particulashen oxidative degradation may prevail.

2.1.5. NMR

Total assignments dH NMR, *C NMR spectrum for the structures are made withhiie

of distorsionless enhancement by polarization feans(DEPT), 'H-'H correlation
spectroscopy't-'H COSY), as well as heteronuclear multiple quanaaierence (HMQC)
and heteronuclear multiple-bond correlation (HMB€ghniques*C NMR data are well
known for better dispersion and significantly Iesssitivity to environmental effects, such as

that due to pH, solvent used, temperature, etan those of protons. YéH has remained a
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favourable tool for identification and/or high-tlughput analysis of small and medium sized
molecules and for the characterization of complé@xtumes, such as those of metabolites due

in part to sensitivity concerns.

2.1.5.1.'H and *C-NMR

Both 'H and *C-NMR give information about the number of non-cheatly equivalent
nuclei or non-equivalent hydrogen and carbon at@mswell as information about the
environment of the nuclei or hybridization statel attached atoms. It is convenient to use
FT-NMR techniques fotH NMR and it is standard practice foiC-NMR as the signal for a
C atom is in the order of TOnveaker than the signal generated for a hydrogem.aA signal

for a'°C nucleus is only about 1% as intense as thdtHdrecause of the magnetic properties
of the nucleus’C are spread over a much wider range th#rsignals making it easier to
identify and count individual responses. Separastindt peaks appear for each of the
carbons in the molecule of intereSC shifts are most affected by the hybridizationestnd

electro-negativity of the carbon and attached fione groups.

CPT has three functional groups of importance, thiol, amide and carboxylic acid. The
best estimate for the S-C-C- bond in CPT is 1094 can be seen from the structure of
CPT, there are 9 lone pairs, 0 open octets, ibgmidized atoms, 4 $ybridized atoms, 0
sp hybridized atoms and 15 atoms that are unhyeddiThe hydroxyl (OH) group is the
most polar bond in CPT. The’spybridized C atom is shielded more than that efgff and

an electronegative atom deshields the carbon tohwhis attached.

2.1.5.2. DEPT-135

DEPT-135 is a distorsionless enhancement of paiaoiz transfer that uses a 135 degree de-
coupler pulse. It is a technique that is used sdirdjuish different types of carbons in a
spectrum. A DEPT spectrum is made up of 3 companeiz, (i) regular spectrum (ii)
DEPT-90 spectrum and (iii) DEPT-135 spectrum. Talywe CPT, only the DEPT-135
spectrum that shows positive peaks for carbon aio@bl; and CH groups, and DEPT-135
that shows negative peaks of carbon atoms from @blups were evaluated. DEPT-135 is
used to count the H attached to C. In DEPT-13%a@rsd transformer irradiates H, which

affects the appearance of C spectrum. Some C sigitay the same, some disappear and
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some are invertedThe experiment (distortionless enhancement by pel@on transfer,

DEPT) were obtained using variable pulse q = 135°.

2.1.5.3. COSY, HSQC and HMBC

The term COSY is an acronym for correlation speciopy. In COSY experiments, chemical
shifts between nuclei that adecoupled or separated by two or three covalent care
generated, resulting in every peak having two chehshift values\iz., an x- and y- value).
Those that have identical x- and y- values areedaliagonal peaks. Those that have different
x- and y- values are called off-diagonal or crosals. Identifying COSY cross peaks and the
two atoms that gave rise to the x-and y-shiftseespely, allows any two coupled spins to be
identified by simple inspection. This is very udafudetermining the covalent connectivity
of all atoms within a molecule (157).

COSY spectra are therefore useful to identify cedpgrotons. Cross-peaks indicate pairs of
protons that are couple@he 2D*H-'H correlation spectroscopy (COSY) and heteronuclear
simple quantum correlation (HSQC) spectra were inbth with a digital resolution of
5.425 Hz after zero filling. Zero filling (one) werperformed in the F1 dimension of a
512°512 matrix, the data were 2D transformed ardriagnitude spectra multiplied by a sine

window in each dimension and symmetrised alonglihgonal (158).

HSQC is an acronym for heteronuclear simple quantamelation, meaning that two
different types of nuclei (usualljH and **C) are correlated in a 2D experiment by the
evolution and transfer of single-quantum (SQ) cehee, the simple magnetization that can
be represented by vectors in the x-y plane. HMBReteronuclear multiple bond correlation,
which is identical to HMQC except that tle value selected for the coherence transfer is
much smaller (10 Hz for HMBC versus 100 Hz for HMQ€Do that the two and three bond
relationships are detecte@®Jc~ 10Hz) and the one bond relationship is rejectde(~
100Hz) (158).

To date, only a small number of manuscripts desailthe use of NMR to study ACE
inhibitors have been published (97, 98, 101-106henof which have focused on the use of
2-D NMR evaluation of the drug. The purpose of thak is to describe an NMR method for
the determination of the purity of CPT.
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2.2. EXPERIMENTAL

2.2.1. Materials and methods

NMR spectra were generated in deuterated chlorof@mCl) using a Brucker 400 MHz
NMR spectrometer (Rheinstetten, Germany) in fHelock mode. Chemical shifts were
reported in parts per million (ppm) relative toréemethylsilane (TMS) which was used as
standard imH and**C measurements. Each sample was transferred tani¥8lass ultra
precision ASTM Type 1 Class A borosilicate thin-lgdl NMR tubes (Norell, Inc. Mays
Landing, NJ). These tubes are specifically deslgnebe used for high resolution NMR and
are recommended for chemical structure determinatiow and high temperature
applications, and low temperature sample storadge *H (400 MHz), *C (100 MHz),
DEPT-135, HMQC, HMBC, COSY-90 NMR spectra wereraltorded using standard pulse
sequences. Experimental data was obtained usinigltbe/iing conditions: All NMR spectra
were recorded at 298 K, at a frequency of 400.13Miith a 5mm probe and
pw (90) = 12.6 s. All chemical shifts were recorded amélgzed using MestRe-C and
MestRe Nova software.

2.2.2. Analysis of drugs

CPT was donated by Protea (Midrand, South Afriead Deuterochloroform (CDg)jland
tetramethylsilane (TMS, Si (Ghi) were obtained from Sigma Aldrich Chemical Co.
(Milwaukee, WI, USA). Because all twelve hydrogdoras in a tetramethylsilane molecule
are equivalent, the chemical shift of this singteissigned a80.0, and all other chemical
shifts are determined relative to it. The majorif compounds studied byH NMR
spectroscopy absorb downfield of the TMS signat] #ius there is usually no interference
between a standard and sample being tested. Saofp&RT were dissolved in CD£and

'H NMR spectra recorded on a 400 MHz instrument. tBratied solvents are used as they
enhance spectral resolution and solvents contaimyaigogen yield signals that may swamp
those of the sample of interest. Approximately 2§ oh CPT powder was dissolved in 1 ml
of solvent to yield a sample depth of at least dnb in the NMR tube. Despite these
advances, NMR measurements are usually made ole sagples, and therefore throughput

is limited by this serial approach.

Following analysis, samples were transferred froliRNtubes into screw-cap glass vials and
labelled appropriately. Prior to commencing analysleanliness of the tubes was ensured so

as to avoid the development of poor quality speddditionally, caution was made so that
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they had no cracks or chips. Labels were thergiateon the tube caps. It is better to have a
slightly lower concentration and a sample of reabta height than a shorter sample with a
higher concentration. The natural ‘magnets’ in ah@ms of the sample align with the NMR
magnet just as iron filings would on a toy magiiéte sample was then exposed to a series of
split-second radio-wave pulses that disrupt thematig equilibrium in the nuclei of selected

atoms.

Prior to dissolving CPT, the deuterated chlorofavas spiked with 1% TMS, as an internal
standard.

2.3. RESULTS AND DISCUSSION

To prove the purity of CPT, NMR studies were cornddc Proton NMR spectroscopy has
been used to study flurazepam dihydrochloride (1B@wayamaet al (160) examined the
solvated species of flurazepam dihydrochloride gi&ifr NMR but found the spectra to be so
complex that assignment of signal was not possibtethereforé*C-NMR spectroscopy was
selected as the method of choice. It is for thisom that bothH- and**C-NMR studies were

conducted in this work and results of these stuaiieshown in Figures 2.1 and 2.2.

Kuwayama and Yashiro (161) studied tH€-NMR spectra of diazepam and fludiazepam.
The use of NMR for the detection and quantitation various benzodiazepines was
summarized by Dawson (162) as one of several cagsgof abused drugs easily assessed
using this technique.

The usefulness dH and**C Fourier transform (FT) NMR spectroscopii{ and**C-NMR)

as quantitative methods, stems from the poteniratdrelationship between the area under
an NMR peak and the number of a particular typewfleus that give rise to that signal.
Experimental limitations that have to be overcomeider to obtain quantitativ€éC-NMR
spectra are associated with the relaxation timenticlear Overhauser effect (NOE), and the
NMR instrument itself (filter characteristics, pawevel of the exciting pulse, dynamic range
and digital resolution). Practical problems asitf€-NMR has a greater potential thi-
NMR for the study of organic systems. The sensitidf **C chemical shifts to small
differences in the molecular environment, and cedplith a large chemical shift range,
gives a “chromatographic” separation of resonarmfeinterest and has madéC-NMR

attractive as a potentially useful technique foalgy assurance of pharmaceuticals (163).
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Figure 2.1.400 MHz'H NMR spectrum of CPT in CDgI

The structure of CPT is shown in 8 1.24d in Figure 2.1ogether with the tentative peak
assignments. Th&H NMR spectrum (Figure 2.1) of CPT reveals: a detlat 1.21 ppm
corresponding to 2’-methyl protons; a triplet &5Lppm corresponding to the thiol proton; a
multiplet at 2.05 ppm corresponding to the diastmgic 4-methylene protons; two
multiplets at 2.10 and 2.38 ppm corresponding &diastereotopic 3’-methylene protons; a
multiplet at 2.81 ppm corresponding to the 2’-me¢hprotons; two multiplets at 2.49 and
2.89 ppm corresponding to the diastereotopic 3-yhetie protons; a multiplet at 3.63 ppm
corresponding to the 5-methylene protons; a meitipt 4.63 ppm corresponding to the 2-

methine proton; and a broad peakat5.85 ppm corresponding to the carboxylic OH.
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Solid-state*C NMR spectroscopy has also been successfullyegppii the determination of
polymorphism in certain groups of molecules andhismiid-staté’C NMR spectroscopy and
powder X-ray diffraction have been used to analymgtures of solid forms of neotame
(164).

One- and two-dimensionafH, APT, gCOSY, gHSQC and gHMBC) NMR spectra have
been used in combination with LC-MS for structuheceglation of unknown impurities in

compounds (165).

Three impurities in the API anastrozole were detgdty simple isocratic reversed-phase
high performance liquid chromatography (HPLC). Thmepurities were isolated and
characterized by LC-MS/MS, GCMS and, ** C and DEPT NMR experiments (166A
rapid, selective and accurate quantitative 2D NMRIBC) method was developed for the
simultaneous analysis of obidoxime chloride andgtre sulphate (167). The conformational
properties of the AT1 antagonist, valsartan, hagenbanalyzed in solution and at receptor
binding sites. Low energy conformations of valsarta solution were explored and
elucidated using a combination of NMR spectroscgpy °C, HSQC, HMBC, ROESY and
NOESY) and molecular modeling techniquése NMR results revealed the existence of two
distinct and almost isoenergetic conformationsvesartan (with a&is:transratio around the
amide bond of 40:60) (168).

It is abundantly clear that the physical charaztgion of API is crucial to the successful
development of a successful product (169-171)a# llong been known that pharmaceutical
solids can exist in more than one solid form (@lysamorphous) (169, 172-174) and that
different solid forms of a drug may display sigoéntly different physical and chemical
properties, including colouration, morphology, #igh dissolution and bioavailability (169,
172). Typically, the most thermodynamic and staflolen of a compound is chosen for
development into a product, however metastable $ohave been used due to enhanced
dissolution or bioavailability profiles. In eithexase, a full characterization of the API is
necessary in order to understand the chemical dnydiqgal properties of the material.
Extending this concept, qualitative analysis mumstoenpass the API at two levels: the bulk
drug substance as well as the final drug produg®,(171), and quantitative analysis at both

levels may also be necessary.
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The *C NMR spectrum (Figure 2.2) reveals 9 carbon sign@ihe C-2’ methyl nucleus

resonates at 17.2 ppm; the C-4, C-3 and C-3’ meiteyhucleus at 24.8, 27.5 and 27.6 ppm;
the C-2' methine nucleus at 42.6 ppm; the C-5 niletigy nucleus at 47.8 ppm; the C-2
methine nucleus at 65.9 ppm; and the two carboasghans at 172.8 and 176.5 ppm. The
molecular formula of CPT is d8;1sNOsS. *C NMR spectrum (Figure 2.2) shows 9 peaks of

different C atoms, which is consistent with theia$ molecular symmetry.

176,49

T~ 172,84

59,72
47,79
T~ 4262
<::27,54
27,45
i\x472432
17,15

c2 C5 i

o
ppm (1%90 150 100 50 0

Figure 2.2.400 MHz™*C NMR spectrum of CPT in CDgI

The DEPT 135 spectrum (Figure 2.3) confirms thes@nee of four methylene carbons, C-4,
C-3, C-3" and C-5, which resonate at 24.8, 27.56 &hd 47.8 ppm respectively; and two
methane carbons, C-2’ and C-2, which resonate @2d659.7 ppm respectively. The DEPT
spectrum gives the CH, GHand CH signals in which CH and CHcarbons appear as
positive peaks and CHppear as negative peaks in DEPT 135 spectrumCTieeorded in
3C NMR are not shown in DEPT are C without any dtéatH.
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Figure 2.3 DEPT 135 NMR spectrum of CRi CDCl,.

The COSY spectrum (Figure 2.4) reveals a vicinalptiog (at cross peak A) between the 2’-
methine proton and 2’-methyl protons; a long rangepling (at cross peak B) between 2-
methine proton and 4-methylene protons; vicinalptiog (at cross peak C) between 4-
methylene protons and 3-methylene protons; and mainggé coupling (at cross peak D)

between 3-methylene protons.

The HSQC (Figure 2.5) reveals that in cross pedkeA2’-methyl protons are bonded to the
carbon that resonates at 17.2 ppm; cross peakdlsethat 4-methylene protons are bonded
to the carbon that resonates at 24.8 ppm; crosk Qeaeveals that diastereotopic 3'-
methylene protons are bonded to the carbon thahatss at 27.5 ppm; cross peak D reveals
that diastereotopic 3-methylene protons are bomaéke carbon that resonates at 27.6 ppm;
cross peak E reveals that 2’-methine proton is bdno the carbon that resonates at 42.6
ppm; cross peak F reveals that 5-methylene pramnbonded to the carbon that resonates at
47.8 ppm; and cross peak G reveals that 2-methio®rmp is bonded to the carbon that
resonates at 59.7 ppm.
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Figure 2.4.400 MHz COSY NMR spectrum of CHit CDClk.

The HMBC spectrum (Figure 2.6) was used to suppwet structural assignment which
reveals that 2’-methyl protons connects to C3& (), C-2’ (Jcr) and 1'-C=0 {4); 5-
methylene protons connects to C%c(); and 2-methine proton connect to C34:(;) and
1-C=0 Clc ).
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Figure 2.6 400 MHz HMBC NMR spectrum of CPifi CDCl.
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The structural elucidation of CPT was accomplishgduse of a combination of 2D COSY
techniquesH-'H and HSQC with*H and*C NMR spectra. In this study, all functional
groups were well characterized. The elucidationhef structure was very important in the
analysis of the bulk material. THel chemical shift values were reported on thscale in
ppm, relative to TMSJ = 0.00 ppm)

2.4. CONCLUSION

The characterization of CPT using 2D heteronudatearelated spectra is arguably the first of
its kind using these techniques. By use'tfNMR, **C NMR, DEPT 135, COSY, HMBC
and HSQC, complete information of the structureG#T was obtained. Confirming the
structure of a bulk material using NMR is the firsta process that can ultimately help
confirm whether there have been changes in a drug bulk material during shipment,
storage and exposure to humidity and air. NMR ispawerful and useful tool in
pharmaceutical analysis and identification of smmadllecules. This study has demonstrated
the usefulness of NMR, and it is quite clear thaiRNwill play a leading role in drug
discovery, development and analysis. The technaguebe used with other analytical tests
for the elucidation of chemical and structural mf@tion pertaining to molecules under
investigation. The spectra obtained in deuteratédraform showed well-separated signals
which did not suffer interference for the residpedton of chloroform, which sometimes may
pose a problem ifH during analysis. Aside from the costs involved axpertise needed, it
is proposed that this method can be an effectiskettomonitor degradants and to facilitate
chiral discrimination and may result in the devetgmt of products in which chiral
compounds are delivered as single enantiomersglileaddressing the requirements being
imposed by many regulatory authorities. In paricuthis can also help and generate a fresh
enthusiasm in the interest of improving enantiadele synthesis and increase demand for

accurate, reliable and convenient methods of megsanantiomeric compositions.

Additionally, NMR technology has been proposedtimeo studies (175) as a valuable tool for
fast identification of illegally produced sildenafcitrate tablets. It can be used in
stereochemical differentiation or conformationalypworphism. This tool can also help equip
researchers with advanced understanding in actetepace within pharmaceutical research
and development. While these advances create hygimiem for the analysis of

pharmaceuticals, they also challenge the analytiegthods that are integral components in
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the drug development and formulation. Thus fasgigms that this technique is underutilized

in modern pharmaceutical research as a conseqoénesource barrier.

A detailed NMR spectroscopic study of CPT was edrrout and can be applied for the
analysis / and or certification of CPT bulk matkria
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CHAPTER 3

THE USE OF EXPERIMENTAL DESIGN IN THE DEVELOPMENT O F AN
HPLC METHOD WITH ELECTROCHEMICAL DETECTION FOR THE
ANALYSIS OF CAPTOPRIL

3.1. INTRODUCTION

Over the past few decades there have been extedswwadopments in the automation of
chemical and pharmaceutical methods of analysie.uBe of automation has been stimulated
by the need for rapid analyses of increased numlodérssamples in the clinical,
pharmaceutical and environmental chemistry disogdi in addition to the demand for
continuous monitoring of different analytes durimglustrial processes (176} significant
part of these modern approaches of automated amahgs been based on liquid flow
analytical techniques operated under hydro-dyndiyicantrolled conditions (177).

Several methods of detection have been used in famalytical techniques (177).
Electrochemical detection is the one most commarslgd in the chemical industry (178-
183).

Electrochemical detectors (ECD) are highly selectietectors that have a limited range of
application, as compared with the commonly usedtspeghotometric detectors. However,

the appropriate application of ECD allows for atiaBl methods that can be superior to those
using other detection systems. ECD are simple sigdeand relatively easy to use. However,
their use requires knowledge and experience iugleeof electrochemistry, in contrast to the

use of UV-Vis spectrophotometric detectors (183).

A response using ECD depends on the transport anaiyte towards an electrode. The
selectivity of electrochemical detectors is thewrpinent advantage and their selectivity can
be modified or controlled through physical and cloain modification of the electrode
surface in us€184-187).

ECD are of two types: Bulk and Solute property dites. Bulk property detectors measure
changes in an electrochemical property of bulkdflflowing through the detector cell. The
most popular detectors of this class are condugtdetectors in which a potential is applied

across a cell, thereby allowing ions in solutionog@portunity to move towards an electrode
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(depending on the charge) with a consequent changeghe conductivity of the
electrode (188).

Two major disadvantages of conductivity detectaes that the use of buffer salts in the
mobile phase should generally be avoided, and ys&em is temperature sensitive (189).
Nevertheless, these detectors have found somecapph in the quantitation of both organic
and inorganic ions in a variety of matrices (19@)19

In contrast, solute property detectors monitor thm@ange in potential or current at the
electrode as a solute passes through the deteddtoflee more popular of these detectors are
coulometric and amperometric detectors, of whighlétter are more widely used. If a solute
passes over an electrode which is held at a canptatential sufficiently high to allow
electron transfer and oxidation or reduction tourc@ current will be produced which is
proportional to the solute concentration (189). Tikerence between amperometric and
coulometric detectors is that for the former, tbaaentration of solute entering and leaving
the detector is nominally the same (in practiceteb% may be converted to product)
whereas in coulometric detectors about 95% of tlodutes is almost completely
converted (193).

A limitation of electrochemical detection in geneira that the mobile phase composition
cannot use high concentrations of non-polar orgawoigents since these do not support
conductivity. To ensure conductivity of the mobiphase, buffers in the 0.01-0.1 M
concentration range are used to provide condugtivhilst maintaining a low background
current. It must be emphasized that the constitueh&t mobile phase must be of the highest
purity to minimize excessive background current9jl8he most popular detector cells for
electrochemical detection are thin layer in natarel may be used with either amperometric

or coulometric detectors (188).

The classes of compounds that have been analyzneg eiectrochemical detection include
aromatic amines (194, 195hiols (196) phenothiazines (197) and tricyclic antidepressant
drugs (198). A number of hints / guidelines (18%edfic to the successful use of
electrochemical detection include:
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i) Ensuring that the electrode materials are comieatifth the components of the
mobile phase and that the electrode surfaces ayead condition,

i) Operation of the detector at the minimum potentiatpuired to oxidize or reduce
the solute of interest,

iii) Minimization of temperature fluctuations around tiegector cell,

iv) Ensuring that no air bubbles are present in the dell,

v) Ensuring that all constituents of the mobile phageof the highest quality and are

pure.

3.1.1. Electrochemical cell design

At present the ESA Couloché&ntoulometric detector is the only commercially atalie
detector of its type. Several types of cell are rewailable, most of which contain two
analytical electrodes in series and the standdfdMedel 5010, Figure 3.1) contains porous

graphite electrodes (PGE) of equal size.

Test electrode Test electrode

N\

O eel ee oo

- _>x—\_r,7<7—’
A

Counter and reference
electrode

Figure 3.1.Schematic diagram of a Couloch&Model 5010 detector cell, showing the relativeipmss of the
working electrode and the counter and referencsrelées.

Coulocherfi cells are unique in their design and use a paleBtevironmentalSciences
AssociatedESA) flow-through porous graphite electrode. The-volume analytical cells
contain two working electrodes with a large surfacea resulting in a complete reaction of
the electroactive compound. The first or screenghgctrode can be used to eliminate
compounds that have the potential to interfere with analysis of the compound(s) of
interest at the second or analytical electrode. @éle contains two thin, porous graphite

electrodes with solid state hydrogen referencetreldes (199-200)The detector cells with
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dual PGE can be operated in one of three modesatigabften referred to as ‘screen’,
‘difference’ and ‘redox’ modes. In the screen mdiue potential of the first electrodejEn

the analytical cell is typically set at a potentéD.2-0.3 V below that of the second electrode
(E2). The aim of this strategy is to reduce the cotretion of any unwanted readily

oxidizable components that may interfere with timalgte reaching the second electrode
(201).

Electrochemical selectivity is achieved by oxidgiror reducing many undesirable
electroactive compounds that may interfere with #malysis at the first electrode. Any
compound with a reaction potential less than tliahe compound of interest reacts at the
first electrode and is therefore excluded from tiegcat the analytical electrode. In addition,
many compounds can be readily oxidized and redircedquence which may ensure greater

selectivity of this technique than with other déitat systems (202).

The Model 5010A Standard Analytical Cell providesalent long-term stability and day-to-
day reproducibility for analysis and the large aod area of the coulometric electrodes

permits long periods of operation without reductimisensitivity and signal response.

The Model 5020 Guard Cell (Figure 3.2) is desigtedavithstand high pressure and has a
single large porous graphite electrode that remel@stroactive impurities from the mobile
phase prior to the mobile phase passing througimjeetion port, column and analytical cell.
This approach results in a decrease in backgrowmcerd and therefore a reduction in
baseline noise (202-203).

Electrode

High
pressure cell

_.—_1 __/ e
Q o 0
T |7 |

Counter and reference
electrodes

Figure 3.2. Schematic diagram of a Couloch®&nviodel 5020 Cell showing the relative position it
electrode, counter and reference electrode.
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ECD has been used for immunoassay of heterogeregysnes(203)in clinical chemistr.
The analysis of serotonir2@4) and DNA entrapped in polypyrrof@lyvinyl sulfonate(30)
has also used ECD. Furthermore -electroactive and electroactive analyte microchip
electrophoresig206) and environmental pollutan(207) have also been monitored us
ECD. Trace carbofuran (2D8low level of antioxidants in food (209nd trace metals i
petroleum (210have also been monitored using ECWilhelm et al (211) used reductive
electrochemical detection to analyze benzodiazepineforensic samples. The number
publications and disciplines that have used ECBnalysis are summarized Table 3.1and

Figure 3.3.

Table 3.1.Applications of electrochemicaetection for the period 1980-2008

Applications Number of Publications
Pharmaceutica 3222

Clinical Chemistr 1890
Neuroscience 1478
Biochemistry 1405
Chemical 2881
Environmental 1136

Industrial 829

Forensic 201

B Pharmaceuticals
M Clinical chemistry
M Neuroscience

B Biochemistry

Ml Chemical

M Environmental

M Industrial

[ Forensic

Figure 3.3.Disciplines that havased ECD for the period 1980-2008
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When using ECD, the eluant flows over the surfacaro‘inert’ electrode maintained at an

appropriate positive or negative potential relativea reference electrode. At the electrode
surface analytes possessing functional groups dhatelectroactive undergo oxidation or
reduction depending on their characteristics (212).

ECD is at least 100 times more sensitive towardparsive compounds than standard UV
detectors, with the added benefit that they areens®lective. Unfortunately over time

reaction products of oxidation tend to accumulatéhe electrode surface leading to a loss of
activity and hence loss of detector response, wisch major reason for the use of EC

detection remaining specialized field (201).

ECD requires more care and thought in routine a&@malythan does the use of
spectrophotometric detectors, principally becausthe problems of electrode deactivation

when operating at higher potentials (213).

3.1.2. Electrochemistry

In the solid state atoms in a metal are closelk@adand the well-defined electron energy

levels that are found in single atoms are not prieskhere is a continuum of levels and the

available electrons fill the states from the lowesergy state upwards towards the highest
level known as the Fermi level. Hence electronmeatals are relatively mobile and metals

are generally good conductors of electricity. Wihemetal electrode is dipped into a solution

of corresponding ions it will equilibrate accorditggEquation 3.1:
U +ne M Equation 3.1

and the potential at the electrode will be a fuorcof the equilibrium position for a reaction
(201). The potential of an electrode is therefdre difference in the potential established

between an electrode and a solution when the etixis immersed in that solution.

The empirical laws of electrolysis developed by déay relate the current of an
electrochemical reaction and state that ‘the amo@isubstance deposited at each electrode
of an electrolytic cell is directly proportional the quantity of electricity that passes through
the cell (214). When all the analyte in a solutisnelectrolysed at an electrode, the
measurable response is directly related to the mafaount of analyte as shown by
Equation 3.2:
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Q =nFN Equation 3.2

where Q = the total amount of charge transferred,

n = the number of electrons transferred or equivaleet mole,

F = Faraday’s constant,

N = the number of chemical equivalents of analyesent.
Thus, Faraday’s constant is the product of the gghaon an electron multiplied by
Avogadro’s number. By definition, an electrical mnt (), measured in amperes (A), is

determined as coulombs per second as shown in iBgu&a8:

i= ——an— Equation 3.3

The equation shows that the rate at which electemasnoved across an electrode-solution
interface, or the current, is directly relatedhe tate of the reaction occuring at the surface of
the interface (201).

There are some other sources of current in addiidraradic current. This current is due to
the reaction of the analyte. Such currents arectiMely referred to as background current.
This current is due to the electrolysis of impestithe electrolyte, the electrode material and
capacitive or charging current. The first three tabations are Faradic currents of the
system, whereas the last is a property of thefaterbetween the electrode and the solution.
This interface behaves in a similar fashion to lastdcal capacitor in that it can store charge

and at a first approximation it obeys Equation 3.4:
Q=Cv Equation 3.4
where Q = the charge stored
C = the capacitance in Farads

V = the potential difference across the interface

An equation for the capacitance curreg}), can be obtained by differentiating Equation 3.4
to generate Equation 3.5:

. _dQ_ dv .
l.="=<=C (— Equation 3.5
S (dt) q

The total currentif) is the summation of all currents, including thexddic currents for the
analyte, the electrolyte and the electrode matenaaddition to the capacitive current.

Currents other than those derived from the anadyte generally undesirable and their
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magnitude should be minimized. The capacitive curoan be eliminated by operating the

electrode at a fixed potential and that is indiddig Equation 3.6:

%= 0) Equation 3.6

An electrochemical reaction at a solid surfacetedele over which a liquid stream is flowing

as shown in Figure 3.4 is characterized by theWahg three separate and distinct stages;

i) Diffusion of the electroactive analyte to the elede surface,
i) Electron transfer as dictated by the electrochelmézection, and

i) Diffusion of the reaction product(s) away from #lectrode surface.

Reduced analytes Oxidized analytes

—

—> —>
Liquid flow >
E—— —>
= N\ =
—> —>

Electrode surface

ll Electron flow

Figure 3.4.Schematic diagram of processes occurring at atrette when an analyte flows over a static
electrode held at an appropriate voltage.

The rate-limiting component in this reaction schasthe slowest of the necessary steps and
in ECD it is usually a mass transfer step (i.a.iiip Due to flow induced mixing, the analyte
is always present at a constant concentration tfinowt the eluant flow except for a narrow
layer of thicknes$ that is located immediately above the electrodéasa. Consumption of
the analyte, either by oxidation or reduction, t#saa concentration gradient as shown in
Figure 3.5. The thickness of the diffusion layeowb the electrode surface is therefore

critical to the electrochemistry that occurs in glystem (201).

The diffusion equation or Fick’'s second law desesilihe rate of change of the analyte
concentration above any planar surface. This amdlyx is proportional to the diffusion

coefficient of the analyte (D) and the flux themef@overns the limiting current;{) and is
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directly proportional to the surface area of thec#bde and concentration of the analy@), (

and is inversely proportional to the thickne®sdf the diffusion layer (Equation 3.7):

_ nFADC
lim = ———— _
0 Equation 3.7

A
. 4

SERLLLLLEEELELED | | Analyte Concentration

® o0~ "0 ®—m

v

Distance from electrode surface

Figure 3.5 Concentration profile for an analyte near antetete surface with laminar dynamic flow

Under hydrodynamic conditions the solution beyohd &lectrode surface consists of the
Nernst diffusion layerd) just adjacent to the electrode surface, the lamilow region and
the turbulent flow region. Hydrodynamic voltammeisy the application of voltammetry
under forced convection. The concentration gradientains constant and current does not
decay over time. The Nernst diffusion layer remategnant owing to the friction between
the solution and the surface of the electrode. Idiately beyond the Nernst diffusion layer
is a laminar flow region where the flow of a sodutis parallel to the surface of the electrode.
Any solution beyond the laminar flow region in abulent flow region as there is no specific
direction to the flow at this point. The diffusidayer remains narrow and fixed under

hydrodynamic conditions (215).

3.1.3. Electrode material
In order for an electrode to function in an HPL(lagation the working electrode material

must:

i) Be able to conduct electrical currents,
i) Operate at a low potential for the required EC meament,
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iii) Be mechanically robust and malleable to form sigtabapes,
iv) Be able to be polished to a very smooth surface,

v) Withstand a constant flow or jet of eluant (201).

In addition the material must be inert with respéztthe mobile phase composition,

impurities in the eluant, other sample componenis$ any reactive species that might be
formed by electrolysis of the analyte. The mostytapmaterial used for solid electrodes is
carbon, since it is a robust and not readily deat#d during routine use. Carbon is therefore

particularly useful for oxidative electrochemisaplications (196-198).

Carbon paste electrodes exhibit low backgroundeogirat positive potentials and have
excellent mechanical stability. However, carbont@aslectrodes are incompatible with
mobile phases containing more than 20 % v/v organlgent and therefore glassy carbon
electrodes have become more common than carboa pksttrodes in HPLC applications.
Glassy carbon electrodes are compatible with oogapnivents and are easier to use. In
addition, glassy carbon typically exhibits lowerckground current than do carbon paste

electrodes at negative potentials (189).

More recently, diamond electrodes have been iny&sd due to their chemical stability,
high electrical conductivity and to the large aruyae of their electroactive window in
agueous media (216). Mercury electrodes have aso bised with ECD (217). However,
due to poor mechanical stability of mercury alonis ioften amalgamated with gold to form
the electrode (218-221).

Progressive loss of sensitivity due to contamimatibthe electrode surface with the products
of an electrochemical reaction of both a solute anthponents of the mobile phase is
unavoidable since ECD are based on an electroclaéne@ction at the operating electrode(s)
(222-223).

3.2. METHOD DEVELOPMENT

3.2.1. Experimental design and statistical analysis

Successful HPLC method development depends on dlextion of suitable operating
variables in order to optimize a separation. Tloeefit is important to determine the
operating variables or parameters at which theireduesponse reaches an optimum level.

The optimum level may be either a maximum or a mum of a function of the design
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parameters. One of the methods for determiningmapti results for a specific set of

experiments is response surface methodology (RSM).

RSM is a collection of statistical and mathematioathods that have been used in modeling
and analyzing engineering problems. The main objeds to optimize the response surface
that is influenced by different process paramet®SM also quantifies the relationships

between controllable input parameters and the ta@sulesponse surfaces that have been
generated (224)It has been reportethat RSM helps provide information about surface
contours, and this can help visualize potentia¢ranttions between the parameters under
investigation. In engineering applications RSM Ilha@en used to identify critical steps or

parameters that optimize method development reggof225). RSM approach was used to
study factors that are important in HPLC methodedigyment in these studies.

Therefore a RSM study begins with the definitioragiroblem concerning which response is
to be measured and how it is to be measured. Thperiexent plan is then designed. The
initial step was to construct a model using experital data relating design parameters to
measured responses. The next step involved idergifyghe most appropriate design
parameters based on this model. The model itselfiges only an approximation of the true

relationship between the design parameters anttaestesponses.

If the model developed is appropriate, three-dinmrad and contour graphs are plotted and
interpreted. In brief, in an appropriate model gfowdness of fit must be significant and the

lack-of-fit insignificant. The coefficient of detmination or R values should be as close to 1

as possible and diagnostic plots should exhibitdsethat are associated with an appropriate
model with an excellent fit (226). The literatusereplete with reports advocating the use of
optimization techniques to improve analytical methdevelopment in the pharmaceutical

sciences (227-229)

In the context of this study a RSM approach wagl ussjuentially to identify the optimal
solution to an HPLC method development problem @RT using ECD. The iterative
procedure used in these studies included perforrakpgeriments in the region of the best
known solution, fitting a response model to theeskpental data and then optimizing the

estimated response model.

Page | 49



The use of central composite design (CCD) methagletohas been successful in designing
an experimental program to model the effects ofetkiht variables (230)Box-Behnken
designs have been used for the optimization ancefimgdof many methods (238creening
experiments such as fractional and Plackett-Burdesigns have also been used to identify

important factors that affect analytical methodfpenance (232).

CCD is an effective alternative to a factorial desapproach. It was originally developed by
Box and Wilson (233and improved upon the method reported by Box andtétu(234).
CCD gives almost as much information as a threetlactorial design approach but requires
fewer tests to be conducted than a full factorggigh technique and has been shown to be
sufficient to describe the majority of steady-statecess responses (235 - 237).

The number of tests required for a CCD approachudes the standard 2actorial with its
origin at the centre,kRpoints fixed axially at a distance, sgyfrom the centre to generate
guadratic terms in addition to replicate testhatdentre, wherk is the number of variables.
The axial points are chosen such that they allowatability (234), which ensures that the
variance of model prediction is constant at allnp®iequidistant from the centre of the
experimental design. Replicate conduction of expenits at the centre of the design is most
important, as they provide an independent estinohtéhe experimental error. For three
variables, the recommended number of tests to bdumbed at the centre is six (234). Hence
the total number of tests required for three indejatly chosen variables (buffer pH, buffer

molarity and organic solvent concentration)isr32 x 3) + 6 = 20 (234, 238).

Once the desired range of values of the variabkes defined, they were coded to lie at £ 1
for the factorial points (Fact), O for the centr@irps (Centre) and # for the axial points
(Axial) (239). The codes are calculated as funatiohthe range of interest of each factor as
shown in Table 3.2When the response data are generated, regressdysia is performed
to determine the coefficients of the response méglels,, ..., Bn), standard errors of the
estimation of the coefficients and the significarafethe coefficient. In addition to the
constant £o) and error €) terms, the response model incorporates the limei@raction and
quadratic terms (238, 240).
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Table 3.2 Presentation of 20 experiments (Exp 1 — 20) wittied values for factor levels for the CCD

Experiment (run) Standard Type Mobile phase Mobile phase Organic solvent
pH molarity concentration
Run number X X2 X3
1 8 Fact -1 -1 -1
2 9 Fact +1 -1 -1
3 10 Fact -1 +1 -1
4 4 Fact +1 +1 -1
5 6 Fact -1 -1 +1
6 1 Fact +1 -1 +1
7 3 Fact -1 +1 +1
8 11 Fact +1 +1 +1
9 12 Centre 0 0 0
10 5 Centre 0 0 0
11 2 Centre 0 0 0
12 7 Centre 0 0 0
13 16 Axial -1.682 0 0
14 15 Axial 1.682 0 0
15 13 Axial 0 -1.682 0
16 19 Axial 0 1.682 0
17 14 Axial 0 0 -1.682
18 20 Axial 0 0 1.682
19 17 Centre 0 0 0
20 18 Centre 0 0 0
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The 20 experiments can be divided into three grasgsllows;

i. NF =20 factorial experiments carried out at theneos of the cube,

ii. Na =2 x 3 axial experiments carried out on the atesdistance of & from
the centre of the design,

iii. The distanca is calculated so as to obtain the rotatability arttree variable
CCD is rotatable if

a=+(NF)Y*=+1.6818
iv. No experiments are performed at the centre of theraxental domain.

In this case, th&\p value is fixed at 6 so as to obtain rotatabiliijhe coefficients, i.e. the
main effect ) and two-factor interactiongbf) can be estimated from the experimental

results using Design Expert (Version 7.0.1, StadeHac., Minneapolis, USA).

The response model for the three variables undesideration is shown in Equation 3.8:

. 3 3 3
v=(Bore) + D fx+ 2 fixz+ )y > Fixx
i=1 i=L =13+ Equation 3.8

Y is the experimental response to be optimiZgds a constant terng;, f» and 3 are co-
efficients of the linear termg;1, S22 andfs3 are co-efficients of the quadratic terms #as

P13 andf,3 are co-efficients of the interaction between #edrs under investigation .

3.2.2. Inspection of response surface plots

In an analytical process where several independarnables X;, X, and X3) influence an
experimental response, the observed respof)jse & function of the levels of the variables,
Y=1fXy, X ... Xn). The surface that is represented by this fundgocalled the response
surface, which is an-dimensional surface in the 1) dimensionl space. In order to plot a
useful graph, a 2D representation of a 3D or aaomgraph can be drawn. When a response
surface can be generated, inspection of the 2Dacrbr corresponding contour diagram
allows for the assessment of the geometrical naititbe surface, eg. a stationary ridge, a
rising ridge, a simple maximum, a simple minimumacsaddle point (minimax) (241, 242).

A saddle point is defined as the stationary poina surface response which presents the
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maximum response for the levels of some variabled simultaneously the minimum

response for the levels of other variables of tiydical system under investigation (243).

The response surface can be inspected using Cahamalysis and / or Lagrange’s criteria
(241). In this study Lagrange’s criterion was usedletermine the nature of the response
surfaces generated. Lagrange’s criterion is basedthe calculation of the Hessian

determinant ofY (241).

If the quadratic function shows only one stationpomt (X3, Xz, X3), four situations are
possible:

i). There is no informatiom,=0,

i). A relative maximum existsA;<0; A,>0; A3z<O0,

iii). A relative minimum existsA;>0; A,>0; Az>0,

iv). The presence of a saddle point exists: nortbefbove situations applies.

where, 43 is the Hessian determinant of the functidn(Xio, X0, X30), 42 and 4, are
calculated using Equation 3.9:

Au iz s
Az Az Az
A= Asr Az A3
M= a11’
aAu w2
A2 =
Az Az
%Y
where &1 —
oX
Au Az A

A3=a, a» a=
Az A dss
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Au Az s
A Az Qs Az a2 Ax Az A Az
a —au +a
Det (A) _A e e &) lae as Qo Qs an ax

3.9

Equation

A critical point of the function of several variaslis a point at which the gradient of the
function is either the zero vector 0 or is unddfin@ first partial derivative will always

vanish at the critical point if a function is maetgual to 0.

The traditional approach of changing one factoa &tme in method development is not an
efficient or economic strategy since it does nawvte any information about the position of
the optimum and can, at best, lead only to a lopéimum of the system. The one-at-a-time
optimization approach also ignores interactionsvben factors and results in the need to
conduct numerous analytical experiments. With #ped increase in costs of experiments, it
is vitally important that the development and optmtion of any analytical method is

achieved with as few experiments and as low aa®possibl€244-245).

In HPLC with ECD the composition, molarity and piHtbe mobile phase are three critical

factors that must be carefully selected in theyestdges of method development.

Bearing these considerations in mind, an experiat@@sign was performed to establish the
characteristics of the mobile phase that produded kest analytical signal, since these
parameters are known to influence the shape aerdtret of the analytical response of both
the experimental blank and samples of CPT. Theofacstudied were the percent
composition of acetonitrile, the pH and the moladt the buffer used in the mobile phase.
When applying experimental design methodologiess #dvisable to keep the number of
variables to a minimum in order to avoid the depatent of highly complex response

models and large degrees of variability (246).

A CCD approach was used to locate the optimum péH raplarity of buffer and organic
solvent concentration conditions for the HPLC asa@lyof CPT by mapping the
chromatographic response surface. This designrisidered an efficient option in response
surface methodology and an ideal alternative toudeeof Box—Behnken designs (247-249).
Furthermore CCD is a rotatable design and thergtheefactor levels are evenly spaced and

readily coded for low, medium and high settings;As0 and +1.
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The CCD approach combines a fractional factorighvincomplete block designs to avoid
extreme vertices and to present an approximatédyaile design with three levels per factor.
The three chromatographic factors and levels sedbr evaluation and in which
experimental optimization, in terms of overall resge Y), could be performed are shown in
Table 3.3.

Table 3.3Experimental factors and levels used in the CDC

Factor Level (-) Level (0) Level (+1)
Buffer pH 2.7 3.0 3.3
Buffer molarity (mM) 25 50 75
Organic solvent concentration (v/v) 25 30 35

The factors and ranges selected for consideratene Wwased on previous univariate studies
and chromatographic intuition. The composition lo¢ tmobile phase was defined as the

volume of ACN with respect to total volume of sodut

The data generated were analyzed using Design EXpersion 7.0.1, Stat-Ease Inc.,
Minneapolis, USA) statistical software. The sigraince of the Factors was calculated by
Fisher’s statistical test for Analysis of Varian@ggNOVA) models that were estimated and
run to their first order interaction terms. ANOVArflinear regression partitions the total
variation of a sample into components. These compisnwere then used to computeFan
ratio that evaluates the effectiveness of the mdti¢he probability associated with the
ratio is low, the model is considered a bettensttaal fit for the data. In these calculations
the higher-order interaction terms were assumedtoaontribute to the behaviour of the

statistical model to any great extent.

3.2.3. Voltammetry

The technique for studying the relationship betwagplied potential and current generated is
known as voltammetry. Voltammetry can be perforimea number of ways including Cyclic
(250), Square-wave (251), Staircase (252), Linearep (253)Fast cyclic (254), Stripping
(255) and Hydrodynamic voltammetry (256).

Most of the voltammetric procedures have been agpid research applications for HPLC

with ECD, however they have rarely been used ferrthutine analysis of pharmaceuticals.
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Therefore only the hydrodynamic voltammetric apploaelevant to the current study is

discussed.

3.2.3.1. Hydrodynamic voltammetry

Hydrodynamic voltammetry (HDV) is a steady statehteque in which the electrode
potential is altered prior to the injection of amb/te and the resultant current is plotted as a
function of potential. An ideal HDV for a mobile @be and an oxidazable species are shown
in Figure 3.6. The HDV of a compound commencesaitantial where the compound is not
electroactive and therefore no Faradic currentvidemt and proceeds through a region in
which the current increases to a plateau, wheredhgound reaching the electrode surface
is completely oxidized. The HDV is characterizedtbg half-wave potentiak;», which is
defined as the potential at which the current is-balf its limiting value. The HDV is used to
select the operating potential for liquid chromasgipy-electrochemical detectidhCEC)
experiments. Two considerations are of major ingrare. Firstly quantitative determinations
are based on the extent to which the redox cufrent the analyte can be distinguished from
the background current, therefore, operating atlélagest applied potential means that the
background current will increase with an increasethe applied potential. Secondly,
operating on the limiting current plateau meang tha redox current from the analyte is

independent of an applied potential.

Current

o

Applied potential

Figure 3.6. Typical hydrodynamic voltammograms used to stelégtrode kinetics
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As can be seen in Figure 3.6 a voltammogram i®agblcurrent/ height or area response vs
applied voltage (&p). From this arrangement the current / responsergésd will measure

the rate at which a species can be brought toutiace of an electrode.

Most analysts rely on HDV to determine operatingeptials as cyclic voltammetry is not
available to everyone. It is possible to constaupieak height —voltage curve through repeat
injections of solutions of the analyte at differeietector voltages.

CPT has a thiol functional group that may act asavenger of free radicals in living systems
(257, 258). Several methods have been reportedh®ordetermination of CPT, including
HPLC (259-263), Capillary Zone Electrophore@®ZE) (264), GC (265-26§6and GC-MS
(267). The thiol functional group of CPT can undergiectrochemical oxidation at the
surface of various electrodes (268-2adyd therefore coulometric detection was selected fo
use in these studies to develop a method for therdeation of CPT in pharmaceutical
dosage forms.

CPT is a relatively unstable compound lacking apipide UV absorbance. This makes assay
of dosage forms very difficult (271)@and the development of a simple ECD method may
therefore play a major role in the analysis of G @osage forms.

None of the analytical methods makes use of couigeneletection. Electrochemical
detectors are able to detect weak currents of <lgeAerated in oxidative or reductive
reactions of interest (272).

3.3. LITERATURE REVIEW
Several methods for the analysis of CPT have bedtlished using a variety of analytical
techniques (259-267) and include the assay of @RIbsage forms (268-275).

A summary of the information pertaining to the as@ of CPT is listed in Table 3.4. It is
clear that derivatization is commonly used to ftaté the detection of CPT (259, 260, 262,
265) and that the most commonly used organic modifiscdude ACN and MEOH (259,
263. ACN is preferred due to its low viscosity and gl (273). Therefore, prior to
commencing method development for the analysis BT @ was decided that none of the
conditions of published methods was suitable as/aleration formed part of most of the

methods. Consequently it was decided to developladHECD method for the determination
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of CPT. The parameters considered important wemcehof column, internal standard,
mobile phase composition and buffer due to the tlaat CPT is a highly unstable drug in

solution.
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Table 3.4 Summary of the published analytical

methodstierdetermination of CPT.

Compound Sample Technique Mobile Phase /column conditions Internal Standard A (nm) Reference
CPT Plasma HPLC 0.2% trifluoroacetic acid (pH 1.8)] and (acetomdyi 87:13 (A:B)- pBPB as th¢ sulphadimidine 263 259
Tablets derivatization reagent
CPT Plasma HPLC n-hexane-2-propanol-methanol-acetic acid (68:18)15: 2-bromo-2'-] 3,5 dinitro benzoic acid 246 260
acetonaphthone
CPT Plasma HPLC acetonitrile-acetic acid 100%, pH 2.30 (42:58, vN)(1-Pyrenyl)maleimide N-Acetyl-L-cysteine 340 (ex) 389(em) 261
(NPM),
CPT Plasma HPLC acetonitrile-water acetic acid, (225:270:5, v/vipBPB as the derivatization Thiosalicylic acid 263 262
reagent
CPT Plasma HPLC 72.5:27.5 mixture of 0.1% phosphoric acid and mmatha Ascorbic acid 220 263
CPT Tablets CZE 100 Mm Borate at pH 9.0 264
Plasma
CPT Plasma GC n-hexane—2-propanol-methanol—acetic acid (68:15)415:2 2-bromo-2- | 3,5 dinitro benzoic acid 246 265
acetonaphthone as a derivatization reagent
CPT Plasma GC The flow-rate of carrier gas (helium) was 30 ml/min captopril-N- 266
The temperature of the column was 195” and thogheinjection port and iof] hexylmaleimide adduct
Urine source were 27W. The acceleratig voltage, ionigatioltage and trap currenjt
were 3.5 kV, 70 eV and 60 PA, respectively-Flam@zation detector
CPT PlasmaUrind GC-MS The flow-rate of carrier gas (helium) was 30 ml/min S-benzylcaptopril 267

The temperature of the column was 230 o C, andhfhetion port and ion sourc
were kept at 270°C. The accelerating voltage, a&tion voltage and trap curre
were 3.5 kV, 70 eV and 60 P-IA, respectively-detized with N-ethylmaleimide
(NEM)

—
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3.3.1. Column choice

In all cases columns were allowed equilibrate fom#nutes with the mobile phase delivered
at a flow rate of 1.0ml/min prior to sample injecti Chromatographic system efficiency was
established quantitatively by calculating the numifetheoretical plates of the column using
either Equation 3.12 or Equation 3.13:

tr

N = 554 Equation 3.12
1/2
t 1/2
N = 16(—Rj Equation 3.13
w
where
N =the number of theoretical plates,

tr = the retention time of a test peak,
W., = the peak width at half peak height, and
W = the peak width at the baseline.

Band shape (101yas characterized by determining the asymmetritofaar tailing factor

and the peak asymmetry factog, Was calculated using Equation 3.14:
B .
s ;aﬂ\z Equation 3.14

where

As =the peak asymmetry factor,

A = the width of the peak to the leapedge of the peak at 10% of the peak
height, and

B =the width of the peak to the tailing edge of tealpat 10% of the peak
height.
Symmetrical peaks will have a value of A 1.0 and usable columns produce peaks with A
values of 0.90 to 1.3. Peak asymmetry was measur&d% of the full peak height (276) and
the calculation of column efficiency or number beoretical platesiN, for these columns
using equations 2.1 or 2.3 was based on the asgumipiat the peaks were Gaussian in
nature (276, 277).

Page | 60



During the development of the analytical methodreertsif® ODS 5um, 15 cm x 4.6 mm
column (Metachem Technologies Inc. Torrance, CAAYSupelcosif ODS 5um, 15 cm X
4.6 mm column(Alltech, Deerfield, IL, USA) and PleemeneX Cig Luna column, 150 mm

X 2 mm, i.d. 5 um (PhenomerfexTorrace, CA, USA) were tested. The Phenom&nex
column was determined to have a plate count nurabapproximately 6000 and both the
Inertsi® and Supelcosil columns had\ values of < 4500. Peak resolution and retention
times were different for all columns. The peakirtg factor (PTF) calculated at 5% of full
peak height for CPT (n = 3) was 1.17 and the % R&3 1.91. The asymmetric factor
measured at 10% of full peak height was 1.33 wi# &SD of 1.73. Therefore the peaks
generated when using the Phenomé&nealumn were better in terms of peak shape than
those obtained using the other two columns. Then®heneX column was selected as a
column of choice for use in the analysis of CPT

The effects of organic modifier, buffer molarity camobile phase pH on the retention

characteristics of CPT were also investigated.

3.3.2. Internal standard

Many analysts prefer the use of an internal stahfarquantitative analyses (278-280). The

purpose of including an internal standard is toimise system and procedure variability

thereby eliminating variations in precision as adiion of sample volume (281). The use of

an IS minimises error that may be introduced assalt of sample preparation, apparatus and
analytical technique (282, 283). Lindhokn al (283) and Hammerstrand (284) reported that
the use of an internal standard is one method tes@dprove the accuracy of an analytical

method and it compensates for varying injectionureds and day to day instrumental

changes, thereby promoting method accuracy.

A known compound of fixed concentration is added gample of unknown concentration to
produce a separate peak on the chromatogram. Aoplatio of peak area/height to internal
standard peak area/height versus concentrationb@aysed to generate a calibration curve
from which data from analysis of samples of unknawncentration can be determined by
interpolation. The choice of an internal standardmost important and the peak must be
completely resolved from all other peaks that mayfkesent and the IS should elute near the

peaks of interest. Other important consideratiores that it must not react with other
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components in the sample matrix and it must noptesent in the original sample matrix
(282).

Enalapril maleate, flouxetine, diazepam, acycloflu¢conazole, imipramine and CYC were
considered possible choices for use as internatlatds due to their structural similarity to
CPT.

CYC was selected as the internal standard of cHorcthis assay, based on chromatographic
resolution, peak shape, run time and a hydrodynaoitammogram or current-voltage (CV)

curve at the working electrode similar to that gatex for CPT.

3.4. METHOD

3.4.1. HPLC apparatus

A modular HPLC system consisted of Waters Model OO®A dual piston constant flow
pump (Waters Associates, Milford, MA, USA), an auaied Waters Intelligent Sample
Processor Model 710B (Waters Associates, Milford, MSA.), a Model 5100A Coulochem
dual electrode electrochemical detector with a Mdf0 analytical cell (Environmental
Sciences Associates, Bedford, MA, USA) precedea loprbon filter and a Spectra-Physics
Integrator Model SP4290 (San Jose, California, US#) attenuation set at 128. The mobile
phase was constantly degassed using an in-linessegdodel ERC- 3000 (Erma Optical
Works, Tokyo, Japan). The system included a Mod&05guard cell (Environmental
Sciences Associates) preceded by a carbon filtex.ahalytical column was 15 cm x 4.1 mm
i.d. stainless-steel, packed with Phenomenexna 5um (Cig) material (Phenomenex
Torrance, CA, USA). This column was preceded byJatight Precolumn Kit (Upchurch
Scientific, Oak Harbor, WA, USA) packed with gldssads. Both the guard and analytical
columns were maintained at 22° C with a Model LCx@®perature controller (Bioanalytical
Systems, West Lafayette, IN, USA).

3.4.2. Chemicals and Reagents

All reagents were HPLC grade. CPT was akind donaftiom Protea Chemicals (Midrand,

South Africa) and the internal standard (IS), @k (CYC) were donated by Aspen
Pharmacare (Port Elizabeth, South Africa). As tle@eeno solvents designed specifically for
ECD, HPLC far UV grade acetonitrile (ACN) was puaskd from Microsep (Port Elizabeth,
South Africa). A Milli-Q Academic A10 water purdation system (Millipore, Bedford, MA,

Page | 62



USA) that consisted of an lon-iBrexchange cartridge and a Quantum EX-ultraporenaga
cartridge, which was fitted with a 0.22 pm Millifako sterile filters (Millipor&) prior to
use was used in-house to further purify water Whas used for the preparation of buffers.
Potassium hydrogen phosphatephosphoric acid (85%) and Sodium hydroxide pellets
(analytical grade) were purchased from Merck Latworas (Merck, Wadeville, South
Africa).

3.4.3. Preparation of stock solutions

Standard stock solutions of CPT (100 pg/ml) and »@0n! IS were prepared by accurately
weighing approximately 10 mg and 50 mg of CPT aCCrespectively on a top-loading
analytical balance (Mettler Model AE163, Zurich, i&erland) and then dissolving in 100 ml
mobile phase. The stock solutions were sonicated5faninutes using a Branson B12
sonicator (Shelton, CN, USA). The stock was dilusedally with mobile phase to produce
solutions of CPT of 2, 3, 5, 10, 20, 30, 50 and pt§ml concentrations. All working
standards were prepared with the internal stand2¥d at a concentration of 20 pg/ml. The
solutions were stable for one day when stored amréemperature. Stock and standard
solutions were protected from light using aluminifoil and placed at a cool temperature.
Samples were not refrigerated as ECD is sensitiveigsolved gases and cold solutions
contain more gas. The solutions were prepared dailg basis, stored in the dark at about
10 °C, and used on the day they were prepared.

3.4.4. Preparation of buffers

Phosphate buffer (50mM) was prepared by accurg@igltting 3.4 ml ofo-phosphoric acid
(85%) into a 1L volumetric flask and making up mume with HPLC grade water. The pH
of the buffer was adjusted with 0.1M NaOH to a pH300.1M NaOH was prepared by
dissolving exactly 4.0 g of sodium hydroxide peallén a 1L volumetric flask containing
HPLC grade water. The pH was measured with a Crig@® 21 pH-meter (Crison
Instruments, Johannesburg, South Africa) at ambiemiperature prior to the addition of
acetonitrile. This approach leads to some unceaytais to the actual pH of the final mobile
phase, as the addition of organic solvents maygiéme pH of the mobile phase. However,
this is much less important than poor reprodudipdi the mobile-phase pHhie( when the pH
is measured after addition of the organic solvéiig).
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3.4.5. Preparation of mobile phase

The initial mobile phase was comprised of 50mM pinase buffer: acetonitrile (70:30, v/v)
adjusted to pH 3.0. The mobile phase was prepaaityl degassed by sonication and filtered
using 0.45um Durapor@ membrane HVLP filters (Millipore Corporation, lagid) before

use. The mobile phase was recycled during long teratysis.

3.5. CHROMATOGRAPHIC CONDITIONS

The mobile phase was 50 Mm phosphate buffer (pldcgjenitrile (70:30, v/v) which had
been degassed and filtered through a 0.22um Mi#ippembrane filter (Durapore type
HVLP, Millipore). The flow rate was 1.0 ml mif with a column back pressure of 120 atm.
A full scan multi channel ESA Coulometric 5100A mebdletector was operated in the
“oxidative-screen” mode with the upstream electrqdg) set at +600 mV and the
downstream or analytical electrode)Bet at +950 mV, while the potential of the gueed
was set at +1050 mV. The detector gain was sed@tB was set at a lower voltage thapn E
and was used as an oxidative screen to eliminatgpgonds that oxidize at lower potentials
than the compounds of interest, thereby minimizivgpotential for interference. In order to
ensure selectivity the potential fog #ras set at or above the oxidation potential thal teen
established for the compounds of interest. The mieleapplied to the electrodes of the
analytical and guard cells were optimized to ensoxalative efficiency and to reduce
background noise. The voltage applied to the guaitl allowed mobile phase oxidation
without modification of the response generated ley ¢lectrodes of the analytical cell. The
potentials used generated a peak area responsamwitmum background noise and were
therefore used as the basis for quantitation. Utttkse conditions CPT and CYC eluted at

approximately 3.5 min and 7.5 min, respectively.

3.6. RESULTS AND DISCUSSION

CPT undergoes oxidation to form a dimer, captagisulfide (285, 286). Amide hydrolysis
has also been reported in aqueous solution (2868)mins (286) showed that oxidation of
CPT predominates in the pH range 2 to 5.6 and besoan increasingly important
consideration as the pH increases. A buffer pH.0fwWaas selected as the starting pH for these
studies.
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In addition, the wavelength of maximum absorption€PT is situated in the far ultraviolet
range (200 nm) (287-288), in which a lot of integfeces may occur, therefore ECD was

selected as a potential method for detection of CPT

The HDV for the oxidation of CPT and CYC is shownRigure 3.7. The limiting current
plateau is reached at potentials > +1.1 V for CIR@ at potentials > +1.0 V for CYC.
Therefore a potential of + 0.9 V was selected far detection of CPT. As can be seen, the
response for CPT was sigmoid, and can be matheastigtexplained as a logistic function
voltammogram. The porous graphite electrodes etdudbdow residual current and noise. The

background current was found to be < 14 nA foreleetrode settings selected for use.
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Figure 3.7.HDV for the oxidation of CPT and CYC recordedtie fpotential range 0.0-1.2 V.

The chosen chromatographic conditions revealedoa geparation for CPT (50 pug/ml) and
the internal standard, CYC (20 pg/ml) and no deawsitipn of CPT was observed during
analysis. A typical chromatogram of the separasoshown in Figure 3.8.

The capacity factor calculated for this separati@s within accepted values of > 2 for the
first peak and < 1 for the second peak. The tailaugor was within the limits established by
the FDA (289) guidelines. Lastly the resolutionvizen the two peaks of interest was more
than adequate for the method. Therefore, this ndetha be applied to its intended purpose.
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..

Figure 3.8. Typical HPLC chromatogram of CPT (50 pg/ml) in fhvesence of the 1.S. CYC (20
pg/ml)

Two-dimensional contour plots and three-dimensioredponse plots are presented in
Figures 3.9-3.14, which are very useful for studyihe interaction effects of the factors on
the responses. The retention time for CPT decresstse ACN v/v % increases (Figure 3.9),
when the molarity and pH of the buffer are constam increase in buffer molarity at

constant pH and constant ACN v/v % results in deszean the retention time of CPT (Figure
3.10), most likely due to the increasing competitad buffer cations for silanol sites which

are preferentially attached to the column. Thig@ffs prominent when the buffer molarity is

greater than 50 mM.

Silica-based analytical columns show optimum siigldind performance at pH values above
2.0. The effect of mobile phase pH on the retentiime of CPT was therefore investigated in
a pH range of 2.8-3.2. As can be seen from theotwmiots, an increase in buffer pH (Figure
3.9, constant % v/v ACN) did not produce any changetention time of CPT. However, the
effect of buffer molarity and buffer pH on retemtiime showed a non-linear relationship
(Figure 3.10). Figure 3.11 exhibits a nearly-linealationship of buffer molarity and ACN

concentration. Once more, the effect of % ACN gn#icant. An increase in buffer molarity

slightly decreased the retention time of CPT asressequence of increasing competition of
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buffer cations for active silanol sites on the ista#ry phase. Since an increase of buffer
molarity resulted in shorter retention times, afe@ubf 50mM was chosen. The contour and
response surface plots for the peak height ratiesewiot shown. Retention time was
considered more critical in terms of sampling tindesing analysis. Buffer molarity and

ACN concentration were significant for the regreasinodel assumed.

Design-Expert® Software Retention time
Retention time
@ Design Points
4.52
3.12
X1 = B: Buffer pH
X2 = C: ACN Conc

Actual Factor
A: Buffer Molarity = 50.00

C: ACN Conc

B: Buffer pH

Figure 3.9.Contour plots for the retention time as a functibn buffer pH (X-axis) and ACN concentration
(Y-axis) of the mobile phase
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Design-Expert® Software Retention time
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@ Design Points
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X1 = A: Buffer Molarity
X2 = B: Buffer pH

Actual Factor
C: ACN Conc = 30.00

B: Buffer pH

25.00 37.50 50.00 62.50 75.00

A: Buffer Molarity

Figure 3.10.Contour plots for the retention time as a functién molarity (X-axis) and buffer pH (Y-axis) of
the mobile phase

Design-Expert® Software Retention time
Retention time
® Design Points

4.52
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X1 = A: Buffer Molarity
X2 = C: ACN Conc

Actual Factor
B: Buffer pH = 3.00

C: ACN Conc

25.00 37.50 50.00 62.50 75.00

A: Buffer Molarity

Figure 3. 11.Contour plots for the retention time as a functddn molarity (X-axis) and ACN concentration
(Y-axis) of the mobile phase.
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Response surface plots (Figure 3.12-3.14) showell@onship between these factors even

clearer.

Design-Expert® Software
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o

4.52
3.12 3.94

X1 = B: Buffer pH

X2 = C: ACN Conc 3.78
()
Actual Factor g
. T = 3.62
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o
=
o 3.46
-
(&)
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32.00 3.20

31.00 3.10

3.00
290 B: Buffer pH

30.00

C:ACN Conc 2%
28.00 2.80

Figure 3.12.Response surface plots for the retention timefascion of buffer pH (X-axis) and ACN
concentration (Y-axis) of the mobile phase
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Figure 3.13.Response surface plots for the retention timefasction of buffer molarity (X-axis) buffer pH
(Y-axis) of the mobile phase
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Figure 3.14.Response surface plots for the retention timefasion of buffer molarity (X-axis) and ACN
concentration (Y-axis) of the mobile phase

The chosen model had seven main effects and msteofider interactions. All experiments
were performed in a randomized fashion in ordemiaimize the effects of uncontrolled
factors that may introduce bias on the responsdagsical second-degree model with a cubic
experimental domain was postulated. The coeffisiémt the second-order polynomial model
were estimated by least squares regression. Thatiequor the Y (retention time) factor is

shown in Equation 3.15:

Y, =3.54—-0.077X+ 0.011% — 0.26X% — 0.061%X, — 0.061%X3
+0.054%X3 —0.019X,+ 0.00704X, + 0.076X;
Equation 3.15

Retention time= 3.54 — 0.077Molarity + 0.011Buffer pH — 0.26 AChincentration- 0.061 MolarityBuffer pH
— 0.061Molarity: ACN concentration +0.054 Buffer pEIAN concentratior-0.019 Molarity+ 0.00704 Buffer
pH? + 0.076 ACN Concentratién

The equation for ¥ (peak height ratio) is shown in Equation 3.16:

Y2 = 0.53 + 011(1 - 010(2 + O.52(3+ 067>(1X2 — 035(1)(3
-0.49X,X3 +0.20X?%+ 0.24X%, + 0.62X%,
Equation 3.16
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The solution of the quadratic models was obtaingdnhtrix calculation with Cramer’s rule
and Eigenvalue method (290) using determinants Bmgbnfunctions, respectively to
determine the optimized conditions of chromatogyagihe solutions that were obtained for

Y. (retention time) were:

1. X; (buffer molarity) = 51 mM,
2. Xz (buffer pH) = 2.97
3. X3 (% ACN) = 31.01 % v/v

The optimized chromatographic conditions were thead for all future analytical studies.
The typical chromatogram shown (Figure 3.8) in & @as obtained by using the set

conditions.

The model was validated by analysis of variance @QMA\) using Design Expert software
that had been used to develop the experimental fplaRSM. The test was performed and
the FisherF-ratio was calculated. This ratio was used to measie significance of the
model under investigation with respect to the varéof all the terms included in the error
term atp = 0.05. In ANOVA analysis, a model that is sigediint is desired. Thp-values
listed in Table 3.5 reveal that for all responghbs, cross product contribution of the model

was not significant.

The Model F-value of 2.81 (Table 3.5) implies thesea 7.00% chance that 8M6del F-
Value' this large may occur due to noise. The value®obb > F" less than 0.0500 indicate
that the terms in a model are significant, howeweiis case Prob > F is greater than 0.05
which indicates that the model is not significafitis means that the terms in the model do
not have a significant effect on the response. €srly, the effect of ACN concentration is
significant. The lack of fit is said to be not diggant and this is desirable as a model that fits
the data is essential in optimisation studiesac&ithere are a number of model terms that
were not significant it was necessary to performauel reduction step in order to improve

the model.

Page | 71



Table 3.5.ANOVA Table for Response Surface Quadratic Modelrétention time

Source Sum of Squares, df Mean F-value p-value
Square Prob > F
Block 0.035 1 0.035
Model 1.20 9 0.13 2.81 0.0700 not significant
A-Buffer Molarity 0.080 1 0.080 1.69 0.2257
B-Buffer pH 1.618E-003 1 1.618E-003 0.034 0.8576
C-ACN Conc 0.94 1 0.94 19.82 0.0016 significant
AB 0.030 1 0.030 0.63 0.4470
AC 0.030 1 0.030 0.63 0.4470
BC 0.023 1 0.023 0.49 0.5029
A2 5.459E-003 1 5.459E-003 0.12 0.7423
B2 7.148E-004 1 7.148E-004 0.015 0.9050
c2 0.083 1 0.083 1.75 0.2183
Residual 0.43 9 0.047
Lack of Fit 0.43 5 0.085
Pure Error 0.000 4 0.000
Cor Total 1.66 19
Std. Dev. 0.22 R® 0.7374
Mean 3.58 Adj R? 0.4748
CV.% 6.09 Pred R* -1.7108
PRESS 4.41 Adeq Precision 6.680
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A background elimination procedure was selectedhasmethod of choice to reduce the
number of insignificant terms and the resulting ANOtable for the reduced quadratic
model is shown in Table 3.6. The results cleanlyidate that the model is significant. To
reduce a model in the presence of collinearitykbvacd selection is considered more robust
than forward or stepwise selection. The significauatdel term is the concentation of ACN
and this is the only variable that significantlyfliences the retention time of CPT
(p = 0.0016). The lack of fit is also not significafithe R* value obtained is 0.5783. The
predictedR? value is in agreement with the adjusted value. The adjuste& value is
particularly useful when comparing models with eliéint numbers of terms. This comparison
is however performed in the background when moeldliction is undertaken. Precision was
used to compare the ranges of predicted valuesrgjedeat the points of the experimental
design to the average prediction error. Valuesthier ratio > 4 indicate adequate model

discrimination. In this particular case the valueswvell above 4.

A negative "Pred R-Squared” implies that the oVerakan is a better predictor of
response than the current model. The term “Adegistom” was used to measure the signal
to noise ratio. The ratio of 6.680 indicates arcaéte signal and hence this model can be

used to navigate the resultant design space.

The "Model F-value" of 2.00 (Table 3.7) for pealeamatio implies that the model is not
significant relative to the noise. There is a 95% chance that a "Model F-value" this large
would occur due to noise. Values of "Prob > F'slésan 0.0500 indicate that the model

terms are significant.

In this case Band G, the square of the buffer pH and ACN concentratiespectively, are
significant model terms.Values greater than 0.10@bcate that the model terms are not
significant. If there were many insignificant modetms excluding those required to support

hierarchy, model reduction was to be performedniarove the model.
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Table 3.6.ANOVA Table for Response Surface Model for retemtime (model reduction)

Source Sum of Squares, df Mean F-value p-value
Square Prob> F
Block 0.035 1 0.035 23.31 0.0002
Model 0.94 1 0.94 23.31 0.0002 significant
C-ACN Conc 0.94 1 0.94
Residual 0.69 17 0.040
Lack of Fit 0.69 13 0.053
Pure Error 0.000 4 0.000
Cor Total 1.66 19
Std. Dev. 0.20 R® 0.5783
Mean 3.58 Adj R? 0.5535
CV.% 5.61 Pred R° 0.3195
PRESS 111 Adeq Precision 11.346
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Table 3.7.ANOVA Table for Response Surface Quadratic Modelpgieak area/height ratio

Source Sum of Squares| df Mean F-value p-value
Square Prob > F
Block 424.64 1 424.64
Model 4496.35 9 499.59 2.00 0.1579 not significant
A-Buffer Molarity 17.48 1 17.48 0.070 0.7972
B-Buffer pH 840.02 1 840.02 3.37 0.0997
C-ACN Conc 4.14 1 4.14 0.017 0.9004
AB 361.75 1 361.75 1.45 0.2593
AC 98.50 1 98.50 0.39 0.5454
BC 192.55 1 192.55 0.77 0.4026
A2 100.88 1 100.88 0.40 0.5407
B2 1578.55 1 1578.55 6.33 0.0330 significant
c2 1375.91 1 1375.91 551 0.0434 significant
Residual 2245.89 9 249.54
Lack of Fit 2242.63 5 448.53 551.47 < 0.0001
Pure Error 3.25 4 0.81
Cor Total 7166.87 19
Std. Dev. 15.80 R? 0.6669
Mean 19.08 Adj R? 0.3338
CV. % 82.79 Pred R? -2.3726
PRESS 22738.61 Adeq Precision 4.455
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As noted earlier, the negative "Pred R-Squared’pliea that the overall mean is a better
predictor of response than the current model. th raf 4.455 indicates an adequate signal

and that this model can be used to navigate thgrispace.

The model that has been developed can be useddapthe retention time of CPT and peak
ratio within the limits of the experiments. The mal probability plot of the residuals and the
plot of the residuals versus the predicted respéorsboth the retention time and peak areas

are shown in Figures 3.15-3.18.

Close inspection of Figures 3.15 and 3.17 revéalthe residuals generally fall on a straight
line which indicates that the errors are normalBtributed, thus supporting the fact that the
model fits the data adequately. These plots ang mgportant and are required to check the
normality assumption in a fitted model. This wilisaire that the model provides an adequate
approximation to the optimization process. It saclthat there is no obvious pattern followed
in the residual versus predicted response as showigures 3.16 and 3.18. The plots reveal
an almost equal scatter above and below the x-ar@ying that the proposed models are
adequate and there is no reason to suspect amgtioiolof the independence or constant

variance assumption.
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Figure 3.15.Normal probability plot of residual for retentitime.
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Figure 3.18.Plot of residual vs. predicted response for peak aatios.
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3.7. CONCLUSIONS

Although there are HPLC methods available for meaguCPT in dosage forms (99, 100)
there is no reported method in which coulometrid®Bt@s been used. In particular the major
advantage of this HPLC-ECD method over UV detectsotihat time-consuming pre-column
derivatization procedures are eliminated. The athges of this method over the use of
derivatisation used for detection with UV lies iretimprovement of the detectability, that is
to say lower detection limits and or more sensitegponse. Furthermore, the derivatives can
be difficult to prepare and reaction products ofteed to be removed before analysis. Most
of the derivatising agents are odorous and hazardmd the reaction conditions are
frequently severe which could result in short lifme of the guard and analytical columns
used. On the other hand, the disadvantages ofatisation include possible interference by
excess reagent and the formation of artifacts.

HPLC-ECD is highly selective, sensitive and is denghan the derivatization procedure
which has the potential of some steps in the reaatot going to completion. Furthermore,
sample components may be absorbed by the colurahinmgsin low retector response.

The ESA coulometric ECD offers several advantagabat close to 100 % of the analyte is
oxidized in the flow-through porous graphite eled&s. In the coulometric mode,
measurement is based on oxidation of the sulfhyfinyttional group of CPT and there is

minimal electrode oxidation, a longer electrodd-hd and excellent baseline stability.

The application of RSM in conjunction with CCD toodelling and optimizing the
performance of an HPLC method has been discuss&@D @as used to design an
experimental program for modeling the effects ofbiie phase pH and molarity and
concentration of ACN on the peak area ratio aneintein time of CPT. Twenty experiments
including centre points were conducted. Equati@ngtie mathematical model were derived
for both peak height ratio and retention time f&TCby using the experimental data and the

statistical software package Design Expert 7.1.

The predicted values from the model equations viened to be in good agreement with
observed values, and to gain a better understamditige three variables evaluated to achieve
an optimal retention time, the models were presemte 3D response surface plots. The

models allow for the confident prediction of perfance by interpolation of data over the
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range of information used to construct the resp@ustace plots. The results reveal that the
concentration of ACN has a significant effect otenéion, whereas buffer molarity has a
smaller effect. This study demonstrates that RSM @ED can be applied to modeling and
optimizing retention time and that it is an econcahimethod that can be used to generate a
maximum amount of information in a short period tohe with a small number of

experiments.

The observed responses were close to the prediatads for the optimized method. It can
be concluded that the characterization and optimoizaof the analysis was performed in a
very short time and with a small number of expentakruns. It is clear that experimental
design methodology is an economic approach foraetitrg the maximum amount of
information and saves significant amounts of timeddition to the minimization of use of

materials and personnel costs.

The proposed method will be validated to determathether it is suitable for routine analysis
and content uniformity testing of CPT in tablet$isl study has also presented significant
progress in the identification of optimal HPLC ogtémg conditions for the analysis of CPT.
The experimental design was deemed suitable forefmoration of quadratic response
surfaces and for the construction of second-orad¢ynpmial models, thus facilitating the
optimization process with a limited number of expents. For the three-level three-factorial
CCD, 20 experiments were required. The resultandehaontained quadratic terms
explaining the non-linear nature of the respondesexved, and which were adequately
predicted. The experimental design approach redadvivo-factor interaction effect for the

individual terms and allows a mid-level setting &) the combination of factors.

The mobile phase and chromatographic conditionscssd for the validation process from
the model are ACN (30 %), pH = 3 and Buffer mola(B0 mM) and the analytical method

validation process can now be conducted.

Page | 80



CHAPTER 4

THE VALIDATION OF A HIGH PERFORMANCE LIQUID CHROMAT OGRAPHIC
METHOD WITH ELECTROCHEMICAL DETECTION FOR THE QUANT  ITATION
OF CAPTOPRIL

4.1. INTRODUCTION

The validation of bioanalytical methods has beequently discussed over the last decade at
meetings in London and Arlington (291-292). The migisues discussed at these meetings
related to the type and nature of certain aspettanalytical methods that must be
investigated and reported in a validation protofml bioanalytical methods in order to
support an application for market authorisationhwitioavailability, bioequivalence and
pharmacokinetic studies in man and animals. Asrse@guence of these discussions, the US
Food and Drug Administration (FDA) issued detailedommendations for validation of
bioanalytical methods (291, 293). The Internatid@ahference on Harmonisation (ICH) has
also provided definitions relating to validatiosugs included in “analytical procedures” for
the fields of bioanalytical methodology, pharmaamaltand biotechnological processes (291,
294-296).

Several protocols or guidelines validation of atief methods have been produced and are
recommended by bodies such as the ICH, the Interrst Union of Pure and Applied
Chemistry (IUPAC) and FDA (297-298). Prior to usgautine analysis an analytical method
must first be validated in order to demonstratesitgability for the intended purpose (299).
Validation parameters such as selectivity, lingaatcuracy, precision and recovery must be
evaluated in every analytical application. The tgnof quantitation (LOQ) and detection
(LOD), stability, and ruggedness/robustness shaldd be investigated, however these have
been evaluated to a lesser extent in the past . (298 LOQ should be included in the
construction of the calibration curve, whereas [t should not, as the former is a more
stable parameter of an analytical method. Ruggedaad/or robustness tests have rarely
been performed in many of methods reported initamture (299, 300).

The validation process is often viewed as a teghefacceptability of a specific method.
However, the real goal of a validation processighallenge the method and establish the
limits of variability for the conditions needed an the method, such that a desired outcome

will be achieved (301). It is best to prioritizeetbomponents of any validation procedure and
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typically, specificity, linearity, accuracy, andegision studies are needed initially, after

which stability and ruggedness studies are condy&@l).

The HPLC method with ECD detection for the analggi€PT was validated in accordance

with some validation procedures used for validabbpharmaceutical methods (302-307).

4.2. VALIDATION

4.2.1. Calibration, linearity and range

The linearity within a given range of an analytipabcedure is an indication of the ability to
obtain a measured response that is directly prapaitto the concentration of analyte in the
sample The linearity of the analytical method wstsiglished by fitting calibration curve data
to a least squares linear regression model usiagi®ad Prism (Version 5.01 for windows,
GraphPad Software, San Diego, CA, USA) software.

The linearity of an analytical method is used tovghhat test results are either directly, or by
a well-defined mathematical transformation, projpol to the concentration of an analyte in

samples within a given range (308).

The linear correlation co-efficient is normally dsas a measure of the linearity of a method
and a value of 0.99 is usually required to consider a method edibear in that range
(299, 308). However a high value for the correlaiwo-efficient does not necessarily indicate

a method has a linear standard curve (309).

The range of an analytical method is the interedhieen upper and lower levels, inclusive of
the limits of analyte that have been determinedh witsuitable level of precision, accuracy

and linearity using the method as described (310).

The CPT/CYC peak area of response was plotted stgaamcentration of CPT to generate
the calibration curve. The response of six standatdtions of 2.0, 5.0, 10.0, 30.0, 50.0 and
70.0 pg/ml concentration were subject to regressinalysis to establish the calibration
equation and a correlation coefficient. The deteotsponses were found to be linear over

the concentration range studied and the resultsuanenarised in Table 4.1.
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Table 4.1.Linearity data

Parameter
Concentration range.g/ml) 2-70
Regression equation y =0.0131x + 0.0275
Correlation coefficient (B 0.978
Standard error on estimationgS 0.058

Prior to analysis of samples the analytical colunas equilibrated for at least 30 min with
the mobile phase. Each sample was analysed ircaggdi of five to verify the reproducibility

of detector response at each concentration level.

The calibration curve had a slope of 0.0131 andrdagrcept of 0.0275 with a correlation co-
efficient of 0.978.

4.2.2. Precision

The precision of an analytical method is the degree@greement among individual test
results when the procedure is applied repeatediyntdtiple aliquots of a homogeneous
sample (311-313). Reproducibility of results usohfferent instruments, analysts, sample
preparations, laboratories, data obtained on alesidgy or over multiple days may all
constitute an assessment of the precision of alytar@ method. In addition different levels

of precision are often assessed as part of theauetbvelopment process (311-313).

The precision of a method is usually reported as ghrcent relative standard deviation
(% RSD) of a set of responses. The precision casubéivided into three categoriesz.
repeatability (intra-day precision), intermediataegision (inter-day precision) and
reproducibility (between laboratories precision}4317).

Precision at two levels was established for thighd viz. repeatability and intermediate

precision and the tolerance for RSD and relativerdRE) were set at + 5% for these studies.

4.2.2.1. Repeatability or intra-day precision
The repeatability of a method is established whaalyais is performed in one laboratory by
a single analyst using the same equipment on time sky. Repeatability can be tested by

analysis of a minimum of five determinations atethrdifferent concentrationsjz., low,
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medium and high within the range of concentratiexgected. However the ICH guidelines
recommend that repeatability be assessed by asabysihree different concentrations in

triplicate or by analysing samples at 100% of & toncentration six times (317, 318).

The intra-day precision obtained following analysisthree different standard solutions of
CPT with the internal standard, CYC, and the resuiltlata are summarized in Table 4.2.

The results reveal that all RSD and RE values yem®than 5% and are within the limits set

in our laboratory, confirming that the method ipeatable.

4.2.2.2. Intermediate precision

Intermediate precision or inter-day variabilitytlsee agreement of complete measurements
including standards when the same method is apf@isdmples many times within the same
laboratory (313). Such determinations may incluoimglete analysis of samples on different
days with the same or different instruments by shene or different analysts, but would
involve the preparation of multiple samples andhd#ads. The inter-day variability of this
method was assessed over three days at three leshum and high concentrations of CPT
standard in replicates of six. Sample preparatias eonducted as detailed in § 3.3.3 and the

results are given in Tables 4.3 and 4.4.

The inter-day precision was found to be < 5%, aamfig that the method is precise.

4.2.2.3. Reproducibility

The reproducibility of a method establishes thecigien between laboratories and is often
determined in collaborative studies or method fieemexperiments (301). As all analysis
were performed by the same analyst in one labgratsing the same equipment it was not

necessary to establish the reproducibility of thethod.
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Table 4.2.Intra-assay precision and accuracy data for CRilysis (n = 6)

Concentration (png/ml) Calculated Concentration Meant SD; % RSD % RE

5.00 492 +0.15 3.05 +1.60

10.00 9.89 +£0.08 0.81 +1.10

30.11 28.97+1.12 3.87 +3.79
Table 4.3.Inter-day precision and accuracy data for CPTyeisl

Quiality Control CPT
Day 1 (n=6) Day 2 (n = 6) Day 3 (n = 6)

Theoretical concentration (ug/ml) 5.00 10.14 30.06.07 10.05 30.04 0. 10.11 30.24
Calculated concentration (ug/ml) 5.03 10.04 3D.3%.10 9.80 29.67.01 9.73 30.04

% RSD % 0.91 0.65 94. 0.03 0.06 0.02.02 0.06 0.59

% RE -0.60 0.99 14a. -0.59 2.49 1.230.20 3.76 0.66

% Relative error f{addedfound)/added] 100
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Table 4.4.Inter-day precision and accuracy data for CPTyeisl

Drug Average Theoretical Value (png/ml) % RSD % RE
CPT 5.05 9.86 30.02 0.99 1.62 0.40 -0.40 2.38 0.27
Table 4.5.Accuracy test results of blinded samples
Theoretical concentration (pug/ml) Mean concentration determined fig/ml) = SD % RSD % Bias
5.02 5.07 + 0.115 2.27 +0.99
9.98 10.06 = 0.042 0.42 +0.80
30.01 30.11 + 0.156 0.52 +0.33
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4.2.3. Accuracy and bias

The accuracy of an analytical method is definethascloseness of a measured value to the
true value of an analyte in a sample (301, 313, 3156). A tolerance of 2% was set for %
RSD for this parameter as this complies with tineitd set by a number of pharmaceutical
industries (317). The bias is an indication ofitifeience of an analyst on the performance of
a method. Accuracy and bias were assessed by repmmgurement of three samples of
different concentration. The FDA recommends thatueacy studies for drug products be
performed at 80, 100 and 120% of the target conatom (318). The results of accuracy
studies are listed in Table 4.5, and reveal thagtieatest bias was 0.99%, indicating that no
value for bias deviated by approximately more tRaD0% of the stated value. The RSD
values for all but the 5.0 pg/ml sample were Iées1t5% and the Bias values (Table 4.5)
were all less than 1% suggesting that the methadaweurate.

Accuracy was evaluated by injecting samples ofdtdiéferent concentrations equivalent to
80, 100 and 120% of the intended content of adtigeadient, following addition of a known
amount of CPT to the sample and calculating the é€tovery and RSD for each

concentration.

The % recovery achieved ranged between 95.65 an88%P (Table 4.6) and the
corresponding % RSD values were well below 5 %cating the method is accurate.
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4.2.3.1. Assay

In order to establish the applicability of the nutHor the analysis of CPT in dosage forms,
five commercially available pharmaceutical produetsre purchased and subjected to
analysis. The products were:

. CaptoHexd! 50

i. MERCK-CAPTOPRIL

il ZAPTO-50

2 Sandoz Captopril 50

V. ADCO-CAPTOMAX 50
The average drug content was found to be 95.6598r88% of the labelled claim for all
products tested. No interfering peaks were observedhe resultant chromatograms
indicating that there was no interference from pbecits used in the manufacture of the

tablets. The results are shown in Table 4.6.

Accuracy of the developed HPLC analytical methods veaaluated by the recoveries of
known amounts of CPT which were added to the droguycrt.
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Table 4.6.Results of analysis of commercially available CPddpicts (n =5)

Analyte Amount Added  Found (mg / tablet) + SD Recovery (%) % RSD
Label claim (50mg) (mg)
CaptoHEXAL® 50 50.0 4956 + 0.57 99.76 1.15
MERCK-CAPTOPRIL 50.0 4957 = 1.03 99.78 2.08
ZAPTO-50 50.0 49.41 =+ 0.47 99.46 0.95
Sandoz Captopril 50 50.0 4944 + 1.02 99.51 2.06
ADCO-CAPTOMAX 50 50.0 49.03 = 1.62 98.69 3.30
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4.2.4. Limits of quantitation and detection

Recent articles have included much discussion daggrthe determination of the limits of

guantitation (LOQ) and detection (LOD) values farPLC method (311, 320-321). Paino
and Moore (322) described four techniques to estalihe LOQ and LOD of analytical

methods systems. The determination of the parametay be achieved by establishing

i) The lowest concentration for which the RS[5%,
i) A plot of standard deviation versus concentration,
iii) A confidence interval for the best-fit line,

iv) The signal-to-noise ratio.

The LOQ is the lowest concentration of analyte tat be determined with an acceptable
level of certainty. It should be established usargappropriate measurement standard or
sample and it is usually the lowest calibratiomdtad used to construct a calibration curve

(excluding the blank).

The LOD for an analyte is often determined by régaéanalysis of a blank test sample and is
the analyte concentration for which the responssisvalent to the mean response of blank
plus three standard deviations. The value of th® Li©likely to be different for samples of
different type and matrix (323).

The LOQ is also defined as the lowest amount oflyamain a sample that can be
guantitatively determined with precision and accyraunder the stated experimental
conditions (313, 316) and the LOD is the lowest ami@f an analyte in a sample that can be
detected but not quantitated as an exact value, @I. For chromatographic analysis the
LOD may be defined as that concentration that predia peak height response three times
greater than that of the baseline noise. Althoughous methods for estimating the LOD
have been described, an experimental assessmendgedhe best measure of the operating

limits of an analytical method and the associatstrimentation.
The LOQ is generally determined by the analysisashples of known concentration and the

establishment of the minimum level at which thelgeacan be quantitated with acceptable

accuracy and precision.
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The LOQ and LOD of the method developed for thdyamof CPT were established using a
precision of< 5.0%. By convention, the LOD was taken as 0.3 xQL@322).The LOQ was
found to be 2.0g/ml (%RSD = 2.27), and LOD based on this appraea$ 0.6ug/ml.

4.2.5. Specificity

The specificity of an analytical method is a measafrthe ability of that analytical method to

produce a definite response to only the analyt@tefest and no other compounds that may
be present in a sample such as tablet excipiemtsedated substances or impurities (323-
324). The specificity of the method was assesseddnyparing chromatograms developed
from the analysis of a standard solution of CPTyamith that from a sample produced by

dissolving commercially available tablets of CPTmobile phase buffer. The peaks observed
in the chromatograms (8 3.6) were well resolvednfrihe solvent front and there were no

apparent peaks that interfered with that for CPher&fore, the method was considered

specific.

4.2.6. Robustness

As defined by the ICH, the robustness of an aral/firocedure is reflected by the ability of
the procedure to remain unaffected by small bubdedte changes in the method (302-303).
A design of experiment (DOE) approach was usedgbrbbustness of the method, and three
factors were considered as described in 83.2.1.eKperimental domain for the variables
selected is described in 83.3.3. The experiments werformed in a randomized fashion so
as to minimize the effects of uncontrolled facttrat may introduce bias on the ultimate
response of the method. The interpretation of tessdmmences with the analysis of entire
model equation rather than analysis of individua¢fGcients contained in that model. An
examination of the ANOVA data (8§ 3.6) and analygithe response surface revealed that Y
is not robust for factor X Thus, precautionary measures need to be takeragtount for
this analytical procedure as small changes in AGNme may result in a change in retention
time and most likely the peak shape as well magftested.
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4.3. CONCLUSIONS

A reversed phase HPLC method for thevitro quantitation of CPT has been validated and
subsequently applied to the assessment of commigaiailable dosage forms. The linearity

of the CPT/CYC peak area ratio versus CPT condamtravas demonstrated and statistical
analysis proved that the method is repeatablehferanalysis of CPT as raw material drug
and in pharmaceutical formulations, and that free from interference with the excipients.

The method was also linear and precise and thenr@tographic run time of 7.5 minutes

permits the analysis of a large number of sampies short period of time. This method can

be recommended for the quality control of drug eahin CPT tablets.

The chromatographic conditions yield sharp, symicadtrpeaks with a high degree of
resolution. CPT and CYC were well separated andlved and the retention timegere

approximately 3.0 and 7.5 minutes, respectively.

The HPLC method that has been developed is an waprent on the method presented in
the USP monograph for CPT, where the use of Uémmended; even though CPT lacks
a strong chromophore. The validated HPLC-ECD metlsodimple, selective, accurate,
precise, rapid, sensitive and linear. It is appedprfor the analysis ah vitro release and
analysis of CPT in pharmaceutical dosage forms.
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CHAPTER 5

COMPATIBILITY STUDIES WITH CAPTOPRIL USING SPECTROS COPIC AND
THERMOANALYTICAL TECHNIQUES

5.1. INTRODUCTION

Recently published research has highlighted thelicghipn of differential scanning
calorimetry (DSC), differential thermal analysisT®), thermogravimetric analysis (TGA)
and infrared spectroscopy (IR) for the rapid ewvaduna of compatibility of active
pharmaceutical ingredients (API) with pharmaceulta@djuncts or excipients (325-333). In
general judgments relating to incompatibilities expressed on the basis of the modifications
observed in DSC thermograms of an API in the aleseacd presence of potential
formulation excipients. Although some authors aeiledge that the presence of a physical
or chemical interaction does not necessarily irtdi@n incompatibility, there is agreement
that a change observed in a DSC thermogram isitefinoof of an interaction between an
APl and an excipient (325). Therefore as parhd study an investigation will be taken into
whether a change in a DSC thermogram is suffidiengrove that an interaction will occur
between CPT and several potential excipients.

The solid-state properties of APIs are critical tdas that must be considered in
pharmaceutical formulation development. The moktvent properties can, and often do,
affect the therapeutic efficacy, toxicity, bioawdility, pharmaceutical processing and
stability (334, 335pf an API. Most API molecules can adopt a varidtganformations and

therefore this may give rise to solid structurdfedng from each other in their lattice space
type or molecular conformation, or simultaneousiybioth features when associated with
specific interactions between polar groups thatoéien found in those molecules (334, 336).
The interrelationship between the presence of aorpimous form and drug degradation has
posed continuous challenges for the developmephafmaceutical formulations (334, 337).
Thermal analytical techniques have been used fog duality control whenever possible
(334). The use of a combination of DSC and ther@anagretry/derivative thermogravimetry

(TG/ DTG), scanning electron microscopy (SEM) andga} powder diffraction provides

state-of-the-art techniques for assessing incomiiaés. These techniques offer a rapid
means of properly interpreting potential instal@it Furthermore their use offers the
possibility of analytical quantification of suchstabilities and incompatibilities (334, 338-
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340). The use of DSC in particular permits the &itjon of quantitative information relating

to the purity of compounds, thereby making it pbkesinot only to establish the melting
temperature interval for any API, but also to stuldg phenomenon of polymorphism and
associated characteristics of drug compounds. Togmamimetric analysis is an analytical,
guantitative, and comparative method that affordsrenulation scientist the opportunity of
producing rapid reproducible results. TGA can bedus drug quality control to improve a
product through the determination of stability tspthermal and non-isothermal kinetic
methods (334).

Drug-excipient compatibility studies are essential the development of different
formulations and the results facilitate the setecf appropriate excipients and increase the
probability of producing a stable solid oral dos&men. The use of thermoanalytical methods
in drug excipient compatibility studies offers maayvantages over the classical methods of
incompatibility detection between an APl and patnformulation excipients (341).
Conventional methods of incompatibility detectiowalve adding an API to excipients and
then subjecting the mixture to elevated levelseofgerature and humidity for considerable
periods of time. Following exposure to differenin@tic conditions the mixtures are
analyzed using a variety of techniques such as H&hdCthin-layer chromatography (TLC)
amongst others. This approach often takes severkswor months to generate sufficient data
to support or exclude any evidence of an incompigibIn contrast one of the major
advantages of using thermoanalytical techniquethas they permit rapid assessment of
samples and include the possibility of detectihgsical interactions such as the formation

of eutectic mixtures or the adsorption of API teipients orvice versa341-343).

Of all the available thermoanalytical technigue§@Mis the most important one used for
drug-excipient compatibility studies. However, dgenerated using DSC are more readily
interpreted when supported by thermogravimetry (Tiagrefore the application of DSC and
TG in early formulation studies is common (341-347)

The most frequently used DSC calibration standarésmetals with melting temperatures
and enthalpies measured using adiabatic calorimetger near-equilibrium conditions.

Indium is most often chosen as the standard matét@vever there are indications that it
may be desirable to calibrate equipment using anbst that have similar thermal properties

to the compound under investigation (348-349).
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In DSC heat effects associateith phase transitions and chemical reactions ameitored as

a function of temperature. Consequently the dffiee in heat flow to a sample and a
reference, exposed at the same temperature, isdegt@s a function of temperature. The
reference is usually an inert material such as alwm, tin, zinc or indium, or as in many
cases, an empty aluminium pan. The temperatureotf the sample and reference are

increased at a constant rate and the resultantflo@atdifference can be either positive or
negative (350). In this instance the rate of cleanf heat flow, ori—i’ is measured in

mcal sec’. If an endothermic process prevails, as is the é@smost phase transitions, heat
is absorbed and therefore the resultant heat flova tsample is higher than that to the

dH . ..
reference. ThusAE IS positive.

The DSC consists of a sample holder and a referkalcker as shown in Figure 5.1. Both
holders are constructed of platinum to permit higghperature operation. Located under each
holder is a resistance heater and temperature rse@soent is applied to both heaters to
increase the temperature of each holder at a speaié. The difference in current applied to

the holders, necessary to maintain the holdereeasame temperature, is used to calculate
AZ—Z. An inert gas is purged over the samples to ensbhat a reproducible and dry

atmosphere is maintained for the duration of amalydaintenance of an atmosphere of N
prevents oxidation of samples at high temperatuaad, the oxidation tendency is further
reduced as the sample is sealed into small alumipans (350). The reference pan is usually

an empty pan and cover. The pans hold up to aliboiglof material.

Mura et al (351) and Adeyeye and Brittain (352) énaeported data from a number of
investigations in which DSC was used as the printaoy for establishing the compatibility
of various excipients for ketoprofen (352, 353) gqucbtamide (352, 354). In another study
(355), the DSC investigations were combined witlansing electron and hot stage
microscopy to generate the necessary data to betterpret the DSC thermograms.
Misinterpretation of DSC results may lead to ineotr conclusions regarding
incompatibilities. Supporting microscopic methodoyide a means of infering genuine

incompatibilities (352).
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Figure 5.1.Differential Scanning Calorimeter

The danger of false positive drug-excipient intdéoans is always present when only DSC
analysis is used to detect such incompatibilitiesorrect conclusions are more likely when
investigators use 1:1 binary mixtures to determiigether interactions do occur. DSC
screening of mixtures and formulations remainsabia method for the detection of reactions
between API and excipients, but any conclusiorchred upon completion of those studies

should be tested using a reference method suicliraged spectroscopy (352).

It has been suggested (356, 357) that the usesohti analysis in the development of solid
dosage forms is invaluable. To determine the pitieptoblem of mixing excipients with

CPT, the decomposition process of CPT alone wéaligiinvestigated.

The area under a DSC peak is directly proportisaghe heat absorbed or produced by a
thermal event, and the integration of the peak grells the heat of reaction in units of
joules/second. gram. An exothermic reaction istptbais a positive thermal event whereas an
endothermic reaction is usually displayed as a thegaevent. The calibration of DSC
instruments is normally accomplished through the v compounds having accurately
known transition temperatures and heats of fusdnextensive list of references is available
for this purpose. Once a DSC system is properlybikd, it is relatively simple to
determine the melting point and enthalpy of fugdata of any compound on integration of its
empirically determined endotherm profile and apgilmn of calibration parameters (358).
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Despite the importance of drug-excipient compatipitesting, there is no universally
accepted protocol available for this purpose. ®retthermal analysis refers to a group of
analytical techniques in which the physical projsrbf a substance and/or reaction products
are measured as a function of temperature whikststtbstance is subjected to a controlled
exposure to temperature program. The use of DS@es the application of a heating or
cooling signal to a sample and to a reference (360). This method has been extensively
used for compatibility testing of excipients witmmamber of APIs (359, 361-366). However,
caution needs to be exercised in the interpretatfddSC results since high temperatures are
required (359).

Another method commonly used to evaluate drug-eéxcipcompatibility is isothermal stress

testing (IST). IST involves storing the drug-exeipi blends with or without moisture at high

temperatures and determining the drug content (369, 367, 368). DSC can be used in
combination with IST to evaluate the compatibitifyan API with excipients (359).

Drug development is a complex, costly and time aomeg process which makes concurrent
use of many advanced technologies to ensure sudtessnot all the compounds that are

analyzed that will ultimately end up in a commelréamulation (369).

A systematic study is presented in which, CPT alane in 20: 80 w/w mixtures with five
common excipients was investigated and the phys@macal characterization of the

excipients tested was primarily inferred from psbéd information.

Due to the sensitivity of molecular vibrations tdaoges in chemical or physical
environments, and the ease with which such praggsedan be studied, techniques such as
vibrational spectroscopy can be extremely importamtthe study of APIl-excipient
interactions. The energies characterising the fomehdal vibrational modes of drug
substances lie within the range of 400-4000'cithis spectral region corresponds to what is
referred to as the mid-IR electromagnetic radiagpactrum (370). Transitions in vibrational
energy levels can therefore be observed directhyutyh their absorbance in the IR region of
a spectrum or indirectly though an elastic scattgaf incident energy via the Raman Effect.
IR absorption spectroscopy, especially when medshyemeans of Fourier Transform IR

(FT-IR), has been shown to be a powerful technifpwethe physical characterization of
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pharmaceutical solids. FT-IR spectra are often ueegenerate information relating to the

chemical and physical reactions associated with@®lpient interactions (370).

As part of an ongoing project on the developmengxdénded release formulations of CPT,
thermal analysis techniques were used to study &&ipient compatibility. The possible

interaction between CPT and Eudr@gRS, Hydroxymethyl cellulose (Methocel K4M and
Methocel K100M), Microcrystalline cellulose and rat acid were studied. Each of the
identified substances was subjected to spectroscamil thermoanalytical characterization
and mixtures, after appropriate conditioning, waralysed by DSC, TGA and IR in an
attempt to correlate changes in DSC analyses widmdical modification of an API in a

blend.

5.2. METHOD

Homogeneous, binary mixtures of CPT with differemtcipients were prepared by
mechanical shaking and stored in 25 ml glass-stegperlenmeyer flasks at 25 °C. Physical
mixtures of CPT-excipient were weighed in appraeremounts and were then stored in 4 ml
flat-bottomed amber glass vials. The physical meguwvere prepared using a CPT: excipient
(mass ratio) of 20:80. This composition was setedtestudy the influence of the relative
amount of an excipient, in a rather wide rangengiseasonable quantities of the API of
interest. The binary mixtures were stored in thek éh@cause CPT is light sensitive. TGA and
DSC studies were performed in a dry nitrogen athesp in aluminium and/ or platinum
crucibles with an empty platinum crucible as anmaiee. CPT was used without any further

treatment.

5.2.1. Differential scanning calorimetry

DSC curves were generated using a Model DSC-7 etkiner Differential Scanning
Calorimeter (Perkin Elmer AG, USA). Pyris Softwdoe Windows was used to analyse the
data that were generated. The DSC was connecteaddmputer via a TAC 7/ DX Thermal
Analysis Instrument Controller. Approximately 2 mgCPT powder was hermetically sealed
into an aluminium pan. The sample was placed dyremhto a micro hot stage DSC.
Individual samples (CPT and excipients) as welphgsical mixtures of APl and selected
excipients (all passed through 60-mesh sieve) waighed directly into aluminium DSC

pans. The temperature of the DSC microscopy cell was tooed using a central processor.
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The heating rate of the DSC assembly was contraitelD °C/min over a temperature range
of 25-500 °C. Each spectrum generated during tlairdee process was performed using 10
scans with a resolution of 4 per cm. An inert atpih@se was maintained during testing by
passing nitrogen gas through the system at a f&t& ml/min. The DSC cell was calibrated
with Indium (mp 156.6 CAHsqs = 28.54 J/g) (371) prior to commencing studiehviPT.

Measurements were performed in replicates of thiree.heating rate of 10 °C/min is a useful
compromise, in DSC, between speed of analysis atecting any heating-rate dependent
phenomena. In our laboratory we have an interedeweloping methods for estimating
thermal properties of compounds and much of owrei§ now directed towards developing

models for estimating enthalpies of compounds.

5.2.2. Thermogravimetric analysis

TG experiments were conducted using a Model TGAerkiR ElImer Thermogravimetric
Analyzer (Norwalk, CT, USA) fitted with a platinusample holder. Pyris Software was used
for data analysis. Approximately 4 mg of dry CRId&@r the binary mixtures to be tested
were placed in platinum crucibles. Measurementewerformed in Blatmosphere at a flow
rate of 25 ml/min, a heating rate of 10 °C /ming antemperature range of 25 °C to 600 °C.

All sample measurements were repeated on at le@st separate occasions.

5.2.3. Infrared spectroscopy

Infrared spectra were recorded using a Bruker Modeiter 70 (Beaconsfield, Bucks,
England) apparatus and the KBr disc method in aelemgth range of 4000-400 émThe
powder samples were compressed with KBR usingialesa steel die and a Karver press.
The microscopic spectrophotometer was equipped avilfENSOR 27RT-Dlatgs detector.
The velocity of the scanner was set at 10 kHz. $ampmbinations showing promise in
terms of compatibility were collected successiviedyn the actual analysis area by a mapping
process. An automated X-Y stage for mapping wad ts®btain complete IR spectra from
all samples at 18 mm intervals. The samples folyaisawere prepared by grinding 2 mg of
dry powder and CPT together with 200 mg of KBr pooduce a fine powder of particle

size < 5 um. The mixture was then compressed to foclear disk.

5.3. EXCIPIENTS
All materials used in these studies are generaltpgnised as safe (GRAS) and appear in the

FDA Indicative Ingredients Guide for general indtusin oral formulation$372).
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5.3.1. Hydroxypropyl methylcellulose (HPMQ

Use of HPMC in sustained-release dosage forms éas Wwidely reported (373-380). HPMC

IS a non-ionic, non-toxic polymer that has beenduse the manufacture of topical
formulations and for tablet production. It has besad as a binder and as a sustained release
matrix-forming excipient (372). HPMC is availablea variety of different grades depending

on the degree of substitution and average molegwgaght of the polymer components (372).

HPMC polymer controlled release dosage forms haenlxlassified as swelling controlled
release systems (373-380). Generally in swellingtroled matrix technologies two major
factors control the rate of release of API from thatrix: the rate of aqueous medium
infiltration into the matrix and the subsequentaxaltion of polymer resulting in either
hydration or gelation and swelling of the polymesspectively. As a consequence of these
simultaneous processes, two fronts are evident imadrix: the swelling front (glassy
polymer/gel interface) and an eroding front (geldinen interface). The distance between the
two fronts depends on the relative rates at whieh dwelling and eroding fronts move in
relation to each other, and is termed the diffusayer (376).

5.3.2. Microcrystalline cellulose (MCC)

MCC is purified, partially depolymerized cellulosecuring as a white, odourless, tasteless,
crystalline powder composed of particles of différsizes and in grades that have different
properties and applications (372). MCC is widelgdiss a diluent in oral tablet and capsule
formulations prepared by either wet-granulation darect-compression processes (372).
Emcoce? 90M has a mean particle size of @h and a moisture content of < 5%. The angle
of repose of MCC is 34.4° and the material has lamiét tapped densities of 0.29gfcand
0.35g/cni respectively (372).

5.3.3. Citric acid

Citric acid occurs as colourless translucent ctystar as a white crystalline powder powder.
It is odourless and has a strong acidic taste.cfystal structure of citric acid is monoclinic
holohedral. It is widely used in pharmaceuticahfatations and food products to adjust the
pH of solutions. It has also been used experimigntaladjust the pH of tablet matrices in

enteric coated formulations for colon specific dety (381-382).
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5.3.4. Methacrylic acid copolymers

Methacrylic acid copolymer is a fully polymerizedpolymer of methacrylic acid and an
acrylic or methacrylic ester. Three types of polysnéype A (Eudragit L, Eudragif RL),
type B (Eudragit S, Eudragit RS) and type C (Eudra§it. 30 D-55) have been defined.
They vary in methacrylic acid ester content ancutsmh viscosity (372). Typically, the
molecular mass of these polymers is in excess @f0DD mass units. Solid polymers may be

used in direct compression tableting in proportioh$0-50% (372).

Acrylic copolymers have been used as enteric argtamed release coatings in the
pharmaceutical field due to their biological safé®33-387). Eudradit RS is composed of
poly (ethylacrylate-methylmethacrylate-trimethylaomoethyl methacrylate chloride)
copolymers with ratios of 1:2:0.1. EudrdgRS is a water-insoluble polymer and the drug
delivery systems prepared from this material slpbélvindependent sustained-release due to
the presence of quaternary ammonium functional gga384, 388-389). Some studies on
drug release from monolithic EudrdgiRS films have been performed considering the glass
transition temperatures {Jlof the material.

Eudragit®RS is comprised of approximately 5% of quartenanyn®nium functional groups.
The ammonium groups are present as salts that impphmdependent permeability to the
polymers (372). The acrylate-methacrylate polynteage been used in the preparation of
matrix tablets for oral sustained release in talleating and in microencapsulation
applications for AP1 (390).

5.4. RESULTS AND DISCUSSION

Excipients have been classified according to thectian they perform in a formulation,
although many excipients fulfil multiple roles indasage form. The excipients selected for
use have been described in § 5.3. The commercraksiafunctions and suppliers of the
excipients are summarized ifable 5.1.The excipients were selected for their potential
suitability to develop sustained-release microckgssof CPT. The polymers were selected

for use due to their matrix forming capacity, hyghicity and swelling characteristics.
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Table 5.1 Excipients used in the compatibility studies

Excipient Commercial name  Function Supplier
Captopril Active Aspen Pharmacare
Hydroxypropylmethylcellulose Methodel Binder Colorcon
Microcrystalline cellulose 101 Avicgl Diluent FMC

Acrylic copolymer EudragitRS Binder Rohm Pharma
Citric Acid pH adjuster BDH Chemicals

Representative DSC scans of CPT and CPT-excipiettras are shown in Figures 5.2-5.8.
The figures reveal typical heat flow curves vs temagure for DSC studies. The melting point
endotherm for CPT occurred between 104 and 10®P@lIf mixtures studied except where

citric acid was evaluated.

The DSC trace of pure CPT (Figure 5.2) showed gpstiadotherm peak,pda at 105.8 °C
and Tonset= 103 °C. The characteristic peak pattern gengraidicates the presence of the
alpha form of CPT, which undergoes thermal traositat 106 °C, this being the melting
endotherm of alpha form. Furthermore tkid,s for the alpha form (25J/g) was in agreement
with a previously reportedly value (391). In thejondy of cases, the melting endotherm of
CPT was unaffected in all mixtures tested, withyailight changes observed in terms of peak
broadening or shifting towards lower or higher temgpures. It has been reported that the
guantity of material used, especially in APIl-exeii mixtures, can affects peak shape and
enthalpy in such studies (392-393). The minor ckang the melting endotherm of CPT may
be due to the mixing of CPT and the excipient whaskers the purity of each component in
the mixture and therefore does not necessarilycatdi that a potential incompatibility
(394) exists. To determine whether an incompatibilityséxi additional techniques were
used.

Interactions in a sample are observed in DSC thgrams as changes in thermal events,
such as the appearance of new peaks or a changeltimg point of a material. However,
broadening of peaks leading to changes in are& @eset and changes in peak temperature
occurred with CPT and citric acid. This may inde&atn incompatibility for this binary

mixture.
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Figure 5.2.A typical DSC plot for CPT determined at a heatiatg of 10° C/min.
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TG generated (Figure 5.9) in a nitrogen atmospheweals that CPT is stable up to a
temperature of approximately 175 °C and then ibdgmoses in three distinct steps, the first
of which corresponds to approximately 61% loss iassnand which is indicative of the
elimination or degradation of the cyano (C-N) bopdesent in CPT. The second
decomposition process commences at about 230°Cisamdmplete by 360 °C with a

maximum rate of decomposition occurring at 340°Be Tast residue is completely degraded
at about 450 and 520 °C.

The shapes of all TGA curves for CPT were similanearly identical to that observed in
Figure 5.9. The TG and DTG data reveal a DTG cuoughly symmetrical around the peak
temperature of about 245 °C. CPT decomposes oeetetiperature range of 150-550 °C
when tested alone.

The first noticeable blip on the DTG curve occutdhe peak temperature for melting of
CPT. The main decomposition of CPT occurs in tlggore of the first peak and no residue

was observed at the end of the TG experiment.

The shape of the other TGA curves revealed a 3-gégpadation process for all samples
examined, indicating a high degree of stability. & thermally stable up to 300 °C and
HPMC up to 200 °C (Figures 5.9-5.15)

The compatibility of CPT and excipients was furthmrestigated using IR spectroscopy.
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Infrared studies revealed that all characterisaads for CPT were present in all spectra
generated. These are shown in Figures 5.16-5.206&® No new bands or shifts in the
characteristic peaks were evident in mixtures eixdepthe case of CPT and citric acid

(Figure 5.21).

The IR spectrum of CPT shows an OH-stretching nufdeater at 3600 cih together with a
broad band assigned to the aromatic CH at 3110-8600 The IR bands for CPT are shown
in Table 5.2.

In DSC, samples are subjected to a higher tempersatimge. Therefore the identification of
potential interactions under ambient conditions maybe a simple exercise. The results of
this study provide factual support for the suggestithat degradation reactions,
transformations or interactions occurring at thelswyated temperatures may not necessarily
take place at room temperature. Therefore DSCeakitould not be used for studying
CPT/excipient interactions. The data generatedS& Btudies should be supported by FT-IR

studies.
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Table 5.2 IR assignments for CPT

Assignment (cm’) Functional group

800 C-C stretching vibration

1300 C-H/CH; bending /symmetric vibration
1450 C-H stretching / asymmetric vibration
1500 Amide band

1580 C=C stretching

1750 -COOH (C=0 stretching)

2600 -SH stretching vibration

2800 CH;s stretching vibration (symmetric)
3000 CHs; and CH stretching (asymmetric)
3400 -OH functional group

The FT-IR spectra of pure CPT shown in Figure S&picts triple characteristic bands for
CPT occurring at 1300 ¢m 1450 cntt and 1580 ci, due to C-H bending/ symmetric GH
bending vibrations, C-H stretching and C=C stretghi respectively. Another sharp band is
observed at 800 cfp due to C-C stretching vibrations. The carbonpration band ~COOH
(C=0 stretching) and amide band were demonstratéuki 1750 cil and 1500 ¢ regions
respectively. The FT-IR spectra of CPT loaded pelygombinations and diluent (Eudrégit
HPMC and MCC) are shown in Figure 5.22. They ingidhat the characteristic bands of
CPT, and also of the polymers, are evident iniglires except where citric acid was tested.
It can therefore be concluded that there is a pdggiof interaction between CPT and citric
acid. A slight shift in the bands was observedhm ¢ombination formulation, which may be
due to the reduction in purity of the substancesdgéested. The spectrum of CPT, and a
physical mixture with Eudradit HPMC and MCC (Figure 5.22) is of lower intensihan
that observed for pure CPT.

The plots of the FT-IR spectra of CPT within thegas 4000-400 crhare shown in  Figure
5.16. The peaks at 3000 and 2900"cmere assigned to the asymmetric £&hd CH
stretching vibration and the peak at 2800'cwas due to the symmetric GHtretching
mode. The peak at 2600 ¢morresponded to the -SH stretching vibration (393).

The spectra shown in Figure 5.21 also confirmed résults observed in DSC studies
undertaken with CPT and citric acid. In particullae lack of a peak in the IR spectrum is
indicative of a potential incompatibility / intetéan for this combination. The IR spectrum

shown in Figure 5.2Yeveals the presence of a small peak at 1700, aahich was of
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decreased intensity, and there were no other p@akent. Since the carboxylic acid group of
CPT is an H-donor, and the carboxylate anion aiccécid is likely to be a stronger H-bond
receptor, the carboxylic acid and Cldnction of acid may form and might change thedon
distance of C-O in the COQunctional group of the citric acid, resulting anshift in the
peaks observed. The presence of water may alse @ashift at 3400 ch Although the IR
spectral region from 3100-3700 ¢mcorresponds to -OH functional group of many
molecules, the —OH functional group of water molesualso makes an important
contribution to this area and it may not be possilbd differentiate the two sources of the
shift. The moisture-related IR spectra were comgpdao TGA events. Mixing is most likely
to cause or enhance adsorption of water from thegphere and the water content may
induce an interaction of CPT with citric acid thgbuH-bonds, leading to the formation of

unique interactions that can be observed using IR.

Similarly the endotherm peak observed in the DS&ntlogram shifted to 103 °C for the
CPT/citric acid mixture. The enthalpy of the endwthic peak was very different from that
observed when CPT was evaluated alone. This slgtitnmave been caused by a change in
the crystallinity of CPT. Citric acid is a tri-canbylic acid and acts as an Arrhenius acid since
it is a source of k0" ions when dissolved in water and can act as a $Bednacid by
donating a proton to #0. Therefore the peaks for the OH- and C=0 streifofation of CPT
were shifted to 3430 ch This suggests that there may be an H-bondingaictien between
the OH and COOH functional groups of CPT.
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5.5. CONCLUSION

To certify the quality of a pharmaceutical formidat parameters such as the interaction
between a selected API and excipients to be uskmnmulation development studies must be
analysed. The data generated in these studieslyclealicate the excipients that are

compatible with CPT. The presence of moisture aatet with potential excipients to be

used appears to be an important factor to consigieng formulation development.

Based on the results from preliminary screeninfj,eatipients except citric acid can be
selected for formulation development. Infrared $mscopic studies confirmed the
possibility of an interaction between CPT and citacid. Consequently the model blends
tested showed compatibility with CPT for the exeigs evaluated. From the well-
constructed compatibility studies, Eudr&giRS, Methocel K4M, Methocel K100M and

Microcrystalline cellulose were finally selected formulation development.

The DSC data generated for the different binarytunes evaluated indicate that the
characteristic endothermic peak of about 105.6dtCGCIPT was present in all thermograms.
This study demonstrates that DSC and FT-IR teclasicare sensitive techniques that can
reveal potential interactions, whereas TG is nosessitive to the presence of interactions.
TG analysis revealed that the thermal degradatidDRY takes place in two major and one
minor step, and that these occur in different tenamjpee ranges. Each thermal degradation
stage produced an endothermic peak on the DSC dggamm and where the melting
transition was also observed immediately prio® ¢commencement of decomposition. It is
clear that quality control is vital due to the putel for changes in the final product arising

from variations in the production process.

The quantitative effects on a DSC response for Rhmay only be revealed in excipient-rich
mixtures. The effects appear to be related to mastiriven mechanisms of the interaction.
Consequently these findings may be valuable inndeji the composition of the ultimate
commercial formulation and the necessary precasitionstoring the product. While DSC is
a well known technique for the characterizatioplofrmaceutical and polymeric materials, it
has certain limitations in practical use. It is bleato provide insight into the changes to
thermal events or reactions at a molecular levier@&fore it is essential to combine DSC

with other techniques to permit greater understamadif any changes in the materials to be
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used. The understanding of polymorphic changesharrpaceuticals is of great concern and

DSC allows one to correlate structural changes thighmal events.

The theoretical basis of DSC/TGA and IR experiméras been examined. The overall goal
to provide practical guidelines for compatibilitiudies of CPT with several excipients has
been achieved. Thermal analysis has been appligdotio a research objective and to

practical problem solving in formulation developrhen
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CHAPTER SIX

THE EVALUATION OF CAPTOPRIL MICROCAPSULES MANUFACTU RED
USING AN OIL IN OIL SOLVENT EVAPORATION TECHNIQUE

6.1. INTRODUCTION

Microencapsulation is a technique used to manufactiny packaged materials that are
referred to as microcapsules. Microcapsules areut@iheterogeneous containers that are
normally spherical if enclosing a fluid or are rbihgthe shape of a particle if manufactured
to contain a solid (395)I'his technique has been used in a diverse ranfjeldé and there
has been widespread interest in microencapsul&gidmologies. The first industrial product
manufactured using microencapsulation was introdiloageGreen and Schleicher in the 1950s
(395-396) to produce dye containing pressure-seastticrocapsules for the manufacture of
carbonless copying paper (395, 397). The microdapswere manufactured by complex
coacervation of gelatin and gum Arabic (395, 3@Egrbonless copy paper is still produced
commercially and is one of the most significant ducts developed that utilizes
microencapsulation technology. The technologiesliged for carbonless copy paper have
led to the development of a variety of microcapsutaducts. Since the 1950s, many products
of this type have appeared on the market, for pheeutical, cosmetic, agricultural chemical,
food additive, coating, printing ink, adhesive,atg$t and dye applications (395, 398-400)
and various others are under development (39548B). The main reasons for the use of
microencapsulation technologies are shown in Tédle

The term “capsule” is used when an encapsulatestaute, referred to as the core, active
agent, fill material, internal phase, nucleus oylpad, is surrounded by a membrane referred
to as an encapsulant, carrier, coating, membrdred, sar wall. The term “sphere” or just

“particle” is used when the core material is disgeror dissolved in a carrier substance.
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Table 6.1.Reasons for microencapsulation of API (404)

1. Controlled release of drugs,

2. Protection of encapsulated materials againstdabixin or

deactivation due to reaction in the environment,
3. Masking of odour and/or taste,
4. Isolation of materials from undesirable phenoajen

5. Easy handling of powder-like materials

Particles or capsules between 1 and 5060 are called microparticles or microcapsules.
Those below Ium are usually referred to as nanocapsules or naicpsa, whereas those
above 5000um in size are called macrocapsules or coated femtidvlicrocapsules are
usually spherical, but they may also be irregutarshape and the differences between
microparticles and some typical geometries arstilaied in Figure 6.1(405).

core material

shell matenal >

a. Multinuclear microcapsule b. Continuousalshell microcapsule

Figure 6.1.Schematic diagram of two types of microcapsules

When taken orally, microcapsules spread unifornmythe gastrointestinal tract, thereby
avoiding exposure of the mucosal tissues to higiceotrations of APl and ensuring more
reproducible drug absorption. The risk of dose dagps also lower than with single-unit
dosage forms (406, 407).

The application and potential for use of microerscdgtion is shown by the large number of
methods that have been reported (404-408). The mustrtant methods that have been
described have been classified in a variety of Wd98). An appropriate classification, based

on of the method of manufacture (409) is shownabl& 6.2.
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Table 6.2.Main methods of microencapsulation

1. Phase separation

2. Interfacial and/om situ polymerization,
3. Spray drying and spray congealing,
4. Solvent evaporation

5. Coating.

The solvent evaporation approach was used as éferpgd method of encapsulation of CPT

for these studies as it requires ambient temperstand mild emulsification techniques.

6.1.1. Solvent evaporation

The solvent evaporation process entails dissolaipgplymer in a suitable water-immiscible

solvent, and dispersing or dissolving the API iattpolymer solution. The resultant solution

or dispersion is then emulsified to form an aqueoastinuous phase in which discrete
droplets can be observed. For the microcapsul&sro the organic solvent must diffuse into

the aqueous phase and then evaporate at the watgegegace. As the solvent evaporates the
microcapsules harden and free-flowing microspheaes be harvested after filtration and

drying.

The solvent evaporation method has been used extgngo manufacture microspheres

(410-412). Several variables can influence the entgs of microcapsules. These include
solubility of the API, internal morphology, solvetype, diffusion rate, temperature, polymer
composition, viscosity and drug loading (413-417Zhe effectiveness of the solvent

evaporation method producing microspheres is degpgrah the successful entrapment of an
API within the particles. This process has beereokel to be highly successful for drugs
that are either insoluble or poorly soluble in amuemedia which is usually the continuous
phase in these manufacturing procedures (415-416).

Recent advances in the solvent evaporation techriigue allowed successful entrapment of
highly water-soluble drugs (417-419) and other ltbantaining drugs (420). Consequently
the microencapsulation of CPT, a freely solublegdimas attempted.

Various methods can be used to manufacture micsodap by solvent evaporation (421-

424). Efficient drug encapsulation is dependenthenhydrophilicity or hydrophobicity of the
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API to be encapsualted (424). For insoluble or |yowosater-soluble drugs the oil-in-water
(o/w) method is frequently used. This method isgimeplest and other methods are derived
by modification of this approach. The method comsgsiof four major steps, summarized in
Table 6.3:

Table 6.3.Steps used in the microencapsulation process (424)

1. Dissolution of the hydrophobic drug in an orgasolvent containing the polymer,
2. Emulsification of the dispersed phase, in areaga continuous phase,

3. Extraction of the solvent from the dispersedsghlay the continuous phase, solvant

evaporation, transformation of droplets of dispenskase into solid particles, and,

4. Recovery and drying of microspheres to elimimagtédual solvent

The conventional o/w solvent evaporation techniqueesot be used for water-soluble drugs
as they result in low loading efficiency due totg@Emning of the drug into the continuous
phase (426). To reduce drug partitioning into tlationuous phase and to enhance drug
loading, o/o solvent evaporation methods have pegposed (427).

Four alternate methods are available, which magessible to encapsulate hydrophilic drugs
(428). The methods are presented in Table 6.4.

Table 6.4.Alternate methods to encapsulate hydrophilic d(dgs)

1. A w/o/w double emulsion method in which an aquesolution of hydrophilic drug is
emulsified with an organic phase (w/o) emulsiort teadispersed in a second agueous solution
forming a second emulsion or w/o/w double emulsion,

2. An o/w co-solvent method that is used when @ dsunot soluble in the main organic solvent
a co-solvent is necessary to dissolve the drug,

3. An o/w dispersion method in which the drug ispeirsed as a solid powder in a solutiori of
polymer and organic solvent,

4. An o/o non-aqueous solvent evaporation methadhich the aqueous phase is replaced by an

oil such as mineral oil for example.

O’ Donnell and McGinity (429) studied the main farst influencing the properties of

microcapsules. These are summarized in Figure 6.2.
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The dispersed phase contains the polymer and ttegpseulation solvent. The polymer must

be biodegradable or biocompatible and the choicpodymer is dependent on the desired

drug release rate. If one polymer cannot produee abppropriate drug release profile a

combination of polymers can be used.

For the successful application of solvent evapomata suitable solvent to dissolve /disperse

the polymer must meet the criteria shown in Tabte 6

— T
\_//

Dispersed phase

e Polymer
* Solvent

 Drug

Continuous phase
* Surfactant
* antifoam

v

Viscosity of dispersed phase\

Volume fraction of dispered
phase to continous phase
Quantity of drug in dispered
phase

Concentration of surfactant

)

N
S

e Geometry of reactor
e Agitation rate

e Temperature

e pressur

~

Properties of materials

\

K Average size \

Parameters

« efficiency
N J

_

Operating conditions

Properties of
microcapsules

*  Size distribution

* Surface
morphology

e Inner structure

e Drug

encapsulation

Figure 6.2. Schematic representation of the factors influegtive properties of microcapsules (adapted fror@)y2
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Table 6.5.Criteria used to select solvents for microencagisut (429)

1. Solvent must dissolve the polymer,

2. Solvent must be poorly soluble/miscible with geatinuous phase,

3. Solvent must have high volatility and low bagipoint,

4. Solvent must not be toxic.

In certain cases, other excipients such as cosoluh porosity generators are added to the
dispersed phase (429-432). A porosity generataro§igen or porogen), is used to create
pores within microspheres to increase the degmaaatte(s) of polymers and improve or

modulate drug release rates (433).

The continuous phase is the second phase in ansa@vaporation process and is larger in
volume than the dispersed phase and usually alstaios a surfactant. Liquid paraffin is
normally used as the continuous phase in an o/eesblevaporation procedure. The
surfactant used in this work was span 80. Spars &tensioactive agent that enhances the
stabilization of an emulsion by reducing the swfdension of a continuous phase and

avoiding coalescence and agglomeration of dispetsmulets.

In addition to the use of a surfactant an antifogmagent may be added so that when
manufacturing procedures involving aggressive #gitaare used, foaming does not interfere
with the formation of microspheres. After the plogschemical properties of materials,
agitation is one of the most important parametieas tan be used for controlling the size of
microcapsules ultimately produced. Many other fes;tbnked in some way to agitation, also
influence the size of microspheres. These inclidegeometry and diameter of the reactor

and the number and position of impellers (429, 438).

It has been observed that encapsulation efficisnéierease to a maximum, as the quantity
of APl used increases, and then decrease asifaihg is added (429, 434)

The rate of solvent evaporation can be accelerbtedihcreasing the temperature of the
continuous phase (429, 436, 437), but there arerakwdrawbacks to using elevated
temperatures. These include a decrease in the ttds recovered and decreased
encapsulation efficiencies resulting in coarsea@fmorphology (429, 438). Moreover, the
chosen temperature should not denature the ARdamhrthe boiling point of the solvent used

in the production process.
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6.1.2 Aim
The aim of this work was to prepare CPT microcagsuwlith a controlled drug release profile

suitable for oral administration of the compound.

6.2. EXPERIMENTAL

6.2.1. Materials

CPT powder was donated by Protea Chemicals (Midr&8wlth Africa). Citric acid
monohydrate was purchased from Aspen Pharmacard @Hizabeth, South Africa).
Hydroxypropyl methylcellulose (Methocel K100M and.®M) were donated by Coloc®n
Ltd (Dartford, Kent, UK). Microcrystalline cellules(Avicel 101) was purchased from FMC
(Philadelphia, USA). Eudragit RS was donated byhRoPharma (GmbH, Darmstadt,
Germany). Span 80 was purchased from Aldrich (Geynd.iquid paraffin was supplied by
ADC Laboratories (Durban, South Africa). Aceton® Avas purchased from Associated
Chemical Enterprises (Southdale, South AfricejHexane was acquired from Burdick and
Jackson Laboratories (Michigan, USA). Dimethyl malgxane was purchased from Sigma-
Aldrich (Kempton Park, South Africa). All chemicalwere used without any further

purification.

6.2.2. Method

To avoid degradation of CPT all experiments wer@doated under ‘safe light'. All
experimental work was performed on a laboratoryesddSM in conjunction with a CCD
was used to establish the number of experimerits twonducted and to interpret the resultant

data.

6.2.2.1. Experimental design for response surfaceathodology

RSM is a rapid technique for deriving a functiomalationship between a set of input
variables and experimental responses. By use of RfeMumber of experiments necessary
for establishing a mathematical trend in the expental design region is reduced and the
determination of an optimum level of experimeniattbrs required to produce a specific
response is readily achieved (224, 225, 230, 439-44

RSM was used to investigate the impact of fouraldes on microcapsule formation. These
variables were EudraditRS (X;), MethoceP K15M (X), MethoceP K100M (Xs) and

homogenization speeX{). The variation and level and composition of tlegiables were
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designed using a CCD approach. The variables agid ¢bncentration ranges are listed in
Table 6.6.

The variables were coded to facilitate multiple resgion analysis. Thirty experimental
settings were generated with 4 factors at 3 lewgisg the principals of RSM with the aid of
Design Expert 7.1 software. The quadratic polyndneigression model that was assumed for
predicting Y1 (percent yield),Y, (microcapsule size)ys (encapsulation efficiency)yY,
(percent drug release) and thgHausner ratio) variables are listed asYHéted depicted in
Equation 6.1.

Y %ﬁ‘ﬂ"‘é‘) + iﬂkiXi + iﬁ(jisz +i i,&ij)(i)ﬁ

1= jE Equation 6.1
where, Y is a response Vi3, Y2, Y3 Yz and Ys. (,&o+£) Gi, B« and Bq are the

constant(s) of the coefficients of intercept, éine quadratic and interaction terms,
respectively.xi and Xj are uncoded independent variables of concentrafidudragif RS,

Methocef K100M, Methoce? K15M and homogenizing speed.
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Table 6.6.Coded levels for independent variables used inrxgatal design

Factor CodedX; Coded level AX?
-1 0 +1

Eudragit RS (g) X1 15 2.0 25 0.5

K100M (g) Xs 0.25 0.50 0.75 0.25

K15M (g) Xs 0.25 0.50 0.75 0.25

Homogenizing speed (rpm, x 1000) X4 1.0 15 2.0 0.5

6.2.2.2. Manufacture of microcapsules

To produce microcapsules the emulsification andesdl evaporation technique used was
based on the method reported by Khamaeigal (442). The representative formulations

used to manufacture microspheres are listed ineT@dand a schematic representation of

the manufacturing procedure is shown in Figure B.3ll the 30 formulations, 0.75 g of CPT

and 0.5 g of MCC were incorporated. MCC was usedaa#ller and binder in the

formulations.
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Table 6.7.Formulations used to manufacture microcapsules

RUN  Eudragit®RS Methocef K100M  Methocel® K15M

Homogenizing speed

g g g rpm (1000)
1 2.0 0.50 0.50 1.5
2 2.0 0.75 0.25 1.5
3 1.5 0.50 0.50 1.0
4 2.5 0.50 0.50 2.0
5 2.0 0.50 0.25 2.0
6 2.0 0.50 0.50 1.5
7 2.0 0.75 0.75 1.5
8 1.5 0.50 0.50 1.0
9 2.0 0.25 0.75 1.5
10 2.0 0.50 0.50 1.5
11 1.5 0.75 0.50 1.5
12 2.0 0.50 0.50 1.5
13 2.0 0.25 0.50 2.0
14 25 0.25 0.50 1.5
15 2.0 0.50 0.50 1.5
16 2.5 0.50 0.75 1.5
17 1.5 0.50 0.75 1.5
18 2.0 0.25 0.50 1.0
19 25 0.75 0.50 1.5
20 2.0 0.50 0.75 1.0
21 2.0 0.50 0.75 2.0
22 2.0 0.75 0.50 1.0
23 2.5 0.50 0.25 1.5
24 2.0 0.50 0.25 1.0
25 1.5 0.25 0.50 1.5
26 2.5 0.50 0.50 1.0
27 2.0 0.25 0.25 1.5
28 1.5 0.50 0.25 1.5
29 2.0 0.75 0.50 2.0
30 2.0 0.75 0.50 2.0
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Volatile
Solvent
r Drug
Liquid Liquid Liqui Liquid
paraffin paraffin paraffin paraffin

(A)
Figure 6.3. Basic steps (A and B) of microencapsulation usingpleent evaporation process (adapted from
442)

( J
H T
Polymer oe®
Drug
Acetone
rpm rpm n-hexane
_ _
=0
Liquid paraffin Settle overnight Vacuum store

+ n-hexane  homogenization filtration

(B)
Different amounts of polymer and MCC was disperse@0 ml of acetone. An accurately
weighed quantity of CPT was dispersed in this smutLight liquid paraffin (120 ml)
containing 1% v/v span 80 and 0.1% v/v dimethylypdbxane was then placed in a 400 ml
beaker and agitated with a three-blade propell&Oofnm diameter, linked to a homogenizer

Page | 133



fitted with a four-blade “butterfly” propeller hawj a diameter of 50 mm (Virtis Company,
New York, USA) to produce an homogenous oily phddee acetone solution was then
poured into the oily continuous phase. The systeas waintained at 20° C to ensure
evaporation of the acetone. Processing variablels as the amount of liquid paraffin and
volume of acetone solution were maintained constantll batches produced. After 2 h,
10 ml of n-hexane (non-solvent) was added to harden the o@psules and stirring was
continued for a further 5 h. The hardened microgkgsswere collected using a Buchner
funnel and were washed 2-3 times with 50 ml n-hexém remove any residual liquid
paraffin. The microcapsules were then dried at reemperature for 24 h. All batches were
prepared in triplicate and the dried microspheresewstored in well-closed containers. All
experiments in which evaluation of microcapsules wadertaken were performed the next

day.

The yield (443) of microcapsules was calculatedgi&quation 6.2.

amount of microsphere obtained (g)

% Yield = X 100 Equation 6.2

theoretical amount (g)

6.2.2.3. Determination of the mean particle size

Particle size distribution was performed usingevasistack. The nest of sieves was vibrated
at 200 rpm for at least 15 minutes, or until nongein the weight of each fraction was

observed. The amount of particles retained on samle was weighed and the cumulative
mass retained on each sieve was calculated. Thelpaize distribution for all formulations

was determined and the mean particle size of ticeocapsules calculated.

6.2.2.4. Flowability
The importance of the flowability of a powder iretpbroduction of pharmaceutical dosage
forms is well-documented (50). Numerous methodsnfeasuring powder flow have been

developed and are largely based on an empiricarstahding of the flow process.

6.2.2.4.1. Angle of repose
The stationary angle of repose) for each batch was determined by placing 5 ghef t
microcapsules in a funnel (with orifice and basantiters of 1.0 and 5 .0 cm, respectively).

The tip of the orifice of the funnel was set atied height (30 cmjfrom the horizontal
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surface and the microcapsules were allowed to fioly under the force of gravity. The

angle of repose (445) was calculated using Equ#&tidn
tan 0 =% Equation 6.3

where
h = height of the pile of microcapsules, and
r = the radius of the base of theeco
All measurements were performed in triplicate andagerage for three determinations was

reported.

6.2.2.4.2. Bulk and tapped bulk density

The bulk and tapped bulk density of the microp&stiavere calculated using the initial and
final volumes for a fixed mass of the microcapsulefore and after tapping. Tapping was
carried out by hand. The weighed microcapsules warefully poured into a measuring
cylinder and the initial volume was recorded. Thknder was then tapped for 5 minutes, or
until no measurable change in the final volume whserved. The cylinder was lightly
tapped to dislodge residual powders from the whalhe measuring cylinder. Each sample
was poured slowly and gently into a 10 ml measuadylgqnder and tapped for 100, 200, 300,
400, 500, 600, 700, 800, 900 and 1000 times. Theepe compressibility of the
microcapsules was expressed using Carr’'s in@ax (@46) as shown in Equation 6.4. This
equation describes the relationship between theedegf volume reduction of the powder

column and the pressure applied to the powder.

cl = {M} X 100 Eation 6.4
Ptap
Where
Cl

CI =Carr’'s compressibility index,

Ptap = tapped density, and

Phulk = bulk density.
6.2.2.4.3. Hausner ratio

The Hausner ratio is the ratio of the tapped dgmsitd bulk density (447) and was calculated

using Equation 6.5:
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_ Ptapped
Pbulk

HR Equation 6.5

where
Ptappea = tapped density
Ppru = bulk density

6.2.2.4.4. Kawakita analysis
Microcapsules have also been analyzed using Atlokéle Kawakita and Cooper-Eaten

analysis (448). The Kawakita equation is showndgndion 6.6.
% =2 4= Equation 6.6
Where

n=is the tap number,
C = is degree of volume reduction of the microcapsuand is a constant,

1 . . . . .

o= constant, is the total degree of volume reductiothe limit of tapping and is
termed compactibility

1 . )

5= constant, related to cohesion and termed cobiesss.

The plot of%versusn is linear and the compactibiliti‘,and cohesivity, % are obtained from

the slope% and the intercepﬁ—b of the plot of the modified Kawakita and Luddeuation

(449). The data were analysed using an equatieelaged by Kuno (450) and that is shown
in Equation 6.7:

(@-pn) = kn + Ln (s- po) Equation 6.7

where, p: pn andp, are the apparent densities at equilibriunhy tapped and initial state,
respectively andt is a constant.

It has been reported that the Kawakita const@mniyhich quantifies the maximum possible
volume reduction due to tapping or applied loadusth@qualCl (449). Thus, the application
of the Kawakita equation has no advantage oveuskeeof Carr's compressibility index as an

indicator of possible volume reduction.
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6.2.2.5. Encapsulation efficiency (EE)

The microcapsules were crushed and powdered usimytar and pestle. Approximately 100
mg of the crushed microcapsules was accurately hedigand dissolved in 100 ml of
phosphate buffer (pH 3.0) with sonication for 20nutes. The solution was then filtered
through a 0.45 um membrane filter (Millipore). Ana aliquot was withdrawn from this

solution and diluted to 50 ml with buffer and arsalgl using a validated HPLC method to
determine the CPT content of microcapsules. The Eo (BE51) was calculated using
Equation 6.8.

real loaded dru .
% EE = - g X 100 Equation 6.8
theoretical loaded drug

6.2.2.6. Scanning electron microscopy (SEM)

The shape and surface morphology of the microcapsulas investigated using SEM
(Tescan, VEGA LMU, Czechoslovakia Republic). Themcapsules were mounted onto a
double-sized carbon stub that was placed onto gleadisc carrier (3 mm height, 10 mm
diameter) and were coated with gold under vacuu@b(Torr) with a sputter coater (Balzers

Union Ltd, Balzers, Lichtenstein). The samples weraged using a 20 kV electron beam.

6.2.2.7. Drug release studies

The percent drug released was the response sebiteditro dissolution testing is the most
important quality control test for drug productsddmas the potential to highlight possible
bioavailability issues (452-453).

Several dissolution apparatus have been descrihgd-458). The rotating basket (USP
Apparatus 1) and the paddle (USP Apparatus 2) dsvace simple, robust and adequately
standardized. They are used worldwide and well tgtded (457).

However due to the single container nature of @xkét and paddle apparatus, experimental
difficulties may arise when a change in pH is ieggior a change in sink conditions or any

other test medium parameter occurs during a spexiferiment (457).

The reciprocating cylinder or USP apparatus 3 (Bis:) has been described (457) and has

had a relatively short history since its proposaithe 1990s for use as a dissolution test

Page | 137



apparatus by Borst al (458) for drug release testing of extended-relgasducts and as an

alternative to USP Apparatus 1 and 2.

A VanKel® Bio-Dis® dissolution apparatus (VanKelndustries, New Jersey, USA) was used
for dissolution testing of microcapsules manufaatiun these studies. A model VK 750D
digitally controlled water circulation / heater (véel® Industries, New Jersey, USA) was
used to maintain the temperature of the dissolunoedia at 37+0.5°C. Drug loaded
microcapsules were tested in 250 ml of phosphatersuof different pH. The dissolution
test was conducted at a 20 dpm rate. Drug releasedetermined using a validated HPLC
method. Samples were collected at predetermine@ tinmtervals. A summary of the
dissolution test conditions is listed in Table 6.8.

Furthermore, the dissolution behaviour of CPT nuapsules was assessed using a fully
automated Hanson Research SR 8 PLUS (ChartswoAh,USA) dissolution apparatus
fitted with an Autoplus™ Multifil™ and Maximizer \Binge Fraction Collector,
respectively. The release studies were carriecab87+0.5 °C using USP Apparatus 1 fitted
with 8 USP baskets (40-mesh) rotated at 100 rprh.d8sage forms were placed in the
baskets that were then lowered into 900 ml of degshphosphate buffer (Table 6.8). The
percent drug released from the microcapsules afte2 h test was determined. Samples (2
ml) were withdrawn and replaced with 2 ml of frasledium that has automatically been
filtered through a 0.45um Durapor® membraneHVLP filters (Millipore Corporation,
Ireland) Samples were collected at predetermined timevalke after 1, 2, 6, 8, 10, and 12
hours. A summary of the dissolution test conditifmsthis study is depicted in Table 6.8.

Results for USP Apparatus 1 are not shown in gpett.

The response and formulation variables for all rhddemulations were analysed using
Design-Expeft software. Statistical analysis including stepwiseear regression and
response surface analysis were conduced. The isamifterms f§ < 0.05) were chosen for
use in establishing the final equations. The best Mmathematical model
was selected based on the comparisons of sevexastishl parameters including the
coefficient of variation (CV), multiple correlationoefficients B?) and adjusted multiple

correlation coefficient (adjuste®f).
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Table 6.8.Summary of general dissolution conditions for leasind reciprocating cylinder dissolution test rodth

Parameter USP Apparatus 1 USP Apparatus 3

Dissolution medium Buffers (pH 1.6, 7.4) Buffers (pH 1.6, 3.4, 4.6, 6.8)
Temperature 37.0£0.5°C 37.0+£0.5°C

Initial volume 900 ml 250 ml

Basket / dip speed 100 rpm 20 dpm

Screen size - 408 top /177um bottom

Filter size 0.4pm 0.45um

Volume drawn 2ml 2ml

Dissolution time lhinpH 1.2 and 11hin pH 7.4 lhinpHl6and3.4and5hinpH 4.8, 6
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6.3. RESULTS AND DISCUSSION

All experiments were performed in a randomized if@shresulting in thirty simplified
experimental data sets being generated in ordemitomize the effects of uncontrolled
factors that may introduce bias on the observeporese. A classical second-degree model
with a cubic experimental domain was postulatedalbresponses. The coefficients for the

second-order polynomial model were estimated ardigiic equations were generated.

The amount of Eudradit Methoce? K15M, Methoce? K100M and the speed of
homogenization were investigated in the ranges.bf 2.5g, 0.25-0.75g, 0.25-0.75g and
1000-2000 rpm, respectively. The contour and nespaurface plots for the percent drug
release (Y) are shown in Figures 6.4 to 6.15 and plots ferdther responses {\YY,, Y3 and
Ys) are not reportedPercent drug released J)Ywas the chosen response to repdtte

regression coefficients calculated for percent delgase are shown in Table 6.9.

Modeling was performed using Design Exfefversion 7.01) with a backward, stepwise
linear regression technique. Significant terps< (0.05) were selected in order to define the
final equations. The mathematical relationships$ Were generated for the responses Y,

Y3, YsandYs are expressed as Equations 6.9 to 6.13.
In addition contour plots (Figures 6.4 to 6&)d three dimensional graphs (Figures 6.10 to

6.15) were generated for each pair-wise combinatiothe four factors investigated while

keeping the other two at the centre point level.
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Table 6.9.ANOVA Table for Response Surface Quadratic Modelpfercent drug release

Source Sum of Squares Df Mean Square  F-value p-vau Prob>F

BLOCK 0.035 1 0.035

Model 2699.91 14 192.85 4.44 0.033 significant
LINEAR

X;-Eudragit RS 63.57 1 63.57 0.14 0.7100

X>-Methocel K15M 127.69 1 127.69 3.29 0.0359 significant
Xsz-Methocel K100M 1123.46 1 1123.46 3.55 0.0132 significant
X4-Homogenizng speed 44,93 1 44,93 0.10 0.7544

QUADRATIC

XX 56.25 1 56.25 0.13 0.7264

X1X3 576.00 1 576.00 1.31 0.2724

X1X4 7.98 1 7.98 0.018 0.8949

XoX3 306.25 1 306.25 0.690 0.4188

XXy 25.00 1 25.00 5.757 0.0102

XXy 342.25 1 342.25 0.78 0.3934

INTERACTION

X,° 433.72 1 433.72 6.98 0.0383 significant
X5 56.85 1 56.85 0.13 0.7250

X352 31.94 1 31.94 0.072 0.7918

X2 8.75 1 8.75 0.020 0.8900

Residual 6177.96 14 441.28

Lack of Fit 4324.66 9 480.52 1.30 0.4065

Pure Error 1853.30 5 370.66

Cor Total 8877.86 28
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Table 6.9. continued.

Std. Dev. 6.97
Mean 85.10
CV. % 8.19
PRESS 3490.94
R? 0.8471
Adj R? 0.7325
Pred R° -1.8412
Adeq Precision 46.680
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The equation for the percent yield,j¥s shown in Equation 6.9;

Y1 = 96.57 - 9.92X+1.47% +49.20 X% -15.72 X% +12.00%X,-16.00%X35+18.75 XX, - 56.00 %X3 +50.00 %X, -16.00 %X, -3.30X12 -67.20)(22
2 2
+30.80% -13.80 X,

Percent Yield= 96.57 - 9.92 Eudragit RS +1.47 X15M +49.20 XI0Q5.72 homogenizing speed +12.00 Eudragit RS*X1BW 00 Eudragit RS *
X100M+18.75 Eudragit RS * homogenising spe&@.00 X15M* X100M +50.00 X15M * homogenisng spe&6.00 X100M* homogenisng speed
2

-3.30 (Eudragit R$)67.20 (X15Mj +30.80 (X100Mj§-13.80 (homogenisng speéd)

Equation 6.9

The equation for particle size distributionfYs shown in Equation 6.10.

Y, = 425.69 — 227.08)%+43.89X% +173.89 % -248.75 X% +0.00%X,-100.00%X35+147.50 XX, - 80.00 %X3 -80.00 %X, +0.00.00 %X, +23.61)Q_2
2 2 2
+267.78% +47.78% -21.39 X

Particle size distributiorr 425.69 — 227.08 Eudragit RS +43.89 X15M +17X&00M -248.75 homogenizing speed +0.00 Eudragit®SM -100.00
Eudragit RS * X100M +147.50 75 Eudragit RS * hommgmg speed 180.00 X15M* X100M -80.00 X15M * homogenlsng spoet+0.00.00 X100M*

homogenisng speed +23.61(Eudragit R&ﬁ? 78(X15M§ +47. 78(X100M§ -21.39 (homogenisng speed)

Equation 6.10

Page | 143



The equation for encapsulation efficiency)Yactor is shown in Equation 6.11:

Y3 = 89.22+ 22.60X— 128.66% -23.51 % -16.57X%, +22.98X%X,+33.02X%X3-13.68 XX, -26.68X%X3 +47.18X%X, -26.04XX,4 -7.74X12 +24.18)(;22
2 2
+17.8% +11.91 %

Encapsulation efficiency 89.22+ 22.60 Eudragit RS — 128.66 X15M -2330D0M -16.57 homogenizing speed +22.98 EudragitlSM +33.02
Eudragit RS * X100M -13.68 Eudragit RS * homogemisspeed26.68 X15M* X100M +47.18 X15M * homogenisng spe€6.04 X100M*

homogenisng speed -7.74 (EudragitzR&4.18 (X15M§ +17.8 (X100M§+11.91 (homogenisng spetzed)

Equation 6.11

The equation for drug releasesfYactor is shown in Equation 6.12:

Y,= -42.49 — 57.04X+141.90 X% +420.90 % +43.74 X% — 30.00%X2- 96.00 X X3 -6.62 XX, - 140.00 %X3 +20.00 %X, -74.00 XX, + 34.15
2 2 2 2
X1 -47.90 % -35.90 % -4.85 X%,

Drug release = -42.49 — 57.04 Eudragit RS +14XB&M + 420.90 X100M +43.74 homogenizing speed 2 &adragit RS*X15M - 96.00 Eudragit RS
* X100M- 6.62 Eudragit RS * homogenising speet40.00 X15M* X100M +20.00 X15M * homogenisng sge@&4.00 X100M* homogenisng speed +
2 2
34.15 (Eudragit RS)}47.90 (X15M§ -35.90 (XlOOM§-4.85 (homogenisng speed)

Equation 6.12
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The equation for microcapsule flow {)Yfactor is shown in Equation 6.13:

Ys= 2.67-0.56X+0.09X% -2.86X%; -0.27X,; -0.14X%,X,+0.58%X35+0.18 XX, +0.88X%X3 -0.58%X 4 +0.366X 4 +0.017)Q_2 +0.54)(22 +0.84X32 -0.028 X12

Powder flow= 2.67- 0.56 Eudragit RS +0.09 X15MB&X100M -0.27 homogenizing speed -0.14 EudragitSM +0.58 Eudragit RS * X100M
+0.18 Eudragit RS * homogenising spe€dd8 X15M* X100M -0.58 X15M * homogenisng speed3®X100M* homogenisng speed

+0.017(Eudragit RSZ}0.54 (X15M)2 +0.84(X100M§ -0.028 (homogenisng spetzed)

Equation 6.13

Page | 145



By way of example, as can be seen in Equation gdetcent drug release) the polynomial
expression contains the coefficient for the intptc@rst order main effects, interaction terms
and higher order effects. The sign and magnitudéhefmain effects signify the relative
influence of each factor on the response or drigase in this case. The values obtained for
the main effects of each factor shown in Equatid? 8eveal that X X4, X1X2, X1X3, X1X4,
X2X3, XaXa, X224, X5%, and %? have a negative effect on drug releasg. %, X>Xs and X?
individually have rather more pronounced effecton XX, showed the least synergistic
effect.

ANOVA method was used to estimate the significant¢he model using Design Expert
Software (Table 6.9). At a 5% level of significartbe model is considered significant if the
significance probability op-value is less than 0.05 (459). It is evident in[€&h9 that for all
responses, the cross-product contributions werativegexcept for XX4. The model F-value
of 0.033 implies that the model is significant aaldo shows that there is a 0.30%
(p > 0.003) chance that the model F-value could teaem due to noise. TR value is close

to 1 and denotes a high degree of correlation batvlee observed and predicted values. The
coefficient of variation (CV) indicates the degreeprecision with which the experiments
were performed and the reliability of an experimisnindicated by a low value for the CV.
A CV of 6.19 was calculated for the experimentsfqrened in these studies thereby
indicating the data are highly reliable. Tix@alue denotes the significance of the coefficient
and is also important in understanding the pattgrrmutual interactions between the
variables under investigation. Thevalue suggests that of the four variables stijde and

X2 show the maximum synergistic effect on. Yhese effects were determined by plotting
the response surface curves. The shapes of thescteveal moderate interactions between

the variables under investigation.
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Figure 6.4 Contour plots showing the effect of Eudr&dRS and Methoc®lK15M on drug release

where A = x- axis and B = y-axis
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Figure 6.5 Contour plots showing the effects of EudradtiS and Methoc&IK100M on drug release

where A = x- axis and C = y-axis
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Figure 6.6 Contour plots showing the effects of EudradriS and homogenizing speed on drug release

where A = x- axis and D = y-axis

Design-Expert® Software

Drug release
Drug release 0.75
e Design Points

I 97
40

X1 = B: Methocel K15M 0.63
X2 = C: Methocel K100M

Actual Factors
A: Eudragit RS = 2.00
D: Homogenizing speed = 1.50

0.50

0.38

0.25 0.38 0.50 0.63 0.75

X1: B: Methocel K15M
X2: C: Methocel K100M

Figure 6.7. Contour plots showing the effects of MethScklLl5M and Methoc& K100M on drug release

where B = x- axis and C = y-axis
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Figure 6.8 Contour plots showing the effects of MethScklL5M and homogenizing speed on drug release

where B = x- axis and D = y-axis
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Figure 6.9. Contour plots showing the effects of Meth6clLOOM and homogenizing speed on drug release

where C = x- axis and D = y-axis
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Figure 6.10 Response surface graph showing the effect ofdgifirRS and Methoc& K15M on drug release.
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Figure 6.11 Response surface graph showing the effect of dgifirRS and Methoc& K100M on drug
release.
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Figure 6.12 Response surface graph showing the effect of &gifirRS and homogenizing speed on drug
release.
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In most cases the coefficients of the differentdexreveal synergistic effects for all factors
in responses Y Y, Yz and Y.. It is obvious that MethocBIK15M (X,) and K100M (%) had
the greatest impact on drug release. This is dileetdtiPMC matrix that retains its viscosity
and gel layer intact thereby increasing the difinal pathlength in the particles.

As can be seen (Figures 6.4 to 6.9) drug reledss vary in a non-linear fashion between the
associated variables. The pattern generated issehgloe’ in shape and the resultant
responses are relatively complex and difficultriteipret since there are different phases and
they all show dissimilar patterns. The plot showing-igure 6.8 reveals that drug release
varies in a linear fashion as the amount of Mettfodé15M is increased. As the
homogenizing speed was decreased, there is anwptconcentration where an increase in
concentration results in a radial pattern. Thealagattern indicates that the homogenizing
speed has a negative effect on drug release. lmasprihe results observed for MethScel
K100M (Figure 6.9) indicate that there is no cleglationship between homogenizing speed
and polymer type on drug release. These resultssameewhat unexpected as the only
difference is in the viscosity of the polymers. §imay have influenced the manufacture of

the microcapsules.

6.3.1. Particle size distribution

On the basis of sieve-analysis data presentedbfea10it can be concluded that there was
a difference in the average particle size of miapstiles for all manufactured batches. On the
basis of published data the formation of smallecrospheres at higher stirring rates (429,
434, 437, 438) was expected and it was presumdd ligalowering the stirring rate the
average particle size would increase in comparisonthe average particle size of
microcapsules manufactured at high stirring speddse use of high stirring speeds
maintained over a long period would produce unifomerocapsules. As the stirring rate
decreased, the droplet size of the dispersed phaseased resulting in the production of
larger microcapsules. If the stirring speed wasgkd at the time when solidification of the
droplets has commenced, the influence on the aggragicle size was not likely to be great.
If the microcapsules were completely formed, changfestirring speed would have had no
influence on the size of microcapsules. A changagitation speed prior to evaporation of
the acetone would probably lead to the formatiomafrospheres of the same size as those
prepared using constant stirring speeds. Howevaressolvent diffusion into the outer

emulsion phase and its evaporation starts immeyithtis effect was not observed.
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The microcapsules had diameters ranging betw@eand@ 200 um, and the mean diameter
was directly influenced by the manufacturing parere used (homogenizing speed and
polymer concentration). Furthermore larger partickere obtained at higher polymer/drug
ratios. Increasing the polymer load leads to thmdpection of a more viscous solution and
when the solution is poured into the aqueous phksger droplets and thus larger

microcapsules are formed (460-463).

6.3.2. Microencapsulation
Microcapsules were manufactured using EudPagitd Methocél polymers. During the
evaporation process, the dispersed phase becanme andrmore viscous and even at low

agitation speeds the dispersed droplets coulduset together.

When the solution of solvent was poured into thatiooious phase whilst stirring, finely
dispersed droplets formed immediately and a sesnisprarent emulsion was observed. With
the diffusion of acetone out of the droplets int@ tcontinuous phase, the drug and the
polymer coprecipitate within the droplets and aescéatic representation of droplet formation
is shown in Figureés.16. The formation of microcapsules can be describetthénfollowing
manner. Initially quasiemulsion droplets are formadter which the organic solvent diffuses
out of the droplets followed by solidification dfe droplets. During formation of the droplets
microcapsules agglomerate to form an irregular rasisadhere to the propeller or the vessel
wall. To avoid agglomeration, span 80 was addedth® liquid paraffin during the
manufacturing process. The use of the emulgenitsesn a decrease in viscosity of the
continuous phase that prevents conglutination ef émulsified droplets. In addition the
presence of span accelerates the solidificatialragflets.

6.3.3. Encapsulation efficiency

Relatively high encapsulation efficiencies of beawé&0 to 80% were achieved and the data
are summarized in Table 6.10. The EE was expé¢otbd relatively high as CPT is insoluble
in liquid paraffin. In all cases the EE efficienapas lower than 90% perhaps due to the fact
that the presence of span 80 increased the misgibilacetone with the light liquid paraffin
and which may have increased the extraction of @RJ this phase. The volume of the
processing medium was kept constant as an incieasglume of the processing medium
would have caused the emulsion droplets to moweyfrim the medium, thereby reducing

collision-induced aggregation and vyielding smalldaoniform microspheres that are

Page | 154



associated with higher extraction coefficients wvder encapsulation efficiencies. Although
stirring rate may affect drug content significanf§64), no significant differences were
observed for the batches manufactured in theseéestu@onsequently it was not possible to
determine microsphere formation time with respeaxtstirring speed on the basis of
encapsulation efficiency. Theoretically, the usénigh homogenizing speeds would result in
the production of smaller emulsion droplets, faafing drug loss from the microcapsules
before they harden and resulting in a low EE. Tésumption that drug diffusion into the
processing medium may occur was supported by SEAWsis which revealed the presence
of drug particles on the surface(s) of the micreceégs.

The microencapsulation efficiency was found to deleait on the initial polymer loads and
the high EE values summarized in Table 6.10 judtifg use of an o/o emulsification
technique for the manufacture of microcapsulefiefwater-soluble CPT. The increase in EE
with increase in polymer concentrations is probahlg to better encapsulation of the drug at
these levels and a decrease in the amount of CRAeasurface of the capsul@e increase

in CPT encapsulationbservedwhen span 80 was used can be ascribed ternndsifying
effect of the surfactantwhich ensures that CPT is finely dispersed and edx in the

polymer matrix prior to encapsulation.

Furthermore, this can also be explained by thedptdticity of CPT. CPT is unlikely to have
an affinity for the organic solvent phase used @reddecrease could most likely have been
the result of CPT having partitioned into the contius phase. The encapsulation of a drug is

therefore highly dependent on the solubility of tineg in the solvent and continuous phase.

6.3.4. Flowability

The physical properties of the microcapsules thatewproduced are listed in Tables 6.10
(Hausner ratioand Table 6.11. The angles of repose for almoshi@ilocapsules were in the

range of 18 to 40°, thus indicating good flowailfor some batches and poor flow for

others. This would result in microcapsules fromeotbatches being poorly packed into hard
capsules. The angle of repose is affected by thelgasize distribution and usually increases
with a decrease in particle size. Lower Hausneo nalues € 1.25) in most of the batches

indicate good flow except for CPT-005, 014, 016 &fT-022 which had Hausner ratio

values of 1.93, 1.61, 1.34 and 1.42, repectivehesk values indicate that the ‘particles’ that

were formed from these batches were adhering tb etieer and that would result in poor
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flow. Similar results were observed when using Gadmdex, with lower values associated

with low cohesiveness and greater fluidity propti

The denser the microcapsules and the higher thekr density, the easier they will be to
tablet. The percent compressibility calculated frdemnsity data generated in these studies
showed a compressibility of less than 30%. Thedowmpressibility further supports the fair
to excellent flow properties of these microcapsuldss would be important for filling into
two-piece hard capsules, or for use in directly poasible blends for tabletting.

A reduction in the bulk densities of some microcégs indicates a greater porosity in the
microcapsules. The microcapsules were easily pabkadpping, and this phenomenon can
be described using Kawakita and Ludde’s equati@®)4The apparent packing velocity
produced by tapping, represented by parametems acceptable, since the microcapsules
packed closely without tapping because of this kxaeflowability and packability. Good
flowability and packability may be attributed toeth sphericity and particle size. These
results further suggest that the microcapsules meaguitable for capsule filling and that such

capsules would exhibit a high degree of mass umifyr

In order to achieve uniformity for capsule fill nsaghe fill materials must flow readily and
pack smoothly. The flowability of the microcapsulegs also assessed usir@).
Microcapsules of similar size but non-uniform inapk can have markedly different flow
properties owing to differences in the interpaeticbntact areas. It is also important to note
that the flow properties of microcapsules will dsase as the shapes of microcapsules

become more irregular.

As shown in Table 6.11, the small values for patans& andb generated from fitting data
to Kawakita and Ludde’s equation indicate the hpgltkability of the microcapsules. The
values of parametdf in Kuno’s equation indicate that the microcapstiteen some batches
will flow and pack smoothly during filling of twoipce capsules, thereby ensuring mass and

dose uniformity.
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Table 6.10.Response data generated for each experiment

RUN X, X, X, X, Y, Y, Y, Y,
g g g rpm (1000) % nm % %
1 2.0 0.5 0.50 15 87 100 57.66 64 1.23
2 2.0 0.75 0.25 15 83 200 58.64 40 1.17
3 15 0.50 0.50 1.0 93 200 58.25 50 1.27
4 25 0.50 0.50 2.0 87 100 56.87 75 1.17
5 2.0 0.50 0.25 2.0 88 50 69.92 89 1.93
6 2.0 0.50 0.50 15 92 50 69.07 94 0.87
7 2.0 0.75 0.75 15 78 100 57.76 50 1.20
8 15 0.50 0.50 1.0. 76 50 62.55 91 1.28
9 2.0 0.25 0.75 15 87 20 71.52 90 1.18
10 2.0 0.50 0.50 15 90 50 69.98 88 1.16
11 15 0.75 0.50 15 76 100 59.79 95 1.18
12 2.0 0.50 0.50 15 79 100 60.95 63 1.25
13 2.0 0.25 0.50 2.0 69 50 59.57 58 1.16
14 2.5 0.25 0.50 15 87 100 66.83 88 1.61
15 2.0 0.50 0.50 15 89 50 62.2 60 1.28
16 25 0.50 0.75 15 84 50 69.92 83 1.34
17 15 0.50 0.75 15 92 50 60.85 97 1.19
18 2.0 0.25 0.5 1.0 91 80 65.53 88 1.16
19 2.5 0.75 0.50 15 90 150 68.45 93 1.13
20 2.0 0.50 0.75 1.0 89 100 77.98 87 1.25
21 2.0 0.50 0.75 2.0 83 50 69.47 49 1.25
22 2.0 0.75 0.50 1.0 84 100 66.65 84 1.42
23 25 0.50 0.25 15 95 100 58.29 95 1.16
24 2.0 0.50 0.25 1.0 86 100 65.41 90 111
25 15 0.25 0.50 15 79 50 69.66 75 1.09
26 25 0.50 0.50 1.0 74 100 60.45 67 1.23
27 2.0 0.25 0.25 15 78 75 65.73 45 1.17
28 15 0.50 0.25 15 95 50 65.73 61 1.10
29 2.0 0.75 0.50 2.0 87 30 84.28 64 1.13
30 2.0 0.75 0.50 2.0 67 30 84.28 65 1.13

X3 = Eudragit RS
X, = Methocel K100M
X3 = Methocel K15M

X4 =Homogenizing speed
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Table 6.11.Packability and flowability parameters for CPT roicapsules

Formulation a b K Angle of repose ) Carr’s Index
CPT-001 0.42 (r =0.998) 0.53 0.025 (r =0.998) 4 2 32
CPT-002 0.39 (r=0.989) 0.02 0.006 (r =0.987) 32 26
CPT-003 0.45 (r=0.991) 0.08 0.015 (r =0.997) 14 46
CPT-004 0.42 (r=0.999) 0.20 0.014 (r=0.963) 7 3 43
CPT-005 0.27 (r=0.994) 0.04 0.016 (r=0.990) 0 4 28
CPT-006 0.14 (r=0.998) 0.15 0.018 (r=0.971) 21 16
CPT-007 0.24 (r=0.999) 0.27 0.022 (r=0.897) 3 2 17
CPT-008 0.24 (r =0.996) 0.02 0.014 (r =0.996) 0 3 32
CPT-009 0.24 (r=0.997) 0.27 0.014 (r =0.991) 8 1 22
CPT-010 0.11 (r =0.993) 0.26 0.004 (r =0.939) 2 2 14
CPT-011 0.30 (r=0.997) 0.02 0.007 (r =0.999) 7 2 18
CPT-012 0.33 (r=0.998) 0.02 0.007 (r =0.967) 2 2 17
CPT-013 0.22 (r=0.997) 0.02 0.010 (r=0.949) 4 2 20
CPT-014 0.63 (r=0.999) 0.08 0.019 (r=0.958) 2 3 35
CPT-015 0.36 (r=0.951) 0.01 0.017 (r=0.998) 2 2 24
CPT-016 0.23 (r=0.999) 0.03 0.014 (r=0.999) 0 2 22
CPT-017 0.30 (r=0.997) 0.02 0.023 (r =0.898) 12 30
CPT-018 0.16 (r =0.995) 0.02 0.018 (r=0.912) 51 16
CPT-017 0.30 (r=0.997) 0.02 0.023 (r =0.898) 12 30
CPT-018 0.16 (r =0.995) 0.02 0.018 (r=0.912) 51 16
CPT-019 0.40 (r=0.911) 0.03 0.001 (r=0.968) 8 30
CPT-020 0.28 (r=0.977) 0.26 0.013 (r=0.957) 91 30
CPT-021 0.28 (r=0.996) 0.01 0.011 (r=0.932) 12 26
CPT-022 0.36 (r=0.981) 0.05 0.014 (r=0.978) 5 3 36
CPT-023 0.20 (r =0.998) 0.01 0.020 (r =0.996) 4 2 20
CPT-024 0.25 (r=0.999) 0.02 0.011 (r =0.960) 8 2 24
CPT-025 0.39 (r=0.997) 0.09 0.014 (r =0.867) 9 2 30
CPT-026 0.10 (r=0.867) 0.01 0.013 (r =0.999) 02 20
CPT-027 0.44 (r =0.999) 0.26 0.019 (r=0.998) 8 18
CPT-028 0.29 (r=0.998) 0.04 0.011 (r=0.976) 12 28
CPT-029 0.33 (r=0.987) 0.26 0.013 (r=0.987) 0 2 30
CPT-030 0.33 (r=0.999) 0.03 0.110 (r=0.993) 33 27

&b parameter from Equation 6.6
K parameter from Equation 6.7
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The results for microcapsule yield, drug loadingl @mcapsulation efficiency are shown in
Table 6.10for all batches. A solidification rate may haveueed the partitioning of CPT into
the external phase of the emulsion resulting i l@gcapsulation efficiencies. Losses for the
CPT may be due to drug partly going into the exephase prior to drop formation. It
would be ideal for the drug not to diffuse out, Ihis is not always possible, some of the

drug will diffuse out, resulting in reduced EE pamt

6.3.5. Scanning Electron Microscopy

Typical SEM micrographs of selected microcapsuaes shown in Figures 6.17-6.25. It is
evident that microcapsules are not similar in shé&bemicrographs taken for all batches of
microcapsules manufactured in this research aresepted in Appendix One with
corresponding dissolution profiles.

The SEM photomicrographs indicate that most ofrtiierocapsules were discrete, spherical
and uniform in shape and that some have porouacesf At high magnification it is evident
that the microcapsules have rough surfaces frgeRaf, suggesting that the drug had been
efficiently encapsulated by the polymeric matrixisimay be due in part to the fact that the
drug is thoroughly wetted, finely dispersed andedoped within the polymer matrix prior to
encapsulation. In addition, the data from drug logdleterminations confirm this was the
case as CPT concentrations were high in these caipsnles. However, this was not so for
batches CPT-006 and CPT-025 (Figures 6.18, 6.22yev@PT ‘particles’ could be seen on
the surfaces of the microcapsules. The small magsales produced in batch CPT-022 are
shown in Figure 6.25. It is clear that the smaltnocapsules adhere to one another and form
‘grape-like’ clusters. These microcapsules were at# visually appealing and were not free-
flowing and discrete as those of other batchess&@Mhesults are supported by the angle of
repose andCl data for these batches and these are summariZeabie 6.11. Batches that

failed the ‘geometry’ test could not be used anyhier.
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SEM MAG: 706 % Hy: 2000 kv SEM MAG: 2.27 k Hy: 20000 Ky ]
WAC Hivac DET: RBEDetector 100 pm Vega @Tescan WAC HVac DET: RBEDetector 20pm Wega BTescan

DATE: 08/17/09 Device: ¥G1760481.) Rhodes University SEM DATE: 08/17/08 Device: VG1760481J Rhodes University SEM
Figure 6.17.SEM of a microcapsule from batch Figure 6.18. SEM of a microcapsule from batch
CPT-002 CPT-006

SEM MAG: 4.08 kx Hy. 20,00 Ky

ISR S — | SEM MAG: 1.03 ko Hy: 20.00 Ky
VAC Hivac DET: RBEDetectar 10 pm Vega@Tescan WAC: Hivac DET: RBEDetectar a0 pm Vega @Tescan
DATE: 081 7/03 Device: VG1760481] Rhodes University SEM DATE: 081 7/09 Device: WYG176E0481 Rhodes University SEM
Figure 6.19.SEM of a microcapsule from batch Figure 6.20. SEM of a microcapsule from batch
CPT-009 CPT-015
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SEM MAG: 1.07 kx Hv: 2000 kY | N

' SEM MAG: 1.03 kot Hv: 20000 k& T |
WACT Hivac DET: SEDetector S0 um Vegs @Tescan WAC: Hivac DET: SEDetector 50um veya GTescan
DATE: 08/18i09 Device: V51760481 Rhades University SEM  DATE: 0818109 Device: V1760481 Rhades University SEM

Figure 6.21.SEM of a microcapsule from batch Figure 6.22. SEM of a microcapsule from batch
CPT-02C CPT-025

SEM MAG: 2.47 kx H: IEU.UEII ] | I ] o SEM MAG: 2.04 kx Hy: 2000 kY

ISR I |
WACT Hiac DET: SEDetector 20 pm Yega @Tescan WAL Hivac DET: SEDetectar 20pum Vega @Tescan
DATE: 08M18/09 Device: ¥E1760481.) Rhodes University SEM DATE: 08M18/09 Device: YG1TEO481 Rhodes University SEM
Figure 6.23.SEM of a microcapsule from batch Figure 6.24.SEM of a microcapsule from batch
CPT-030 CPT-029
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SEM MAG: 200 x Hw: 20,00 kv | IS I S

WAC Hvaco DET: SEDetectar 200 pm “ega @Tescan
DATE: 0871809 Device: WGE1760481J Rhodes University SEM

Figure 6.25.SEM of a microcapsule from batch CPT-022

6.3.6 Invitro drug release

Typical drug release profiles of selected microctgss (those selected for SEM studies) are
shown in Figure 6.26-6.34. All other drug releasefifes are shown in Appendix One and
the batch production records are shown in Appedawo. The drug release profiles were
constructed using Korsmeyer-Peppas equation asvides a good tool for modeling of drug
release. Only selected results using USP Appatwere shown in these studies as USP

Apparatus 3 offers the advantages of mimickmgivo conditions.

It was expected that drug release from microcapsweuld be rapid when tested in
USP Apparatus 3 (8 6.2.2.7). Higher agitation rathen using USP Apparatus 3 effectively
reduce the stagnant layer that forms around mipsadas during dissolution. However, rapid
drug release was not observed for all batches: somomcapsules took longer to dissolve
than those from other batches. The retardant effe @PT release observed for some batches
can be attributed to the formation of a diffusiomerrier between the drug within the
microcapsules and the dissolution medium. The tesiow that the release rate of CPT
from the microcapsules could be modulated by aitigghe ratios of polymer/drug in the

formulation and the speed of homogenizing duringumacture.

As can be seen in Figures 6.27-6.32, decreasingpotiheentration of polymer content resulted
in a marked increase in drug release rates. Intiaddio the effect of polymer content this

phenomenon may be attributed to the hardening sequaised to manufacture the
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microcapsules. During the formation of the micraedps, the low viscosity of the dispersed
phase delayed polymer precipitation and solidifozabf the dispersed droplets. More water
could therefore diffuse into the droplets priorswlidification, thus forming water pockets

and pores in the walls of the microcapsules. Theenporous the capsule wall, the easier it
was for dissolution medium to penetrate the capanteconsequently the dissolution of CPT
from the microcapsules was more rapid. This phemoméras also been reported by Pygall
et al (465). Moreover, the size of the microcapsulesetesed sighicantly with decreasing

polymer/drug ratio. This also contributed to thetéa release of drug at lower polymer

concentrations, which could have been a surfaceeffect.

In the majority of cases the microcapsules showbdrst release followed by more constant
release. In this study, burst release was considerde any profile that would show 30%
release in the first hour of dissolution. This burslease phenomenon was primarily
noticeable for CPT release shown in Figures 6.25/,6.28, 6.29, 6.30, 6.31, 6.32, 6.33 and
6.34. The release profiles can be explained byh#tterogeneous distribution of the drug
within the matrix, as observed in some of the bedgolvhen using SEM. The profiles indicate

that burst release was dominant in these micro¢egsu

The drug released is shown in Table 6.10 and it casses, the initial burst effect contributes
approximately 40% of the release that was obseirvelde first 1h. The low polymer levels
used in these formulations resulted in more drumaieing at the surface of the
microcapsules producing the initial rapid releaseburst release was not evident in other
formulations possibly due to the high polymer canteesulting in better encapsulation of
CPT within the microcapsules. The higher releasesrare also associated with smaller size
fractions of particles. When using SEM, drug crigsteould be observed at or near the
surfaces of the microcapsules. These surface tsydissolve quickly and probably account
for the observed rapid initial release. Almostraitrocapsule batches produced in this study
showed this behaviour to the same or similar estdat almost all microcapsule sizes

produced.
During testing a point is reached when dissolutadnsolid drug particles results in the

formation of continuous pores or channels withia tatrix. Under these circumstances, drug

release will follow a path of least resistance dney will diffuse through the channels to the
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bulk dissolution medium. Therefore, as the drughesa out from the polymer, the matrix

becomes more porous and faster drug release ratebserved.

The initial burst effect from HPMC matrices is amomon occurrence in the release of
water- soluble drugs (456, 465). Where drug releasetarded it may, in part, be due to the
solid bridges that are formed between drug-drug dnag-excipient particles during
processing. In addition, the internal pressure gaad due to swelling and relaxation of the
matrix might cause micro rupturing of the partiotieging dissolution.

Most of the drug profiles can be described as ltatiwo stages. Initially there occurs a burst
effect, corresponding to the rapid dissolution aeléase of CPT from the surfaces of the
microcapsules, prior to formation of a gel membrahthe surface. Secondly, the release rate
decreases continuously until the end of the proddss phenomenon can be explained by an
increase in diffusion pathlength for the drug, whis typical of diffusion-controlled release
mechanisms. Following the formation of a gel, dralgase is controlled by drug diffusion
across the gel layer. The burst effect is also wiéget on the amount of drug present at the
surface of the microcapsules and the size andtiapesof the pores generated within the

microcapsule structure during dissolution testing.

A reason for the occurrence of a burst effect cduddthe unstable nature of the inner
emulsion droplets during solvent evaporation, whiehds to coalescence and may have

forced drug particles to migrate to the surfacthefmicrocapsules.

It should be noted that despite the cracks thateaciearly observed in some microcapsules,
no burst could be detected later on. The hypothssikat following crack formation and
exposure of new surfaces to the dissolution medight and cohesive gel layers are rapidly
formed and are able to maintain and control drlggase. In this way the gel layer is able to
‘heal’ or plug the crack, thereby protecting theernal drug reservoir.
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Figure 6.29.Cumulative % drug released for CPT-015 (mean +rsb 3)
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Figure 6.30.Cumulative % drug released for CPT-020 (mean +rsb 3)
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Figure 6.31.Cumulative % drug released for CPT-025 (mean =8B 3)
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6.4. CONCLUSION

The controlled release of CPT observed in this ystundlicates that hydrophilic matrix
microcapsules of CPT manufactured using Eudtamitd Methocél, has the potential to be
used as a twice-a-day oral sustained release @liwgd/ system. The polymers, solvents and
diluents all play a role in the formation of quglihicrocapsules. Moreover, optimization of
microencapsulation conditions for CPT using RSM lbesn demonstrated. Input factors such
as Eudragft (X1), Methoce? K15M (X,) and Methocél K100M (Xs) content and
homogenizing speed (X had an effect on the release of CPT from the aumpsules.
Optimization was performed using a CCD approaclyiétd microcapsules releasing more
than 85% CPT in 12 h. The polynomial equation gateer explained the quadratic and
interaction effects of the input variables on tHemate response observed. RSM is an
appropriate approach as response surface methgdpérqiits the estimation of parameters
of a quadratic model, and it can assist in detgctite poor fit of a model. The approach
presented in this study provides a useful guideforethe optimization of microcapsule

manufacture for other water-soluble drugs.

However, the successful development of these dgliveystems requires careful
consideration of a number of factors that can erlee the performance of a formulation,
including the physical and chemical properties loé APl and excipients. Experimental
design is a preferred strategy, especially with gles formulations. In particular, this multi-
varied strategy of experimental design allows e simultaneous investigation of the effects
of a number of variables in addition to their attsignificance on a response. Furthermore
the possible interrelationship between variables loa readily established since maximum
information is generated with the smallest numifexxperiments.

The absence of pores in other microcapsules isapdmimportance to this study in order to
help explain the drug release mechanism, since @fUsion occurs through water filled
cavities and is much faster than if diffusion weoetake place through dense polymer
networks. The poor loading efficiency and rapidgdrelease observed during the early stages
of testing are some of the challenges encountetehwnicrocapsules containing a freely
water-soluble drug are manufactured by this metifaehcapsulation.
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The angle of repose for the CPT microcapsules dhbgéveen 18-40°, which indicates that
some microcapsules had poor flow properties. Tiselt® were confirmed by th€l and

Hausner ratio.

The addition of span 80 lowered the surface tensibthe continuous phase and in turn
decreased the sizes of microcapsules. When the gemring speed was increased more air
was entrapped and foam was produced. An anti-foguagent ensured that air bubbles were
rapidly dissipated.
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CHAPTER 7

MATHEMATICAL MODELING OF CAPTOPRIL RELEASE FROM
MICROCAPSULES

7.1. INTRODUCTION

In vitro dissolution is one of the most important elemesftgirug product development.
Several models can be used to describe drug digsolprofiles where f (t) is a function of

t (time) that is related to the amount of drug digsd from a pharmaceutical dosage form.
The quantitative interpretation of values generatedissolution studies is facilitated by the
use of generic equations that mathematically tedestlissolution curves as a function of
certain parameters related to the dosage formgliegied. In some cases the equations can
be deduced by theoretical analysis of processes ahdosage form is subject to. A
water-soluble drug incorporated into a hydrophiheatrix is released mainly by a
diffusion-controlled process whereas for a poorlgtev-soluble compound the principal

mechanism of release is a function of erosion efrtfatrix (466).

There have been many attempts to model the prafesslvent penetration and subsequent
solute release in and from polymeric matrices ahdret have been many valuable
contributions to the understanding of the mechasisimniving these processes (467-472).
However the majority of these models are eithergeneral or require extensive knowledge
of system parameters and complex differential esgpoms and they have not been used
successfully for the development of optimized prereutical formulations (467).

Swelling controlled-release technologies, basethyarophilic polymer(s), for drug delivery
have been extensively investigated (473-477). Biease mechanism from these systems is
primarily governed by hydration and gradual traositof a glassy core to a rubbery phase
and gel layer formation as swelling progresses.oBx® of these systems to an aqueous
environment, over prolonged period, results in dyitachanges in the appearance and nature
of the dosage form. Initially the thickness of tp layer increases as the swelling process
dominates, after which synchronisation occurs dusirhich time the thickness of the gel
layer remains constant as swelling and erosionhef golymer occurs at the same rate.
Eventually erosion predominates as the polymerotiss and the gel layer thickness is
reduced (478). The dynamics of these processgsrianarily dependent on properties of the
polymers used to manufacture the dosage form (4fi@)solubility (480) and loading dose of
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the drug (481) and the characteristics of othemfdation components (482). Furthermore it
is known that penetration of water or biologicalidls into the polymeric matrix creates
boundaries or fronts and the movement(s) of thetéranfluence the thermodynamic states
associated with various phases of the behaviouh@fpolymer following hydration (483-
485).

Hydrophilic matrices are widely used since they ilh biopharmaceutical and
pharmacokinetics advantages over conventional @okags as precise modulation of drug
release as a result of hydration of the constityerymer(s) can be achieved (486-487).
Furthermore a degree of flexibility is possibleaichieving a desired drug release profile and
in general the polymers have FDA acceptability (488). Although there is a wide choice
of possible matrix-forming polymeric materials, thee of HPMC predominates since it is
easy to achieve a desired release profiles whargube material (486). Kim and Fassihi
(488) have shown that zero-order drug release foptimized ratios of specific polymeric

combinations is easily and readily achievable usi/C (473).

Model-dependent methods were used to evaluateliiselution or release profiles of the
thirty formulations manufactured in these studiédthough mathematical models have been
extensively used to characterize dissolution pesfilthese methods are complicated and
require caution when interpreting fitted data thaimen evaluating information generated
using model-independent methods of analysis (489).

Thein vitro release profiles of CPT microcapsules manufactussdg solvent evaporation
were generated as described in § 6.2.2.2. Thecayiity and reliability of several kinetic
and mathematical models, and the canonical andabgegrcriterion (241), were evaluated for

their ability to describe drug release from thegstesns.

A CCD approach (Chapter 6) was used in a multit@experimental design to establish the
number and formulae that were to be manufacturemtder to optimize the formulation and
manufacture of CPT microcapsules as the CCD is refftgent in mapping space. In view
of the fact that CCD was used to optimize experialevariables, it was important that the
coordinates of a stationary point of the responsg#ases generated were estimated and
interrogated. The fitted response surfaces werlyze® in part, as described in Chapter 6. In

this Chapter the modeling of percent drug releask aptimization of (¥)) was undertaken
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using canonical, mathematical and Lagrange meth@psmization of the formulations was
done by selecting the formulations (8§ 6.2.2.2) basethe criteria of attaining the maximum
value for percent drug released. This would be dpnénding the conditions under which
certain processes attain optimal results. CanoaitdlLagrange methods were therefore used
to determine the levels of the design parametemshédh the response ¢Y percent drug
released) reaches optimum. The optimum could eiteea maximum or a minimum or a

function of the design parameters.

The model generated in Chapter 6 for Was used in Lagrange and Canonical analysis,
which allowed a compromise among various respoasdshelped search for a combination

of factor levels that jointly optimize the selectedponse.

In most cases it is difficult to understand andleai® the shape of a fitted response surface
by visual inspection of the contour or surface oese plots. Furthermore, when many
independent variables are used in a model it fecdif to evaluate the shape of a surface by
interrogating the algebraic expression of a polyrbn€anonical analysis may be necessary
to facilitate interpretation of the data. Such gsi@l requires the original experimental
variables, viz.x, to be mathematically transformed into new vagahliz.,z, in order for the
response surface, to be expressed only in quadeaitits (490-492). It is therefore easier to

evaluate the transformed terms.

7.1.1. Canonical analysis

Canonical analysis (493) is a method of rewritirfgtad second-degree equation in a form in
which it can be better understood. This is accashelil by the rotation of axes that removal
of all cross-product terms. In general this sinigéifion is termed the A canonical form. If

desired this transformation may also be accompdmyed change of origin to remove first

order terms, in which case a B canonical form isegated (494). The response, Y

representing drug release was considered as adaraftfour variables viz, concentration of

Eudragif RS, Methocél K15M, Methoce? K100M and homogenizing speed.

When using canonical analysis (495) mathematicgiressions and analysis involve
changing the origin of a plot of a response surfalo¢ from its original coordinates to the
stationary point of a response surface, after wkiehaxes are rotated until they correspond

to the principal axes of the contour plot. By u$¢he new coordinate system, second order
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model equations are simplified and the geometrie&lire of the data becomes apparent. The
algebraic signs of a canonical equation coeffi¢@nprovide information relating to the
nature of the stationary point. If all values amgative the stationary point is in fact a
maximum and if all are positive the stationary pasna minimum. If the signs are mixed the

point is a saddle.

In mathematics, a saddle point is a point in a doraha function of two variables which is a
stationary point but not a local extremum. In gah#re surfaceat such a point, resembles a
saddle that curves up in one direction and dowaniother and is in fact similar to a riding

saddle or a mountain pass (496).

7.1.2. Lagrange’s criteria
Lagrange’s criteria are derived from a mathematicatedure used to determine the nature
of a stationary point of a function (497). In comdttion with canonical analysis, Lagrange’s

criteria provide additional information about theture of the response surface(s).

7.1.2.1. Lagrange’s criterion for four variable furnctions

The second order model for four variables,(Xz, X3 and X;) is shown in Equatioid.1.

Y =Y, = W+aX, +bX, +cXs +dX, + eX Xot X1 X5
2 2 2 2
+ gX1X4 + hXZX3 + iX2X4 +jX3X4 + le + |XZ +mX3 + nX4
Equation 7.1

where
Y = the experimental response to be optimised,
W = a constant term,
a, b, candd = coefficients of the linear terms,
e, f, g, h, landj = coefficients of interaction between the fowtéas, and

k, I, mandn = coefficients of the quadratic terms.

If the quadratic function in a Lagrange functiorowsis one stationary point, (¥ Xzo, Xso,

Xa0), four situations are possible. Initial informati@bout the geometrical nature of the
surface can be derived from the signs and magrstwdieéhe quadratic coefficients in the
polynomial function. If all coefficients are negadithe function can show a maximum and if

positive the function can show a minimum. Should toefficients be described with a
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mixture of positive and negative signs the statipn@oint is a saddle point with a relative
maximum for the variables with a negative term amith a relative minimum for the
variables with a positive coefficient. Neverthelesss always necessary to verify these
conclusions by applying the Lagrange criteria whiahll give values for Hessian
determinants (498).

The Hessian, H, is a real and symmetric matrix.r@loee, H can be diagonalized by an
orthogonal change of basis of the configurationcepahe new basis vectors are called
Eigenvectors and the entries on a diagonal versioid are called Eigenvaluesrhis
Eigenvector basis, the shape of a graph of a qtiadeam becomes obvious. Directions
along Eigenvectors with negative Eigenvalues hawmwnward curvature and those with
positive Eigenvalues have an upward curvature (489)s important to remember that
eigenvectors are located in a configuration spacktlerefore each eigenvector represents a

particular perturbation of a response surface.

7.1.3. Mathematical Modeling

According to Costa and Lobo (466) drug release risodéh major applicability and which
can best describe drug release phenomena mustebetausiefine drug release mechanism.
This helps to analyze and explain mathematicaley ghocesses that occur when a drug is
released from a dosage form. In this study, severaihematical models were used to
elucidate the mechanism of release from the batobfesmicrocapsules that were

manufactured ‘in-house’.

7.2. METHODS

7.2.1. Model Fitting

7.2.1.1. Canonical analysis

The stationary point of the fitted response sudamere computed using an Online Matrix
Calculator (Blue Bit) powered by the Net matrix taby (500). The characterization of the
response surfaces was performed onythpolynomial equation to transform the fitted model
to a new coordinate system with the originxatThe polynomial equation generated using
RSM in Chapter 6 (8 6.3) is shown in Equation 7.2.
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Ys= -42.49 — 57.04X+141.90 % +420.90 % +43.74 % — 30.00%X,- 96.00 X X3 -6.62 XX, -
2 2 2 2
140.00 XX3 +20.00 X%X4-74.00 XX 4 + 34.15 X -47.90 X% - 35.90 % -4.85 X,

Equation 7.2
The fitted model showing the response for Written in matrix language is shown in
Equation 7.3.
Y = bo + x'b + X'Bx Equatiah3
where

b, = the constant term,

X =the vector of the experimental variables, %, &, X3, X4)
X' = the vector transpose

b = the vector of the linear coefficients, bi,@®, bs, b)

B = the Hessian matrix

Eigenvalues derived from the symmetrical matrixarB represented by, A, Az andi4, and
my, My, Mg and my are the corresponding Eigenvectors. All Eigenvalaad Eigenvectors
satisfy the mathematical expression shown in Eqnafi3and these are related concepts in

the field of mathematics known as linear algebfd {5

Bn=mAa\, Equation 7.4.

where; = 1, 2, 3, and 4 indicate the number of factora model.

Since B is a symmetric and real matrix, all Eigdnga are real. These Eigenvalues are the
coefficients of the canonical model. Eigen valuebgms are among the most important
challenges in connection with matrix analyses. Agek value of a square matrix is a scalar
guantity that is usually represented by the Greted), and an Eigenvector is a non-zero

vector and therefore cannot be a zero vector.

7.2.1.2. Lagrange’s Criterion
In this study, Lagrange’s criterion was used (503)5wvas to determine the critical point of

the second order equation based on the calculatiothe Hessian determination of the
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response, ¥. The Hessian determinant of a matrix is represebyedeltaA. Since there are

four variables in this study, the four expressidosa 4 X 4 matrix are represented by

A, A5, A; andA, , respectively (504). The mathematical represematiofA;,A,, A; and

A,are shown in Equations 7.5 - 7.8.

>
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1
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dx?
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d%y
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17 ax,
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d?y

d%y

dX,dXs
d%y
dx?
d?y

L dx,dx,

Where,

7.2.1.3. Mathematical Modeling

dX,dX,

dX3dX,

dX,dX,

dX3dX,

A = Equation 7.5

A, = Equation 7.6

Ay = Equation 7.7

A, = Equation 7.8

The fitting of dissolution data of all formulatioanGPT-001 - CPT-030 was performed using
GraphPad Prism Software Version 4.0 (GraphPad P8sftware, San Diego, CA, USA).

The software is used to estimate the parametes wdnlinear function that provide the
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closest fit between experimental observations aedhbn-linear function. The mathematical

equations for the models used to describe the ldisso curves for CPT formulations are

summarized in Table 7.1. The data that was fitted wenerated in Chpater 6 using USP

Apparatus 3 (86.2.2.7) The best-fit solution wasnitfied by evaluating the coefficient of

determination B?), and sum of squares of residuals (SSR) wherditjteestR* value and

smallest SSR values indicate the best fit (505-510)

In order to investigate the mechanism of drug sdefaom microcapsules, the drug release

data were analysed using several mathematical ssipres (511). Table 7.1 shows the

eqguations used to determine the appropriate models to study the release.

Table 7.1.Mathematical representation of the models usdill @°T release from microcapsules

Model Equation References
Zero-order Qt = Q, + Kt (512, 513)
First-order Ln Q= LnQ,—Kit (514, 515)
Higuchi Qt = Qo+ Ky (516, 517)
Makoid—Banakar Qt = KMB t'e"™® (518)
Kopcha Qt = At?+ Bt (519)
Korsmeyer—Peppas Qt=Kypt" (520-522)
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7.3. RESULTS AND DISCUSSION
7.3.1. Canonical analysis
Canonical analysis of the response surface andtiegaamakes it possible to deduce information alibatsurface plots without need for

graphical representation. In matrix terms an equas represented by Equation 7.3;

Y = h, + X'b + X'Bx

In matrix form the expression is then shown in Emum@7.9.

~ 57.04 34.15 —15 —48 —3.32|r*

. -15 —47.90 —70 10 || x2
Y= -42.49 + %5, X3,%4) 1‘21(1):38 + (1%, X3, Xz) 18 o0 _3500  —37 [xg
43.74 -3.32 10 —0.109 —4.85 %4

Y = Equation 7.9

The Eigen values of B and the corresponding orthajgigenvectors are:

A, =-127.68
1, = 70.00
A3 =27.91
Ay = -24.74
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Eigenvectors

—0.27 —0.66 —0.69

_ | —0.64 | -031 | 045
M =1_0.70 M2=1 061 M3 =1 _0.26
—0.16 ~0.31 0.51

M in matrix form will be represented by;, m,, m; andm,.

—-0.27 —-0.66 —0.69 0.12
M = —-0.64 —0.31 0.45 0.54‘

-0.70 0.61 —0.26 0.27

—-0.16 —-0.31 0.51 0.79

A is a diagonal matrix and igpresented by, 1,, 15 andA,.

0.000 70.00 0.000  0.000

0.000 0.000 27.91 0.000

—-127.68 0.000 0.000  0.000 ‘
0.000 0.000 0.000 -24.74

and
®=Mb
whereM’ , is the inverse ofl.
BM=MA
WhereA, is a diagonal matrix and
M=M"
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which gives M'BM = A
Now by making use of the fact that MM’ = |

Equation 7.3 which is given by
Y =, + xX'b + X'Bx Equation 7.3

can be represented by Equation 7.10

Y = by + (X’M)(M’b) + (X M)M’BM(M’X) Equation 7.10
If we write
X = MXx
and ®=MDb
or equivalent X = MX
and b=M

This can be rewritten as Equation 7.11.
Y=h+X0+XAX Equation 7.11

-0.057 —1.542 —-0.260 1.152 || - 57.04
—0.559  —0.735 0.817 0.308 141.90

O=Mb=| 1838 1080 —0569 —0417|| 42090
0310 -1298 0636 1.889 1l 4374

—274.60

| 28494

O=1 5668

148.45

where the coordinates of the stationary point latien to the rotated axes are such that

-0
is 22,

X1s=0.43
Xos=12.04
X3s=1.02
X4s=3.00
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The canonical form is therefore represented by &gua.12

Y, = -42.49 -274.60 X+ 284.94 % — 56.68 X% + 148.45 X%

+127.68 %2 + 70.00 %% +27.91 %? -24.74%?

Equation 7.12

where

X1 = -0.057x; -0.559x, — 0.838x; + 0.310x,

X2 =-1.542x; — 0.735x, + 1.080x; -1.298x,

X3=-0.260x; + 0.817x, — 0.569x; + 0.636x,

X4 =-0.310x; — 1.298x, + 0.636x; + 1.889%,

The important considerations in this canonical fame:

i) The sign(s) and relative magnitude(s) of the Eig@lnes
i) The magnitude of the coordinatég of the stationary point

iii) The nature of the transformatidh= M’'x

The negative and positive signs associated with Blgenvalues indicate that the fitted
response value i.e. 84% at the centre of the fétedfiace is located at a saddle point. The
coefficients of the Eigenvector associated with sheallest Eigenvalue are 0.12, -0.54, 0.27
and 0.79, suggesting that for thedirection, which is the direction of the greatekstngation

of the response surface, the homogenizing speedtied factors all have the same effect.
Upon ‘trading of’ various response variables andhpmehensive evaluation of feasibility
search and exhaustive grid search, the formulat@nposition with polymer concentration
of Eudragi® RS (0.43 g), MethocBl K100M (2.04 g), Methoc& K15M (1.05 g) and
Homogenizing speed of 3000 rpm was found to fulié maximum requirement of an
optimized formulation because of optimized % rebelasThe optimized batch was prepared
accordingly and dissolution and SEM analysis weeied out using USP Apparatus 3 as
shown in Table 6.8 in § 6.2.2.7.

The A canonical form can thus be represented byatimu7.13.
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Y = -42.49 + 60.836 X1+ 48.867 X, + 124.919 X5 + 18.491X,4 + 140.02%2 -
48.28%°+ 24.83%° +6.23X% Equation 7.13

where,
X1 =0.392x;1 + 0.330 X2 + 0.845%x3 —0.153X%4

X2=0.593x1 + 0.438x2 —0.523%x3 —0.427X%4

X3=0.663x; — 0.731% + 0.007x3 + 0.162X4

X4 =0.235%; + 0.406X2 —0.109%3 + 0.876X4
For the response, sYthe Eigen values that are the coefficients ofdbadratic terms, X,
X2%, X5% and % have different signs and therefore mean that thgosary point is also a

saddle point.

7.3.2. Lagrange’s Criterion

These matrices are used to solve large-scale @atiion problems with Newton-type
methods since they are the coefficient of the catadterm of a local Taylor expansion of a
function (523). The Lagrange criterion was useddtve a formulation problem. A saddle

point can be recognized by a contour that appeargdrsect itself.

The application of Lagrange's criteria to the medetlped locate the critical point of the

second order equation and was based on the Helsierminant of.

A, = 69.00
A, = -7510.20

A, = -736674.84
A, = 99513387.45

Information about the geometric nature of the resposurface was derived from the signs of
the Hessian determinants. These indicate that dlesadint exists in the response surfaces

showing the percent drug release versus time anaulation variable.

Both Lagrange and Canonical analysis have been irsdtie study. The saddle point
indicates that one has to reliably analyze datalmee this is a dynamic system. This means
that the formulation problem does not depend oringles variable performance over the

design space.
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7.3.3. Mathematical Modeling

Drug release rate is a fundamental parameter of pingrmaceutical dosage form.

Quantitative analysis of the values generated issalution testing is easier when

mathematical formulae are used to express thetaegulissolution data as a function of some
of the characteristics of a dosage form. The digigwi of drugs from dosage forms has been
described by kinetic models in which the amoundiskolved drug (M) is monitored as a

function of time (t) and can be simplified as M &)t

The curvilinear nature of the cumulative percentdgey released versus time plots suggest
that drug release from the microcapsules doesallotwf zero-order kinetics. The data are
summarized in Table 7.2. This observation is suggoby the low correlation coefficients
obtained in all cases where the dissolution date Weed to a zero-order model. The in vitro
dissolution studies confirmed the drug release g@gerned by Higuchi kinetics and data
also fitted the Kopcha matrix model adequately. Eosv, the mathematical expression that
best describes drug release from these microcapswds fund to be the Makoid—Banakar
model in which the resultarf® values were greater than 0.98. The Korsmeyer—Reppa
release exponem, is approximately 0.3, confirming that diffusiaa controlling factor for
drug release. This finding was supported by evalnadf the ratios of the exponentgB
derived from the Kopcha model which were greatanth in all cases. The Kopcha model
can also be used to quantify the relative contidimgt of diffusion and polymer relaxation to
drug release. The data in Table @l€arly show that the value éfis far greater than that for
B, suggesting that drug release from the microcagsisl primarily controlled by a Fickian
diffusion process.

The results of curve-fitting studies reveal as dpthat CPT release from the microcapsules
could be described by the Makoid-Banakar, Korsm@&gppas, Kopcha and Higuchi models.
These coefficients of determination?jRvere higher than 0.900 for all analyses and the
corresponding SSR values were lower than for therahodels used. The formulations with
low levels of rate-controlling polymers exhibitedhigher burst release which can be ascribed
to the dissolution of the CPT from the surfacehef inicrocapsules. Furthermore the balance
that exists between swelling and the gelling cheratics of the microcapsules is vital to

ensure and maintain the desired release ratesHor C
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Table7.2.Results of model fitting of release profiles

MODEL FORMULATION
CPT-001 CPT-002 CPT-003 CPT-004 CPT-005 CPT-006 CHIO7 CPT-008 CPT-009 CPT-010
Zero-order
R? 0.179 0.254 0.174 0.221 0.274 0.465 0.023 0.389 5330. 0.380
Ko 7.047 4.606 5.683 7.843 9.560 9.733 5.976 9.806 4049, 9.240
SSR 6844 4198 6027 8801 11422 9190 5968 10387 7640 9238
First -order
R? 0.612 0.486 0.507 0.612 0.636 0.695 0.540 0.672 7230. 0.692
ky 28.10 20.63 24.99 29.94 37.03 35.18 25.40 36.53 .9232 34.10
SSR 3238 1720 2526 4389 5718 5226 2678 5562 4531 83 45
Higuchi
R? 0.852 0.673 0.717 0.767 0.895 0.954 0.785 0.934 0.968 0.914
Ky 21.34 14.20 17.48 23.59 28.86 29.08 18.29 29.42 9727 27.68
SSR 1232 1093 1448 2626 1638 778.7 1249 1122 515.5 1280
Makoid-Banakar
R? 0.983 0.991 0.996 0.875 0.994 0.998 0.993 0.997 0.996 0.982
Kve 33.43 26.56 31.62 36.57 42.88 38.54 31.08 40.98 .4435 39.08
n 0.263 0.165 0.184 0.266 0.291 0.352 0.219 0.326 .3760 0.317
c <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SSR 136.4 28.47 19.91 1410 93.39 33.48 39.88 41.28 51.90 256.7
Kopcha
R? 0.852 0.673 0.717 0.767 0.895 0.954 0.785 0.934 0.968 0.914
A 21.34 14.20 17.48 23.59 28.86 29.16 18.29 29.42 7972 27.68
B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SSR 1232 1093 1448 2626 1638 779.3 1249 1122 515.5 1280
Korsmeyer-Peppas
R? 0.980 0.991 0.996 0.955 0.991 0.998 0.993 0.999 980.9 0.994
Kkp 33.85 26.61 31.66 44.49 43.94 39.45 31.07 42.33 .0637 42.83
n 0.252 0.165 0.184 0.0173 0.263 0.327 0.219 0.281 0.325 0.222
SSR 130.6 28.45 19.90 228.7 60.25 9.489 39.88 6.021 8.193 44,95

Page | 187



Table7.2.Continued.

MODEL FORMULATION

CPT-011 CPT-012 CPT-013 CPT-014 CPT-015 CPT-016 CHJl7 CPT-018 CPT-019 CPT-020

Zero-order
R? 0.327 0.096 0.166 0.423 0.086 0.637 0.404 0.595 3690. 0.301
Ko 10.26 6.801 6.429 9.338 6.803 8.570 10.88 9.072 909. 9.092
SSR 12382 6852 5750 8934 7029 5199 13102 6423 10858 9896
First -order
R? 0.647 0.595 0.610 0.693 0.571 0.754 0.632 0.733 6670. 0.660
Ky 39.14 27.71 25.72 34.17 28.08 28.46 40.85 30.80 .1937 34.68
SSR 6479 3065 2685 4759 3295 3526 8086 4232 5728 05 48
Higuchi
R? 0.915 0.829 0.855 0.934 0.829 0.985 0.934 0.977 0.929 0.891
Ky 30.89 20.68 19.49 27.93 20.72 25.30 32.69 26.87 .7629 27.35
SSR 1561 1296 996.8 1011 1309 208.2 1437 362.2 1224 1532
Makoid-Banakar
R? 0.995 0.994 0.992 0.989 0.992 0.995 0.995 0.992 980.9 0.984
Kve 44,54 33.67 30.72 38.33 33.61 29.30 41.35 32.15 9A1 40.55
n 0.308 0.241 0.260 0.334 0.244 0.424 0.521 0.406 .3190 0.292
c <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SSR 81.90 41.11 50.78 159.9 55.55 69.42 108.5 117.6 32.00 226.9
Kopcha
R? 0.915 0.829 0.855 0.934 0.829 0.985 0.931 0.977 0.929 0.891
A 30.89 20.68 19.49 27.93 20.72 25.30 33.48 26.87 9.82 27.35
B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SSR 1561 1296 996.8 1011 1309 208.2 1498 362.2 1224 1532
Korsmeyer-Peppas
R? 0.996 0.994 0.992 0.992 0.992 0.995 0.998 0.989 980.9 0.989
Kkp 45.27 33.75 30.72 40.59 33.60 30.54 41.37 33.29 .3743 43.45
n 0.275 0.241 0.260 0.269 0.244 0.380 0.398 0.368 .2720 0.213
SSR 28.06 41.05 50.78 58.96 55.55 32.92 13.93 78.02 8.300 85.20
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MODEL

FORMULATION

Zero-order
2

CPT-011 CPT-012 CPT-013 CPT-014 CPT-015 CPT-016 CRJl7 CPT-018 CPT-019 CPT-020

R 0.058 0.428 0.292 0.215 0.316 0.383 0.1856 0.239 .31%0 0.303
Ko 5.513 8.585 10.14 9.850 8.449 7.576 4.994 6.570 669%. 6.765
SSR 4722 7465 12519 12955 8744 9094 4003 5555 7234 5474
First -order
R? 0.566 0.705 0.647 0.613 0.617 0.558 0.564 0.634 5570. 0.658
ky 22.91 31.15 38.97 39.03 32.64 31.68 20.83 25.69 .0928 25.83
SSR 2177 3849 6240 6393 4901 4178 1776 2669 3195 86 26
Higuchi
R? 0.818 0.935 0.903 0.881 0.910 0.815 0.796 0.881 0.794 0.897
ky 16.81 25.67 30.58 29.84 0.758 0.937 0.647 0.661 8640. 0.636
SSR 909.2 839.2 1703 1953 1140 1741 830.0 865.5 9147 802.2
Makoid-Banakar
8 0.993 0.990 0.997 0.998 0.993 0.997 0.990 0.993 970.9 0.989
Knvp 27.62 35.03 45.10 45.39 35.04 38.05 25.58 30.15 .4534 29.96
n 0.237 0.336 0.295 0.287 0.432 0.251 0.225 0.279 .2210 0.296
c <0.001 <0.001 <0.001 <0.001 0.024 0.004 <0.001 .0GD <0.001 <0.001
SSR 33.65 119.1 51.63 28.21 83.42 21.41 38.63 48.70 17.58 85.54
Kopcha
R? 0.818 0.935 0.903 0.881 0.910 0.815 0.796 0.881 0.794 0.897
A 16.81 25.67 30.70 29.98 25.61 23.13 15.24 19.85 0.32 20.36
B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
SSR 909.2 839.2 1705 1955 1142 1741 830.0 865.5 9 147 802.2
Korsmeyer-Peppas

R? 0.993 0.997 0.998 0.998 0.992 0.998 0.990 0.993 970.9 0.989
Kkp 27.63 37.57 45.67 45.14 34.89 38.00 25.62 30.22 .5034 30.07

n 0.237 0.270 0.291 0.294 0.353 0.240 0.225 0.278 .2210 0.295
SSR 33.65 15.36 11.51 12.01 57.16 15.06 38.62 48.62 17.57 85.39
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The mean (n=3) dissolution profiles for CPT formiaas, CPT-001 — CPT-030 are shown in
Appendix One. CPT release was rapid except for titations CPT-010 to CPT-020 where
complete release was observed at 12 hours.

The commonly used Makoid-Banakar, Korsmeyer-Peppdskopcha models are simple and
robust kinetic models that adequately describer¢ghease of CPT from the microcapsules.
The Makoid-Banakar model fitted the presented (Badble 7.2) better than the other models
tested when based on SSR arfdvRlues. When the parameterpf the Makoid—Banakar
model is equal to zero, the model is reduced tooimec Korsmeyer—Peppas power law
(€™ =1). The results are in agreement with what le@nipbserved by Costa and Lobo (511)
and Khamangat al (442).

The most important aspect to consider when deweippiew pharmaceutical products or
evaluating drug release mechanisms is the suitalifid predictive ability and accuracy of
any model chosen to describe the release processpiesence of a highly water-soluble
drug in an HPMC matrix can generate an osmoticigradvhich may result in a greater rate
of polymer swelling and increase in gel thicknesshva corresponding initial increase

followed by a drastic decrease in the rate of dalgase (65).

The canonical results reveal that the sign(s) efElgenvalues are both negative and positive
suggesting that the stationary point is a saddietp®he Lagrange criteria data confirm that
the stationary point is a saddle point as the smnthe Hessian determinants were also

mixed.

It should be noted that the value of &one, is not an exact measure of a model's acgura
but is a measure of the reduction in the varigbitbf a response generated by use of
additional variables in a model. However a largeiedor R does not necessarily imply that
the regression model used is a good model. Theiaddif another variable to a model in this
study, as shown in Table 7.2 increased the valuB%drrespective of whether the additional
variable is statistically significant. The variablaren andc as shown in the Makoid-Banakar

model.
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7.4. CONCLUSIONS

Drug delivery systems manufactured using matrixympers have been assessed and the
release mechanisms were found to be affected kpréasuch as the degree of polymer

swelling. The selection of an appropriate model tfeg analysis of drug release provided

insight to the underlying mass transport mechamgmelease from the delivery technologies.

The value of the release exponent,was < 0.45 indicating that CPT release was not
controlled only by diffusion. Fitting of data toehKopcha model supported the evidence
that CPT release involved a combination of a diffascontrolled and a chain relaxation/

swelling mechanism for most formulations.

What has emerged from this investigation is thaisaterable attention must be focused on
understanding mathematical models as these pramgdtil guidance and insight into drug
release and transport mechanisms from sustainddasee technologies. Canonical and
Lagrange methods make it possible to determineetigations and the roles played by
experimental variables in drug release studieghis case the results have considered the
shape of the stationary point of the surface plofermation relating to the geometric nature
of the response surfaces was derived from the sigth magnitudes of the quadratic

coefficients in the polynomial functions.
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CHAPTER 8

CONCLUSIONS

ACE inhibitors have achieved widespread usageerttatment of cardiovascular and renal
disease. They alter the balance between the vastiobine, salt-retentive, and hypertrophic
properties of All and the vasodilatory and natriiergproperties of bradykinin and alter the
metabolism of a number of other vasoactive subsan€PT has a relatively short

elimination half-life in plasma and is a drug ofoate in antihypertensive therapy due to its
effectiveness and low toxicity. It is usually prabed to patients who are chronically ill and
require long-term use for its therapeutic benefdsvelopment of a once daily CPT oral
formulation would be a significant advantage fortigt# compliance, accompanied by
minimization of drug side effects as a result ofluetion of drug blood concentration

fluctuations in long term therapy.

Impurities in API are highly undesirable and in sooases can prove to be harmful to the
patient. The ICH Q7 is a guidance for APl manufeats; and it is mentioned in the guidance
that impurities be maintained below set limits. $hiuwas pertinent to characterize the API
in order to develop a suitable dosage form knowulgwell that it had no impurities. A
comprehensive study was undertaken using NMR sgsszipy. The'H, °C NMR,
DEPT-135, COSY, HMBC and HSQC experiments were i@drrout at precessional
frequencies of 400 MHz and in CDCat 25 °C temperature on a Varian- 400 FT NMR

spectrometer to confirm the structure of CPT.

CPT is characterized by lack of a strong chromoghand therefore is not able to absorb at
the more useful UV-Vis region of the spectrum. @hehe difficulties of determining CPT
by UV-HPLC in dosage form is the use of a derivagizprocedure. Using ICH guidelines an
HPLC-ECD method wasdeveloped and validated. The method was succissiyblied for
the determination of CPT in commercial and develofeemulations. The method was found
to be linear over the concentration range 2.0-@@0nl. The precision of the method was
measured at two levels: intra-day and inter-dagipien and the % RSD values were less
than 2%, which were less than the limits set inlaboratory. The method was accurate with

RSD values less or equal to 2¥he content of CPT in commercial tablets was cated as
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an average from five determinations using ECD. Rexes very close to 100% prove the

suitability and accuracy of the proposed method

To certify the quality of pharmaceutical formulatiparameters such as interaction between
the API and excipients to be used in formulationali@oment studies, thermogravimetric and
spectroscopic analysis were undertaken. The datargied in these studies revealed no
serious incompatibility between the API and exacipse Based on the results from
preliminary screening, all excipients except citacid were selected for formulation
development. Infrared spectroscopic studies comfitnthe possibility of an interaction
between CPT and citric acid. The DSC data generitedhe different binary mixtures
evaluated indicate that the characteristic endotleepeak of about 105.6 °C for CPT was
present in all thermograms. This study demonstrtas DSC and FT-IR techniques can
reveal potential interactions, whereas TG is nosessitive to the presence of interactions.
TG analysis revealed that the thermal degradatidDRY takes place in two major and one
minor step, and that these occur in different tenatjpee ranges. Each thermal degradation
stage produced an endothermic peak on the DSC tiggamm where the melting transition
was observed prior to the commencement of decomiposiThe theoretical basis of
DSC/TGA and FT-IR experiments was examined andotrexall goal providing practical

guidelines for compatibility studies of CPT withveeal excipients was achieved.

In response to the challenges of formulating a CHRiGtained-release dosage form,
Eudragif, MethoceP and Avicef were studied, varying their quantities using RSMeT
control of CPT release observed in this study iaidis that hydrophilic matrix microcapsules
of CPT manufactured using Eudrdgiaind Methocél, can be used as a twice-a-day oral
sustained release drug delivery system. The polynsetvents and diluents all play a role in
the formation of quality microcapsules. Moreoveptimization of microencapsulation
conditions for CPT using RSM has been demonstraigait factors such as EudrdyitXy),
Methocef K100M (X,) and Methocél K15M (X3) content and homogenizing speeds)(X
had an effect on the release of CPT from the mapsales. Optimization was performed
using a CCD approach to yield microcapsules tHaased more than 85% CPT in 12 h. The
polynomial equation generated explained the quadeatd interaction effects of the input
variables on the ultimate response observed. RSah iappropriate approach as it allowed
the estimation of parameters of a quadratic maaiad, it helped determine model fit. The

approach presented in this study provides a usgtudleline for the optimization of
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microcapsule manufacture for other water-solubleger The adequacy of the model was
judged by ANOVA. However, the successful developnudrthese delivery systems required
careful consideration of a number of factors thafluenced the performance of the
formulations, including the physical and chemiaalgerties of the APl and excipients.

The microcapsules formed were spherical, with aemor less porous membrane. The
absence of pores in other microcapsules was of rnmajoortance to this study in order to
explain the drug release mechanism, since CPTsiliffuoccurs through water-filled cavities
and is much faster than if diffusion were to takaecp through dense polymer networks. The
rapid drug release observed during the early stafjgssting are some of the challenges
observed with microcapsules containing a freelyewatoluble drug such as CPT, are

manufactured using this method of encapsulation.

The angle of repose for the CPT microcapsules weasuared by the fixed-funnel method and
ranged between 18-40°. This indicates that someocapsules had poor flow properties, and
the results were supported by Carr's Index and Rewusatio. The addition of span 80

lowered the surface tension of the continuous plaask in turn decreased the sizes of
microcapsules produced. When the stirring speedingasased, more air was entrapped and
foam was produced. The use of an anti-foaming agestired that air bubbles were rapidly

dissipated.

The technique of microencapsulation by oil-in-okhsvused to prepare CPT microcapsules.
The effects of polymer concentration, homogenizapged, flow properties, morphology,
surface properties and release characteristicshef prepared CPT microcapsules were
examined To decrease the complexity of the analysis andicedcost, response surface
methodology using best polynomial equations wasessfully used to quantify the effect of
the formulation variables and develop an optimifednulation, thereby minimizing the

number of experimental trials.

There was a burst effect during the first stagdis$olution. SEM results indicated that this
could be attributed to dissolution of CPT crystatesent at the surface or embedded in the
superficial layer of the matrix. During the prepara of microcapsules, the drug might have
been trapped near the surface of the microcapsulesight have diffused quickly through
the porous surface. The release data generatedtiiim vitro release studies were fitted to
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various kinetic models such as Zero order, FirdegrHiguchi, Korsmeyer-Peppas, Kopcha
and Makoid-Banakar. The release kinetics of CPmfroost formulations followed classical
Fickian diffusion mechanism. SEM photographs showed diffusion took place through
pores at the surface of the microcapsules. The Kapoodel diffusion and erosion terms
showed predominance of diffusion relative to swellor erosion throughout the entire test
period. Drug release mechanism was also confirmelakoid-Banakar and Korsmeyer-
Peppas models exponents. This further supportsusiifi release mechanism in most
formulations. The models postulate that the totadlrag release is a summation of several
mechanisms: burst release, relaxation induced altedrrelease and diffusional release.
These results suggest the potential applicatioEwdfragif / MethoceP microcapsules as

suitable sustained-release drug delivery systerCRF.

Inspection of the 2D contour and 3D response sesfadlowed the determination of the
geometrical nature of the surfaces and furtheripgealresults with regard to the interaction
of the different variables used in CCD. The wideiatgon indicated that the factor
combinations resulted in different drug releasesatagrange, canonical and mathematical
modelling were used to determine the nature ofdfiagionery point of the models. This
represented the optimal variables or stationaryntppiwhich is the region of maximal
response, by consecutively fitting the model in thgerimental space. It is difficult to
understand the shape of a fitted response by mepection of the algebraic polynomial
when there are many independent variables in th@em@anonical and Lagrange analyses
facilitated the interpretation of the surface plafser a mathematical transformation of the

original variables into new variables.

In conclusion, the results show that pre-formulatgiudies, RSM including mathematical
modeling, play a vital part in product developmendl formulation. High degree of prognosis
obtained for CCD, Lagrange and Canonical analysisoborates the finding that RSM and
mathematical modelling are efficient tools in expmntal design. Modeling and

optimization was used to increase the efficiencthefformulation process used in this study

and to determine the optimum formulation.

Beyond the present work performed with a water [delulrug, this process should be well
adapted to other water soluble drugs. Future studié focus on stability studies on the

optimized formulation as per ICH guidelines.
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APPENDIX ONE

BATCH SUMMARY
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RHODES UNIVERSITY

FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-001 (dn | 15:00
Microencapsulation Date 16-August-2009
Material Amount added Production Model
CPT 0.75¢g Top load Mettler” Toledo
balance
Eudragif RS 2.00g Homogenizef Virfis
Methocef K100M 0.50 g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢ Dissolution | Vankel Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 22.3°C
Acetone 20 ml Humidity 66.0 % RH
Dissolution SEM
100-

% 80

E :

@ 604

5

g 40 A x

§ 20

(@]

C T T T T T T T
0 2 4 6 8 10 12 14
Time (h) SEM MAG: 698 x HY: 2000 kY | S—— . S ‘\mg‘a@"(esclan

* Smooth, free-flowing spherical microcapsules ofetént sizes.

WAL Hivac
DATE: 081 7108

DET: RBEDetector 100 pm

Device: WG1 760481, Rhodes University SEM

Page | 250




RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-002 (en| 15:00
Microencapsulation Date 16-August-2009
Material Amount added Production Model
CPT 0.75¢g Top load balancg Methidroledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 22.6°C
Acetone 20 ml Humidity 68.0 % RH
Dissolution SEM

Cumulative % Drug Released

1004

80

60+

Time (h)

SEM MAG: 708 x

WAC: Hivac

DATE: 08/17109

Smooth, spherical, free-flowing microcapsules

n L L L L n ]
vega @Tescan

Rhodes University SEM

Hv 20,00 kv
DET: RBEDetectar
Device: V31760481

L L L
100 pm
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-003 (on| 15:00

Microencapsulation Date 11-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balancg Metlidoledo
Eudrag.‘_;ﬁj RS 1.50¢ Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 24.8°C
Acetone 20 ml Humidity 67.0 % RH
Dissolution SEM
100
80

Cumulative % Drug Released

SEM MAG: 717 3t Hy: 20,00 kY —_ — ]
VAC: Hivac DET: REEDetector 100 pm vega @Tescan
DATE: 0811709 Device: VG1 760481 Rhodes University SEM

e Spherical, smooth microcapsules which adhere tcaon¢her
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-004 (on| 15:00

Microencapsulation Date 11-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 23.5°C
Acetone 20 ml Humidity 68.0 % RH
Dissolution SEM

Cumulative % Drug Released

i SEM MAG: 696 3 HW: 20,00 KV _
Time (h) VAG: Hivat DET:RBEDetectar 100 prm vega @Tescan
DATE: 08/17/09 Device: VO1 760481 Rhodes University SEM

»  Surface of microcapsule is smooth but they adfeoné another forming a ‘diploid’
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 06:00
Batch ID CPT-005 (on| 15:00

Microencapsulation Date 10-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragﬁj RS 2.00g Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 21.8°C
Acetone 20 ml Humidity 547 % RH
Dissolution SEM

1001

801

60+

404

Cumulative % Drug Released

0 T T T T T T T

0 2 4 6 8 10 12 14

i SEM MAG!
Time (h) WAC: Hiva

1 a an
DATE: 08/17/09 Device: ¥G1760481J Rhodes University SEM

« Small, spherical particles about to form microcépsu
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-006 (on| 16:00
Microencapsulation Date 10-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 25.6°C
Acetone 20 ml Humidity 59.0 % RH
Dissolution SEM
100
- I
A
&
2 60 z
5 :
@ 409 =
2 204
3
C L) L) ) ) L) L)
0 2 4 6 10 12 14

Time (h)

SEM MAG: 2.27 ke
WAC: Hivar
DATE: 08/17/09

* Rough, spherical microcapsule with indentation deftbrmities

S N
DET: REEDetector 20 prn
Device: V31760481

Hi: 20.00 kv
Vega @Tescan
Rhodes University SEM
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-007 (on| 15:00
Microencapsulation Date 9-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragﬁj RS 2.00g Homogenizer Virfis
Methocef K100M 0.75¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 25.4°C
Acetone 20 ml Humidity 65.0 % RH
Dissolution SEM
100~
4 80
&
2 604
é z
E wd . -
§ 20
(@]
C L) L) T L) L) L) L)
0 2 4 6 8 10 12 14

Time (h)

SEM MAG: 508 x
WAG HIVac
DATE: 08/17/09

HY: 20,00 KV —_—
DET:RBEDetector 100 um “ega ©@Tescan
Device: VO1 760481 Rhodes University SEM

»  Spherical microcapsules which adhere to one anatigthere are white, small particles at the sarfac
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 09:00
Batch ID CPT-008 (on| 17:00

Microencapsulation Date 9-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 15¢ Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 26.6 °C
Acetone 20 ml Humidity 66.0 % RH
Dissolution SEM

100+

80

60+

204

Cumulative % Drug Released
L.

0 T T T T T T T
0 2 4 6 8 100 12 14 ;
Time (h) SEMMAGE 741 % HY. 2000 K I ——— — 1

WAC: Hivat DET: RBEDetectar 100 pm Wega @Tescan
DATE: 08/17/09 Device: ¥G1760481. Rhodes University SEM

* Irregular- shaped particles which looks damp and ‘dough-like’
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 06:00
Batch ID CPT-009 (on| 14:00

Microencapsulation Date 11-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragﬁj RS 15¢ Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.2°C
Acetone 20 ml Humidity 56.0 % RH
Dissolution SEM

100+

3]

60+

404

Cumulative % Drug Released
b

204

C L) L) L) L) L) ) L)
0 2 4 6 8 10 12 14 - 1
1 SEM M, 4.09 V:r 20,00 kv
Tlme (h) WACT HivVac DET: RBEDetector 10 pm Vega @Tescan
DATE: 0B/17i09 Device: WG17E0481J Rhodes University SEM

* Rough, spherical, free-flowing microcapsule ané firem coalescence
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-010 (dn| 15:00

Microencapsulation Date 11-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi? RS 2.00¢g Homogenizer Virfis
Methocef K100M 0.50 ¢ Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 20.6 °C
Acetone 20 ml Humidity 57.7 % RH
Dissolution SEM

1001

80+

404

204

Cumulative % Drug Released

C ) ) ) ) ) ) )
0 2 4 6 8 10 12 14

i SEM MAG: 1.00 kx Hv: 20,00 KV
Time (h) WAC: Hivac DET: RBEDetector 50 pm
DATE: 02/17/08 Device: WG17604814

Rhodes University SEM

*  Spherical, free-flowing, smooth microcapsule are firom coalescence
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-011 (Bn| 16:00
Microencapsulation Date 08-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 1.50¢ Homogenizer Virfis
Methocef K100M 0.50 g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0509 Dissolution | VanKef Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 21.5°C
Acetone 20 ml Humidity 57.7 % RH
Dissolution SEM
100- . "

& 80- 7t

& 1

= 604

5 I

B 1

2 407

§ 20-

(@]

C L) L] L) L) L) L) L)

SEM MAG: 997 %
WAC: Hivac
DATE: 08/17/09

Hy: 20,00 kY
DET: REEDetectar S0um
Device: V61 760481

Time (h)

‘Vega GTescan
Rhodes University SEN

e Spherical, free-flowing, smooth microcapsule ar firom coalescence
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 09:00
Batch ID CPT-012 (n| 17:00
Microencapsulation Date 08-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 22.0°C
Acetone 20 ml Humidity 59.0 % RH
Dissolution SEM

1001

Cumulative % Drug Released

14

Time (h)

n n n I
‘iega GTescan
Rhodes University SEM

SEM MAG: 1.47 kot
WA Hivac
DATE: 08M7¢0Q

Hy: 20.00 kv —_—_—
DET:RBEEDetector 50 pm
Device: V317604814

e Spherical, free-flowing, smooth microcapsule arm firom coalescence
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 06:00
Batch ID CPT-013 (on| 14:00

Microencapsulation Date 07-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.25¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 21.5°C
Acetone 20 ml Humidity 58.0 % RH
Dissolution SEM

100+

Cumulative % Drug Released

i SEM MAG: 1.55 ket Hy: 2000 kv | SR S
Time (h) VAC: Hivac DET: RBEDetector 20 pm ega @Tescan
DATE: 08/17/00 Device: ¥G1760481J Rhodes University SEM

e Spherical, free-flowing, smooth microcapsule are firom coalescence
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-014 (on| 15:00

Microencapsulation Date 07-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.25¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 225°C
Acetone 20 ml Humidity 56.8 % RH
Dissolution SEM

1004

B

60

204 *

Cumulative % Drug Released

204

C L) L) L) L) L) L) L)
0 2 4 6 8 10 12 14
Time (h) SEM MAG: 708 % Hy: 20.00 kv )

[ E—— —
WAC: Hivac DET: RBEDetectar 100 pm Wega @Tescan
DATE: 0817083 Device: VG1 760481 Rhodes University SEM

» Irregular-shaped particles which formed aggregatesdrug particles seen at the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-015 (on| 16:00

Microencapsulation Date 05-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 26.3°C
Acetone 20 ml Humidity 68.0 % RH
Dissolution SEM

100+

804

604

204

Cumulative % Drug Released

0 2 4 6 8 10 12 14

i SEM MAG: 1.03 kx Hv: 20.00 kY
Time (h) WAC: Hivac DET: RBEDetector
DATE: 081 7i08 Device: VG1760481.

e Spherical microcapsule, free-flowing and free fromalescence except for tiny spherical particles
attaching to the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-016 (on| 17:00

Microencapsulation Date 05-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.75¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 25.4°C
Acetone 20 ml Humidity 67.5 % RH
Dissolution SEM

100+

Cumulative % Drug Released

0 T T T T T T T
0 2 4 6 8 10 12 14
Time (h) SEMMAG: 173 ot Hv: 2000 kY

WAC Hivac DET. SEDetectar 20 Vega @Tescan
DATE: 08/18/09 Device: WG1760481J Rhodes University SEM

» Irregular-shaped microcapsule, not free-flowing
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-017 (on| 15:00

Microencapsulation Date 04-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 1.50¢ Homogenizer Virfis
Methocef K100M 0.75¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.4°C
Acetone 20 ml Humidity 52.6 % RH
Dissolution SEM
100~ i .
% 80 /
E
o 604
2
_‘g 404 -
§ 20-
(@]
C ) L) L) ) ) ) )

0 2 4 6 8 10 12 14

Time (h SEMMAG: 741 x HY: 2000 Ky [ —rE———
() WAC: Hivac DET:SEDetector 100 um
DATE: 08/18/09 Device. VG1TED481d Rhodes University SEM

»  Spherical, free-flowing microcapsule with smalbatiments at the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-018 (on| 17:00

Microencapsulation Date 04-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.25¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.5°C
Acetone 20 ml Humidity 54.6 % RH
Dissolution SEM
1001
I
% 80
8
E
=) 604
5
I i3
2 407
s z
£ 204
C L) L) L) L) L) L) L)

0 2 4 6 8 10 12 14

Time (h) SEM MAG: 705 % HV: 20,00 kv [ ——
VAC: Hivar DET: SEDetector 100 pm
DATE: 08/18/09 Device: ¥G1760481J Rhodes University SEM

e Surface of microcapsule irregular but smooth
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-019 (on| 15:00

Microencapsulation Date 01-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.5°C
Acetone 20 ml Humidity 53.5 % RH
Dissolution SEM

1001

801

60+

40-

Cumulative % Drug Released

0 T T T T T T T
0 2 4 6 8 10 12 14
Time (h) SEM MAG: 286 x HY. 20,00 ki

WAC: Hivac DET. SEDetector 200pm Vega@Tescan
DATE: 08718/09 Device: VG1760481.) Rhodes University SEM

« Particles have collapsed surface and are irreguksiiape
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-020 (on| 15:00
Microencapsulation Date 01-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.3°C
Acetone 20 ml Humidity 54.9 % RH
Dissolution SEM
1007
kel k4
% 801
E
o 601
g
@ 40
§ 201
@]
C L] L} ) T ) T )
0 2 4 6 8 10 12 14

Time (h)

SEM MAG: 1.07 kot

WAC: Hivae

DATE: 08/18/08

Hy: 2000 kY —_
DET: SEDetectar 50 prm Vega @Tescan
Device: VG1 760481 Rhodes University SEM

» Spherical, free-flowing microcapsules that werersean the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-021 (on| 15:00

Microencapsulation Date 02-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.75¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 19.4°C
Acetone 20 ml Humidity 48.0 % RH
Dissolution SEM
1007
80

Cumulative % Drug Released

SEM MAG: 1.16 k HV: 20.00 kY S T T |
VAC: Hivar DET: SEDetector 50 pm Vega @Tescan
DATE: 0318/09 Device: VG 760431 Rhodes University SEM

»  Spherical, free-flowing microcapsules
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) 10:00
Batch ID CPT-022 (on 20:00

Microencapsulation Date 02-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 19.3°C
Acetone 20 ml Humidity 46.0 % RH
Dissolution SEM

1001

80

60

40-

Cumulative % Drug Released

204

C L) L) L) L) L) L) L)
0 2 4 6 8 100 12 14
Time (h) SEN MAG: 200 x H 2000

SR S P —r—r— |
VAC: Hivae DET: SEDetectar 200 um wega @Tescan
DATE: 09/18/09 Device: YG1780481J Rhodes University SEM

» ‘Grape-like’ structures, which appear as tiny plasithat have formed aggregates
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-023 (on| 16:00

Microencapsulation Date 04-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 26.7°C
Acetone 20 ml Humidity 66.0 % RH
Dissolution SEM

1001

80+

60+

401

204

Cumulative % Drug Released

Time (h) SEM MAG: 048 x Hu: 20,00 KV
VAC: HiVat DET: SEDetector 50 um
DATE: D8/ 808 Device: VG1 760481,

»  Spherical, free-flowing microcapsule
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-024 (on| 15:00
Microencapsulation Date 04-August-2009
Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 26.3°C
Acetone 20 ml Humidity 68.0 % RH
Dissolution SEM
1001
I
& 80
&
@ 60
5
o 401
z
£
a 204
C ) ) ) ) ) ) )
0 2 4 6 8 10 12 14

Time (h)

SEM WMAG: 1.51 kx HY: 20,00 KY
WAC: Hivac DET: SEDetector 20 pm

DATE: 08/18/09 Device: YG1760481J Rhodes University SEM

»  Spherical microcapsule, with depression on theaserf
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 08:00
Batch ID CPT-025 (on| 17:00

Microencapsulation Date 15-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 1.50¢ Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
MethoceP K15M 0.25¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 18.8°C
Acetone 20 ml Humidity 56.0 % RH
Dissolution SEM

100

804

60

Cumulative % Drug Released

Time (h) SEM MAG: 1.03 ke Hy. 20,00 KV
WAL HiVac DET: SEDetector
DATE: 081 8/09 Device: VG1760481

50 pm

* Microcapsules appear as roughly spherical withiglagt protruding from the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 10:00
Batch ID CPT-026 (on| 18:00

Microencapsulation Date 15-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2509 Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 19.5°C
Acetone 20 ml Humidity 58.0 % RH
Dissolution SEM

100+

Cumulative % Drug Released

C ) ) ) ) ) ) )
0 2 4 6 8 100 12 14

i SEM MAG: 544 3 Hv: 2000 KV
Time (h) VAC: Hivac DET: SEDetector 100 prn Wega@Tescan
DATE: 08i18/09 D V1760481 Rhodes University SEI

e Spherical microcapsule which still has some patieldhering strongly to the surface
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 11:00
Batch ID CPT-027 (on| 20:00

Microencapsulation Date 17-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 2.00g Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.25¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 24.7°C
Acetone 20 ml Humidity 64.0 % RH
Dissolution SEM
1001
80-

604

40-

201

Cumulative % Drug Released

i SEM MAG: 924 1 Hy: 20,00 kv s
Time (h) WAC Hivac DET: SEDetector 50 pm ega ETescan
DATE: 08/18/08 Device: YG1760481J Rhodes University SEM

*  Smooth, free-flowing spherical microcapsules
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 12:00
Batch ID CPT-028 (on| 22:00

Microencapsulation Date 16-August-2009

Material Amount added Production Model
CPT 0.75¢ Top load balance) Mettla oledo
Eudragi?j RS 1.50¢ Homogenizer Virfis
Methocef K100M 0.25¢g Analysis Model
Methocef K15M 0.50¢g SEM Tescan, VEGA LMU
Avicel® 102 0.50¢g Dissolution VanKef® Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 23.3°C
Acetone 20 ml Humidity 64.0 % RH
Dissolution SEM
1001
80

60+

404

20

Cumulative % Drug Released

0 2 4 6 8 10 12 14

i SEM MAG: 1.97 kx HV: 20.00 kv
Time (h) WVAC Hivac DET: SEDetector 0pm Vega @Tescan
DATE: 08/18/09 Device: V31760481 Rhodes Univarsity SEM

* Smooth free-flowing spherical microcapsules
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 07:00
Batch ID CPT-029 (on| 15:00
Microencapsulation Date 16-August-2009
CPT 0.75¢g Top load balance) Mettla oledo
Eudragif RS 2.00 g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢ Dissolution vanKef Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 22.7°C
Acetone 20 ml Humidity 61.0 % RH
Dissolution SEM
100+
% 80-
&
E
3
C L) ) L) L) L) L) L)
0 2 4 6 8 10 12 14

Time (h)

SEM MAG: 2.04 kt HY. 20,00 kv SIS S TISS— |
VAG! Hivat DET: SEDetectar 20 um vega@Tescan

DATE: 08/1 8/08

*  Smooth, free-flowing spherical microcapsules

Device: VG1760481. Rhodes University SEM
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RHODES UNIVERSITY
FACULTY OF PHARMACY, GRAHAMSTOWN, SOUTH AFRICA

BATCH SUMMARY

Formulator Sandile Khamanga | Batch Size 59
Product Captopril Microencapsulation Time (start) | 10:00
Batch ID CPT-030 (on| 19:00

Microencapsulation Date 16-August-2009

CPT 0.75¢g Top load balance) Mettla oledo
Eudragif RS 2.00 g Homogenizer Virfis
Methocef K100M 0.50¢g Analysis Model
Methocef K15M 0.75¢ SEM Tescan, VEGA LMU
Avicel® 102 0.50¢9 Dissolution vanKef Bio-Dis® dissolution tester
Liquid paraffin 120 ml Temperature 26.3°C
Acetone 20 ml Humidity 60.0 % RH
Dissolution SEM

100+

804

Cumulative % Drug Released

C ) ) ) ) ) ) )

0 2 4 6 8 10 12 14

Time (h) SEM MAG: 2.47 ke HV: 20.00 KW
VA HIVac DET: SEDstactor

H Ve, an
DATE: 021 3/08 Device: VG1 760481 Rhodes Universi ity SEM

» Smooth, spherical microcapsules with tiny partiedbering to the surface
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APPENDIX TWO

BATCH PRODUCTION RECORDS FOR CPT-001

Only one solvent evaporation record is includedtfos study. The records for the other batches,
CPT-002 — CPT-030 are available on request.
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RHODES UNIVERSITY, FACULTY OF PHARMACY,

GRAHAMSTOWN, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name  Captopril
Batch CPT-001

Batch Size 59

MANUFACTURING APPROVALS

Batch record issued by

Master record issued by

Date :
Date :

RHODES UNIVERSITY, FACULTY OF PHARMACY,

GRAHAMSTOWN, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name  Captopril
Batch CPT-001

Batch Size 549

MASTER FORMULA AND BATCH FORMULA

Component % m/m (v/m) Amount dispensed Dispensed by | Checked
CPT 0.75g
Eudragi® RS 2.00g
MethoceP K100M 050¢g
MethoceP K15M 050¢g
Avicel® 102 050¢g
Liquid paraffin 120 ml
Acetone 20 ml
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RHODES UNIVERSITY, FACULTY OF PHARMACY,
GRAHAMSTOWN, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name  Captopril

Batch CPT-001
Batch Size 59
EQUIPMENT VERIFICATION
Description Type Verified By Confirmed By
Scale Mettler Model PM 600(Q
Homogenizer Virtis
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RHODES UNIVERSITY, FACULTY OF PHARMACY,
GRAHAMSTOWN, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name  Captopril

Batch CPT-001
Batch Size 59
MANUFACTURING DIRECTIONS
Step Procedure Time Done By | Checked By
1 | Screen separately the following materigls
through a 20# mesh screen
CPT, Eudragit RS, Methocél K100M,
Methocef K15M, Avicel® 102
2 | Place acetone in a 100 ml beaker and liquid
paraffin in a 400 ml beaker. Add a drop of span
80 and dimethyl polysiloxane
3 | Place the material in (1) in the beaker contging
acetone and homogenize at 1500 rpm for 5
minutes
4 | Mix the acetone dispersion with the content in
the 400 ml beaker
5 | Agitate with a three blade stirrer to prepare a
homogenous oily phase
6 | After 2 h n-hexane was added in drops| to
harden the formed microcapsules and stirfing
continued for a further 5 h
7 | Collect microcapsules in a Buchner funnel,
washed 2 -3 times with n-hexane and dried at
room temperature overnight. Microcapsules
transferred to airtight container until ready for
analysis
8 | Mean particle size was determined using a series
of laboratory sieves, microcapsule flowabiljty
was determined, encapsulation efficiency and
dissolution studies were conducted
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RHODES UNIVERSITY, FACULTY OF PHARMACY,
GRAHAMSTOWN, SOUTH AFRICA

BATCH PRODUCTION RECORD

Product name Sandile Khamanga

Batch Captopril
Batch ID CPT-001
Batch Size 549
SIGNATURE AND INITIAL REFERENCE
Full Name (Print) Signature Initials Date
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